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equation and the Born--Haber cycle 312

8.18 Polarization of ions 313

8.19 Determining the Avogadro constant from an ionic lattice 314

Summary 315

Problems 315

9 Elements 319

9.1 Introduction 319

9.2 Close-packing of spheres 319

9.3 Simple cubic and body-centred cubic packing of spheres 325

9.4 A summary of the similarities and differences between close-packed

and non-close-packed arrangements 326

9.5 Crystalline and amorphous solids 327

9.6 Solid state structures of the group 18 elements 328

9.7 Elemental solids containing diatomic molecules 328

9.8 Elemental molecular solids in groups 15 and 16 331

9.9 A molecular allotrope of carbon: C60 333

9.10 Solids with infinite covalent structures 337

9.11 The structures of metallic elements at 298 K 342

9.12 Metallic radius 344

9.13 Metallic bonding 345

Summary 348

Problems 349

10 Mass spectrometry 352

10.1 Introduction 352

10.2 Recording a mass spectrum 353

10.3 Isotope distributions 356

10.4 Fragmentation patterns 360

10.5 Case studies 362

Summary 369

Problems 369

Contents xi



 

11 Introduction to spectroscopy 376

11.1 What is spectroscopy? 376

11.2 The relationship between the electromagnetic spectrum and

spectroscopic techniques 378

11.3 Timescales 379

11.4 The Beer–Lambert Law 380

11.5 Colorimetry 382

Summary 386

Problems 387

12 Vibrational and rotational spectroscopies 390

12.1 Introduction 390

12.2 The vibration of a diatomic molecule 391

12.3 Infrared spectra of diatomic molecules 396

12.4 Infrared spectroscopy of triatomic molecules 398

12.5 Vibrational degrees of freedom 401

12.6 The use of IR spectroscopy as an analytical tool 402

12.7 Deuteration: the effects on IR spectroscopic absorptions 412

12.8 Rotating molecules and moments of inertia 414

12.9 Rotational spectroscopy of linear rigid rotor molecules 416

Summary 420

Problems 420

13 Electronic spectroscopy 427

13.1 Introduction 427

13.2 Absorption of ultraviolet and visible light 427

13.3 Electronic transitions in the vacuum-UV 429

13.4 Choosing a solvent for UV–VIS spectroscopy 429

13.5 �-Conjugation 430

13.6 The visible region of the spectrum 438

Summary 442

Problems 442

14 NMR spectroscopy 446

14.1 Introduction 446

14.2 Nuclear spin states 446

14.3 Recording an NMR spectrum 447

14.4 Nuclei: resonance frequencies, isotope abundances and chemical

shift values 449

14.5 Choosing a solvent for NMR spectroscopy 452

14.6 Molecules with one environment 453

xii Contents



 

14.7 Molecules with more than one environment 453

14.8 1H NMR spectra: chemical environments 460

14.9 Nuclear spin--spin coupling between nuclei with I¼ 1
2

463

Summary 475

Problems 476

15 Reaction kinetics 479

15.1 Introduction 479

15.2 Rate equations: the dependence of rate on concentration 483

15.3 Does a reaction show a zero, first or second order dependence on A? 486

15.4 Rate equations for reactions with more than one reactant 492

15.5 Integrated rate equations 494

15.6 Radioactive decay 501

15.7 The dependence of rate on temperature: the Arrhenius equation 505

15.8 Catalysis and autocatalysis 509

15.9 Reversible reactions 512

15.10 Elementary reactions and molecularity 514

15.11 Microscopic reaction mechanisms: unimolecular and bimolecular

elementary steps 516

15.12 Combining elementary steps into a reaction mechanism 517

15.13 Proposing a mechanism consistent with experimental rate data 520

15.14 Radical chain reactions 523

15.15 Michaelis–Menten kinetics 526

Summary 531

Problems 532

16 Equilibria 539

16.1 Introduction 539

16.2 Le Chatelier’s principle 540

16.3 Equilibrium constants 541

16.4 Acid--base equilibria 547

16.5 Acids and bases in aqueous solution: pH 555

16.6 Acids and bases in aqueous solution: speciation 561

16.7 Buffer solutions 564

16.8 Acid--base titrations 572

16.9 Acid--base indicators 579

Summary 581

Problems 583

17 Thermodynamics 587

17.1 Introduction 587

17.2 Internal energy, U 590

17.3 The bomb calorimeter 595

17.4 Heat capacities 597

Contents xiii



 

17.5 The variation of �H with temperature: Kirchhoff’s equation 600

17.6 Equilibrium constants and changes in Gibbs energy 601

17.7 The temperature dependence of �Go and Kp: some experimental data 605

17.8 The relationship between �Go and K: the reaction isotherm 609

17.9 Gibbs energy, enthalpy and entropy 614

17.10 Entropy: the Second and Third Laws of Thermodynamics 616

17.11 Enthalpy changes and solubility 624

17.12 Solubility product constant, Ksp 626

Summary 630

Problems 631

18 Electrochemistry 636

18.1 Introduction 636

18.2 The Daniell cell and some definitions 638

18.3 The standard hydrogen electrode and standard reduction

potentials 640

18.4 The effect of solution concentration on E: the Nernst equation 648

18.5 Reference electrodes 651

18.6 Electrolytic cells 654

18.7 Faraday’s Laws of Electrolysis 656

18.8 Selected applications of electrochemical cells 657

Summary 659

Problems 660

19 The conductivity of ions in solution 663

19.1 Some definitions and units 663

19.2 Molar conductivities of strong and weak electrolytes 664

19.3 Conductivity changes during reactions 669

Summary 673

Problems 674

20 Periodicity 677

20.1 Introduction 677

20.2 Ground state electronic configurations 678

20.3 Melting and boiling points, and enthalpies of atomization 680

20.4 First ionization energies and electron affinities 682

20.5 Metallic, covalent and ionic radii 685

20.6 Periodicity in groups 1 and 18 687

Summary 689

Problems 689

xiv Contents



 

21 Hydrogen and the s-block elements 691

21.1 Introduction 691

21.2 The element hydrogen 692

21.3 What does hydride imply? 699

21.4 Binary hydrides of the s- and d-block metals 700

21.5 Binary hydrides of group 13 elements 703

21.6 Binary hydrides of group 14 elements 707

21.7 Binary hydrides of group 15 elements 708

21.8 Hydrogen bonding 710

21.9 Hydrides of group 16 elements 715

21.10 Binary compounds containing hydrogen and

group 17 elements: hydrogen halides 721

21.11 Group 1: the alkali metals 724

21.12 The group 2 metals 730

21.13 Diagonal relationships in the periodic table: lithium and magnesium 737

Summary 738

Problems 738

22 p-Block and high oxidation state d-block elements 741

22.1 Introduction 741

22.2 Oxidation states 742

22.3 Group 13: boron 743

22.4 Group 13: aluminium 748

22.5 Group 13: gallium, indium and thallium 753

22.6 Group 14: carbon and silicon 754

22.7 Group 14: germanium, tin and lead 765

22.8 Group 15: nitrogen and phosphorus 770

22.9 Group 15: arsenic, antimony and bismuth 789

22.10 Group 16: oxygen and sulfur 794

22.11 Group 16: selenium and tellurium 802

22.12 Group 17: the halogens 804

22.13 Group 18: the noble gases 811

22.14 Some compounds of high oxidation state d-block elements 814

Summary 816

Problems 816

23 Coordination complexes of the d-block metals 819

23.1 Introduction: some terminology 819

23.2 Electronic configurations of the d-block metals and their ions 824

23.3 Ligands 826

23.4 The electroneutrality principle 835

23.5 Isomerism 837

Contents xv



 

23.6 The formation of first row d-block metal coordination

complexes 840

23.7 Ligand exchange and complex stability constants 849

23.8 Hard and soft metals and donor atoms 853

23.9 The thermodynamic stability of hexaaqua metal ions 855

23.10 Colours 858

23.11 Crystal field theory 859

23.12 Electronic spectra 864

23.13 Magnetism: the spin-only formula 865

23.14 Metal carbonyl compounds 869

Summary 873

Problems 874

24 Carbon compounds: an introduction 878

24.1 Introduction 878

24.2 Drawing structural formulae 878

24.3 Types of carbon compounds 880

24.4 Hydrocarbon frameworks and nomenclature 885

24.5 Primary, secondary, tertiary and quaternary carbon atoms 892

24.6 Isomerism: overview 893

24.7 Constitutional isomerism 894

24.8 Stereoisomerism and diastereoisomers 897

24.9 Conformation 910

24.10 Some general features of a reaction mechanism 912

Summary 915

Problems 917

25 Acyclic and cyclic alkanes 922

25.1 Cycloalkanes: structures and nomenclature 922

25.2 Cycloalkanes: ring conformation and ring strain 924

25.3 Physical properties of alkanes 929

25.4 Industrial interconversions of hydrocarbons 933

25.5 Synthesis of cycloalkanes 934

25.6 Reactions of straight chain alkanes 938

25.7 The chlorination of CH4: a radical chain reaction 941

25.8 Competitive processes: the chlorination of propane

and 2-methylpropane 944

25.9 Reactions of cycloalkanes 948

Summary 948

Problems 949

xvi Contents



 

26 Alkenes and alkynes 952

26.1 Structure, bonding and spectroscopy 952

26.2 Cycloalkenes: structures and nomenclature 954

26.3 Syntheses of acyclic and cyclic alkenes 957

26.4 Reactions of alkenes 1: an introduction 961

26.5 The mechanism of electrophilic addition 963

26.6 Reactions of alkenes 2: additions and C¼C oxidation and

cleavage 970

26.7 Radical substitution and addition in alkenes 975

26.8 Polymerization of alkenes 977

26.9 Double bond migration and isomerization in alkenes 985

26.10 Hydroboration of alkenes 987

26.11 Synthesis of alkynes 988

26.12 Reactions of alkynes 988

26.13 Protection of a terminal alkyne: the Me3Si protecting group 995

Summary 996

Problems 998

27 Polar organic molecules: an introduction 1002

27.1 Chapter aims 1002

27.2 Electronegativities and polar bonds 1002

27.3 Molecular dipole moments 1003

27.4 Inductive and field effects 1005

Summary 1007

Problems 1007

28 Halogenoalkanes 1009

28.1 Structure and nomenclature 1009

28.2 Synthesis of halogenoalkanes 1010

28.3 Physical properties 1012

28.4 Reactions of halogenoalkanes: formation of Grignard and

organolithium reagents 1013

28.5 Reactions of halogenoalkanes: nucleophilic substitution

versus elimination 1016

28.6 Nucleophilic substitution 1016

28.7 Elimination reactions 1030

28.8 Nucleophilic substitution in competition with elimination reactions 1035

28.9 Selected reactions of halogenoalkanes 1036

Summary 1037

Problems 1038

Contents xvii



 

29 Ethers 1042

29.1 Introduction 1042

29.2 Structure and nomenclature 1042

29.3 Synthesis 1046

29.4 Physical properties 1051

29.5 Identification of ethers by IR spectroscopy 1055

29.6 Reactivity of ethers 1055

Summary 1065

Problems 1065

30 Alcohols 1068

30.1 Structure and nomenclature 1068

30.2 Industrial manufacture and synthesis 1071

30.3 Physical properties 1076

30.4 Spectroscopic characteristics of alcohols 1080

30.5 Reactivity of alcohols 1082

30.6 Protection of OH groups 1089

Summary 1092

Problems 1093

31 Amines 1097

31.1 Structure and nomenclature 1097

31.2 Inversion at nitrogen in amines 1100

31.3 Synthesis 1101

31.4 Physical properties of amines 1105

31.5 Spectroscopic characterization of amines 1109

31.6 Reactivity 1111

Summary 1116

Problems 1116

32 Aromatic compounds 1120

32.1 An introduction to aromatic hydrocarbons 1120

32.2 The structure of benzene and its delocalized bonding 1121

32.3 Aromaticity and the Hückel (4nþ 2) rule 1124

32.4 Spectroscopy 1127

32.5 Nomenclature 1130

32.6 Industrial production of benzene 1132

32.7 Physical properties of benzene 1133

xviii Contents



 

32.8 Reactivity of benzene 1133

32.9 The mechanism of electrophilic substitution 1137

32.10 Orientation effects, and ring activation and deactivation 1142

Mid-chapter problems 1147

32.11 Toluene 1147

32.12 Phenol 1152

32.13 Nitrobenzene and aniline 1160

32.14 Nucleophilic substitution in aromatic rings 1171

Summary 1172

Problems 1173

33 Carbonyl compounds 1179

33.1 The family of carbonyl compounds 1179

33.2 What are carbonyl compounds? 1180

33.3 The polar C¼O bond 1189

33.4 Structure and bonding 1192

33.5 IR and NMR spectroscopy 1193

33.6 Keto--enol tautomerism 1195

33.7 Aldehydes and ketones: synthesis 1197

33.8 Carboxylic acids: synthesis and some applications 1199

33.9 Esters: synthesis and hydrolysis 1203

33.10 Amides: synthesis 1210

33.11 Acyl chlorides: synthesis 1211

33.12 Carbonyl compounds as acids 1211

33.13 Enolate ions in synthesis: electrophilic substitution reactions 1219

33.14 Nucleophilic attack at the C¼O carbon atom 1224

33.15 Nucleophilic attack at C¼O: the aldol reaction 1232

33.16 Nucleophilic attack at C¼O: Claisen condensation 1235

Summary 1236

Problems 1237

34 Aromatic heterocyclic compounds 1242

34.1 Why study heterocyclic compounds? 1242

34.2 Isoelectronic replacements for CH and CH2 units 1248

34.3 Nomenclature 1250

34.4 Structures of and bonding in aromatic heterocycles 1251

34.5 Physical properties and uses 1254

34.6 Pyrrole, furan and thiophene: syntheses 1256

34.7 Pyrrole, furan and thiophene: reactivity 1258

34.8 Pyridine and pyrylium ion: syntheses 1265

34.9 Pyridine: reactivity 1270

34.10 Pyrylium ion: reactivity 1277

34.11 Nitrogen-containing heterocycles with more than one heteroatom 1278

Summary 1281

Problems 1281

Contents xix



 

35 Molecules in nature 1286

35.1 The molecules of life 1286

35.2 Monosaccharides 1286

35.3 Disaccharides and polysaccharides 1296

35.4 Lipids 1300

35.5 Amino acids 1313

35.6 Peptides 1316

35.7 Proteins 1323

35.8 Nucleobases, nucleotides and nucleic acids 1332

Summary 1341

Problems 1343

36 Chemistry in the workplace 1348

36.1 What is this chapter about? 1348

36.2 Determination of water content in foodstuffs 1349

36.3 Determination of melamine and cyanuric acid in pet food 1351

36.4 Rapid detection of melamine in powdered milk 1354

36.5 Environmental toxins: analysis of dioxins 1355

36.6 GC-MS at work in drugs testing 1358

36.7 Quality control in the food industry: HPLC 1362

36.8 High-purity pharmaceuticals: capillary zone electrophoresis 1366

36.9 Heavy metals in drinking water: atomic absorption

spectroscopy (AAS) 1372

36.10 Complying with legislation in the electronics industry 1373

36.11 Forensic analysis of gunshot residues 1375

Summary 1377

Problems: Chemistry in daily use 1378

Appendices 1383

Appendix 1 Mathematical symbols 1383

Appendix 2 Greek letters with pronunciations 1384

Appendix 3 Abbreviations and symbols for quantities and units 1385

Appendix 4 The electromagnetic spectrum 1390

Appendix 5 Naturally occurring isotopes and their abundances 1392

Appendix 6 Van der Waals, metallic, covalent and ionic radii for the s-, p- and

first row d-block elements 1396

Appendix 7 Pauling electronegativity values (�P) for selected elements of the

periodic table 1400

Appendix 8 Ground state electronic configurations of the elements and ionization

energies for the first five ionizations 1401

Appendix 9 Electron affinities 1405

xx Contents



 

Appendix 10 Standard enthalpies of atomization (�aH
o) of the elements

at 298K 1407

Appendix 11 Thermodynamic properties of selected compounds 1408

Appendix 12 Selected standard reduction potentials (298K) 1430

Appendix 13 Trivial names still in common use for selected inorganic and organic

compounds, inorganic ions and organic substituents §

Appendix 14 Some regular polyhedra §

Answers to non-descriptive problems 1434

Index 1452

§ Appendices 13 and 14 can be found on the companion website at www.pearsoned.co.uk/housecroft

Contents xxi



 

Supporting resources

Visit www.pearsoned.co.uk/housecroft to find valuable online resources

Companion Website for students

. Multiple choice questions to help test your learning

. Rotatable 3D structures taken from the book

. Mathematics Tutor

. Annotated links to relevant sites on the web

For instructors

. Complete, downloadable Instructor’s Manual

. PowerPoint slides that can be downloaded and used as OHTs

. Rotatable 3D structures taken from the book

Also: The Companion Website provides the following features:

. Search tool to help locate specific items of content

. E-mail results and profile tools to send results of quizzes to
instructors

. Online help and support to assist with website usage and
troubleshooting

For more information please contact your local Pearson Education sales

representative or visit

www.pearsoned.co.uk/housecroft



 
Preface

The fourth edition of Chemistry is a natural development of the previous

edition. It continues to provide a single text covering all aspects of the subject

that are needed for a first year university chemistry course. Since its first

edition in 1997 as Chemistry: an Integrated Text, the book has evolved to

find a niche among chemistry undergraduate classes within a range of degree

courses. It is clear that major factors that contribute to the book’s appeal are

the balance between physical, organic and inorganic disciplines, the inclusion

of spectroscopic and mass spectrometric techniques, and the manner in which

the traditional themes have been integrated, particularly in respect of

applications, environmental issues, the natural world and everyday life.

Although the chapters are organized so as to provide a progression through

fundamentals, physical principles, and inorganic and organic chemistries, the

extensive cross-referencing, and the inclusion of well-illustrated topic boxes,

will help students understand how the branches of chemistry intertwine with

one another.

The international uptake of the book is extremely pleasing, and in planning

the fourth edition of Chemistry, we have drawn on the many thoughts and sug-

gestions that adopters and colleagues have taken the time to provide. There has

been much demand for increased bio-organic content and in response to this, we

have expanded Chapter 35: additional material on mono-, di- and polysacchar-

ides, a section on lipids, improved discussion of electrophoresis and increased

coverage of proteins. Throughout the organic chapters, there are now many

more examples of bioscientific and pharmaceutical relevance. A second

demand has been for enhanced analytical methods. We have addressed this pri-

marily with a new chapter entitled ‘Chemistry in the workplace’ in which ana-

lytical techniques are introduced within the context of solving problems

(pharmaceutical, forensic, environmental, commercial) in the workplace.

Throughout the book, we have extended the discussions of the relevance of

chemistry to biology, medicine and the environment, and have improved

the links between ‘bookwork chemistry’ and the chemical industry. The topic

boxes have been updated and strengthened, and more photographs have

been used to illustrate the material. It is not within the remit of this text to

cover nanosciences, but given the worldwide interest in this topic, we have

included brief discussions of, for example, carbon nanotubes and pegylated

nanoparticles.



 

Students and lecturers alike benefit from worked problems and comprehensive

end-of-chapter problem sets. A new concept in the book is the inclusion of a set

of problems at the end of every chapter entitled ‘Chemistry in daily use’. This is

designed to broaden the appeal of the problems, making the chapter content

relevant to chemistry in everyday life and, for example, in industrial, commercial

and forensic analysis.

As for the earlier editions, the three-dimensional molecular structures in the

book have been drawn using atomic coordinates accessed from the Cambridge

Crystallographic Data Base and implemented through the ETH in Zürich,

or from the Protein Data Bank (www.rcsb.org/pdb). The book is supported by

MasteringChemistryTM and further Web-based material (www.pearsoned.co.uk/

housecroft), including theMathematics Tutor, multiple choice quizzes and rotata-

ble structures which link to figures in the book.

We extend our thanks to colleagues whom we acknowledged in the prefaces of

previous editions of the book, as well as to the review panel set up by the publisher.

Additional suggestions for which we are grateful have come from Professors

Kenneth McKendrick, Welf Kriener, Reijo Sillanpää, Helma Wennemers and

Andrew Bond, and Dr Andy Platt. We also thank Professor Jan Reedijk for

answering questions concerning nomenclature, Professor Matthias Wymann for

commenting upon the section on lipids, and Professor Ian W. M. Smith for

reviewing Box 12.4. Our editorial team at Pearson has kept a careful eye on our

schedule and has developed the accompanying website. The team has, as usual,

worked hard to bring the whole project to fruition. Particular thanks go to

Kevin Ancient, Melanie Beard, Rufus Curnow, Sue Gard, Pauline Gillett, Kay

Holman, Owen Knight, Simon Lake, Mary Lince, Paul Nash and RosWoodward.

Life in our house would not be the same without feline companions: special

thanks go to Isis who saw this book half way to completion, and we dedicate

the book to the memories of Philby and Isis. Rocco and Rya are just beginning
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helpful, sometimes not, but always with affection.
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Basel, February 2009
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1
Some basic
concepts

1.1 What is chemistry and why is it important?

Matter, be it animal, vegetable or mineral, is composed of chemical elements

or combinations thereof. Over a hundred elements are known, although not

all are abundant by any means. The vast majority of these elements occur

naturally, but some, such as technetium and curium, are artificial.

Chemistry is involved with the understanding of the properties of the

elements, how they interact with one another, and how the combination of

these elements gives compounds that may undergo chemical changes to

generate new compounds.

Life has evolved systems that depend on carbon as a fundamental element;

carbon, hydrogen, nitrogen and oxygen are particularly important in

biological systems. A true understanding of biology and molecular biology

must be based upon a full knowledge of the structures, properties and

reactivities of the molecular components of life. This basic knowledge

comes from the study of chemistry.

The line between physical and chemical sciences is also a narrow one. Take,

for example, the rapidly expanding field of superconducting materials –

compounds that possess negligible resistance to the flow of electrons.

Typically, this property persists only at very low temperatures but if the super-

conducting materials are to find general application, they must operate at

ambient temperatures. Although a physicist may make the conductivity

measurements, it is the preparation and study of the chemical composition

of the materials that drive the basic research area.

Chemistry plays a pivotal role in the natural sciences. It provides the essential

basic knowledge for applied sciences, such as astronomy,materials science, che-

mical engineering, agriculture, medical sciences and pharmacology. After con-

sidering these points, the answer to the question ‘why study chemistry as a first

Topics

SI units

Protons, electrons and

neutrons

Elements and allotropes

States of matter

Atomic number

Isotopes

Relative atomic mass

The mole

Gas laws

The periodic table

Radicals and ions
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Solution concentration

Stoichiometry

Redox reactions

Basic nomenclature

Superconductors:
see Box 9.4
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year university science?’ should not cause you much problem. Whatever your

final career destination within the scientific world, an understanding of chemi-

cal concepts is essential.

It is traditional to split chemistry into the three branches of inorganic,

organic and physical; theoretical chemistry may be regarded as a division

of the physical discipline. However, the overlap between these branches of

the subject is significant and real. Let us consider a case study – the

Wacker process, in which ethene is oxidized to ethanal (equation 1.1).

C2H4

Ethene

þ ½PdCl4�2� þH2O��"CH3CHO
Ethanal

þ 2HClþ 2Cl� þ Pd ð1:1Þ

ðAcetaldehydeÞ

Until recently, this was a significant industrial method for the preparation

of ethanal. The reaction occurs in water in the presence of the palladium(II)-

containing ion, [PdCl4]
2�

1.1. The palladium(0) formed in reaction 1.1 is

converted back to [PdCl4]
2� by reaction with copper(II) and chloride ions

(equation 1.2). The copper(I) so formed (as [CuCl2]
�) is reoxidized by O2

(equation 1.3). In this way, the [PdCl4]
2� and Cu2þ function as catalysts

since they undergo no overall change through the cycle of reactions.

2Cu2þ þ Pdþ 8Cl� ��" ½PdCl4�2� þ 2½CuCl2�� ð1:2Þ
4½CuCl2�� þ 4Hþ þO2 ��" 4Cu2þ þ 2H2Oþ 8Cl� ð1:3Þ

The basic reaction (ethene to ethanal) is an organic one. The catalyst is

inorganic. Physical chemistry is needed to interpret the kinetics and understand

the mechanism of the reaction and to work out the most effective conditions

under which it should take place in an industrial setting. All three branches

of chemistry are used to understand the Wacker process. This is just one of a

myriad of cases in which a discussion of a chemical process or concept requires

the interplay of two or more areas of chemistry.

In Chemistry, topics have been arranged to provide a natural progression

through the chemistry that a first year science undergraduate student

needs to assimilate. There are no artificial barriers placed between areas of

chemistry although the traditional areas of inorganic, organic and physical

are distinguishable. By studying chemistry from a single book in which the

branches of chemistry are clearly linked, we hope that you will learn to

apply the concepts to new situations more easily.

The aim of the rest of this chapter is to review some essential topics and to

provide you with a source of reference for basic definitions.

1.2 What is the IUPAC?

As chemistry continues to expand as a subject and as the number of known

chemical compounds continues to grow at a dramatic rate, it becomes

increasingly vital that a set of ground rules be accepted for the naming of

compounds. Not only accepted, but, probably more importantly, used by

chemists.

The International Union of Pure and Applied Chemistry (IUPAC) is,

among other things, responsible for making recommendations for the

naming of both inorganic and organic compounds, as well as for the numbering

system and the collective names that should be in common use for groups of

elements in the periodic table.

Oxidation:
see Section 1.16

(1.1)

Catalyst:
see Section 15.8

"
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Throughout this text, we will be using recommended IUPAC nomen-

clature wherever possible, but old habits die hard and a host of trivial

names persists in the chemist’s vocabulary. Where use of only the IUPAC

nomenclature may cause confusion or may not be generally recognized, we

have introduced both the recommended and trivial names. Some basic

rules and revision for organic and inorganic nomenclature are dealt with in

Section 1.18. As new classes of compounds are introduced in this textbook,

we detail the systematic methods of naming them.

1.3 SI units

A system of internationally standardized and recognized units is as important

as a system of compound names. The Système International d’Unités (SI units)

provides us with the accepted system of measurement.

Base SI quantities

There are seven base SI quantities (Table 1.1). In addition there are two

supplementary units, the radian and the steradian. The radian is the SI

unit of angle and its symbol is rad. For solid geometry, the unit of solid

angle is the steradian with the unit symbol sr. With the exception of the kilo-

gram, all the base SI units are defined in terms of a physical constant, for

example, the speed of light in a vacuum. The kilogram is defined as the

mass of a prototype international platinum–iridium cylinder which is kept

at the International Bureau ofWeights andMeasures in Paris. The Avogadro

Project is an international collaboration which aims to measure the Avo-

gadro constant more precisely and enable the kilogram to be defined with

respect to this physical constant. The re-determination of the Avogadro con-

stant may be complete by 2010.

Trivial names in common
use: see Appendix 13,

www.pearsoned.co.uk/
housecroft

Avogadro constant: see
Section 1.8 and end-of-

chapter problem 1.41

"

"

Table 1.1 The base quantities of the SI system.

Physical quantity Symbol for quantity Base unit Unit symbol

Mass m kilogram kg

Length l metre m

Time t second s

Electrical current I ampere A

Temperature
(thermodynamic)

T kelvin K

Amount of substance n mole mol

Luminous intensity Iv candela cd

Degree Celsius, 8C (instead of kelvin), is an older unit for temperature which is still in use; note
the correct use of the notation 8C and K, not 8K.
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An important feature of SI units is that they are completely self-consistent.

From the seven base units, we can derive all other units as shown in worked

examples 1.1, 1.2 and 1.11. Some of the most commonly used derived units

have their own names, and selected units of this type, relevant to chemistry,

are listed in Table 1.2.

Derived SI units

Whenever you are using an equation to calculate a physical quantity, the

units of the new quantity can be directly determined by including in the

same equation the units of each component. Consider the volume of a

rectangular box of sides a, b and c (equation 1.4). The SI unit of length is

the metre (Table 1.1) and so the SI unit of volume can be determined as

in equation 1.5. Throughout this book, we combine quantities and units in

equations. Thus, equations 1.4 and 1.5 are combined to give the calculation

for the volume of the box in the form of equation 1.6.

Volume of box ¼ length� width� height ¼ a� b� c ¼ abc ð1:4Þ

SI unit of volume ¼ ðSI unit of lengthÞ � ðSI unit of widthÞ

� ðSI unit of heightÞ

¼ m�m�m ¼ m3 ð1:5Þ

Volume of box ¼ (length in m)� (width in m)� (height in m)

¼ ðamÞ � ðbmÞ � ðcmÞ

¼ abcm3 ð1:6Þ

Some older units still persist, notably atmospheres, atm (instead of pascals),

for pressure, and calories, cal (instead of joules), for energy, but on the whole,

SI units are well established and are used internationally.

Table 1.2 Some derived units of the SI system with particular names.

Unit Name of unit Symbol Relation to base units

Energy joule J kgm2 s�2

Frequency hertz Hz s�1

Force newton N kgm s�2

Pressure pascal Pa kgm�1 s�2

Electric charge coulomb C A s

Capacitance farad F A2 s4 kg�1 m�2

Electromotive force (emf ) volt V kgm2 s�3 A�1

Resistance ohm � kgm2 s�3 A�2

4 CHAPTER 1 . Some basic concepts



 

Worked example 1.1 Defining units

Determine the SI unit of density.

Density is mass per unit volume:

Density ¼ Mass

Volume

; the SI unit of density ¼ SI unit of mass

SI unit of volume
¼ kg

m3
¼ kgm�3

Large and small numbers

Scientific numbers have a habit of being either extremely large or extremely

small. Take a typical carbon–carbon (C–C) single bond length. In the

standard SI unit of length, this is 0.000 000 000 154m. Writing this number

of zeros is clumsy and there is always the chance of error when the number

is being copied. The distance can be usefully rewritten as 1:54� 10�10 m. This

is a much neater and more easily read way of detailing the same information

about the bond length. It would be even better if we could eliminate the need

to write down the ‘�10�10 ’ part of the statement. Since bond lengths are

usually of the same order of magnitude, it would be useful simply to

be able to write ‘1.54’ for the carbon–carbon distance. This leads us to the

unit of the a
�
ngström (A

�
); the C–C bond distance is 1.54A

�
. Unfortunately,

the a
�
ngström is not an SI unit although it is in common use. The SI asks

us to choose from one of the accepted multipliers listed in Table 1.3. The

distance of 1:54� 10�10 m is equal to either 154� 10�12 m or 0:154� 10�9 m,

and from Table 1.3 we see that these are equal to 154 pm or 0.154 nm respec-

tively. Both are acceptable within the SI. Throughout this book we have

chosen to use picometres (pm) as our unit of bond distance.

APPLICATIONS

Box 1.1 The importance of being consistent with units

In 1999, NASA lost the spacecraft ‘Mars Climate

Orbiter’. An investigation into its loss revealed that

one team of scientists had been working in Imperial

units of inches, feet and pounds, while their interna-

tional collaborators had been using metric units. Data

used in part of the ground-based navigation software

were provided in Imperial units and were not converted

into metric units before being fed into the on-board

navigation system. The result of providing the flight

information in data sets with inconsistent units was

that the spacecraft was unable to manoeuvre into the

correct orbit about Mars, and was consequently lost

in space.

Artist’s impression of the Mars Climate Orbiter.
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Consistency of units

A word of warning about the use of the multipliers in Table 1.3. In a calcu-

lation, you must work in a consistent manner. For example, if a density is

given in g cm�3 and a volume in m3, you cannot mix these values, e.g. when

determining a mass:

Mass ¼ Volume�Density

You must first scale one of the values to be consistent with the other as is

shown in worked example 1.2. The most foolproof way of overcoming this

frequent source of error is to convert all units into the scale defined by the

base units (Table 1.1) before you substitute the values into an equation.

We shall see many examples of this type of correction in worked examples

throughout the book.

Worked example 1.2 Units in calculations

Calculate the volume occupied by 10.0 g of mercury if the density of mercury is

1:36� 10
4
kgm

�3
at 298K.

The equation that relates mass (m), volume (V) and density (�) is:

� ¼ m

V
or V ¼ m

�

Before substituting in the numbers provided, we must obtain consistency

among the units.

Density is given in kgm�3 but the mass is given in g, and should be

converted to kg (or the density converted to gm�3):

10:0 g ¼ 10:0� 10�3 kg ¼ 1:00� 10�2 kg

Now we are in a position to calculate the volume occupied by the mercury:

V ¼ m

�
¼ 1:00� 10�2 kg

1:36� 104 kgm�3
¼ 7:35� 10�7 m3

Table 1.3 Multiplying prefixes for use with SI units; the ones that are most commonly
used are given in pink.

Factor Name Symbol Factor Name Symbol

1012 tera T 10�2 centi c

109 giga G 10�3 milli m

106 mega M 10�6 micro m

103 kilo k 10�9 nano n

102 hecto h 10�12 pico p

10 deca da 10�15 femto f

10�1 deci d 10�18 atto a
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1.4 The proton, electron and neutron

The basic particles of which atoms are composed are the proton, the electron

and the neutron.§ Some key properties of the proton, electron and neutron are

given in Table 1.4. A neutron and a proton have approximately the same

mass and, relative to these, the electron has a negligible mass. The charge

on a proton is of equal magnitude, but opposite sign, to that on an electron

and so the combination of equal numbers of protons and electrons results in

an assembly that is neutral overall. A neutron, as its name suggests, is neutral –

it has no charge. The arrangements and energies of electrons in atoms and

ions are discussed in Chapter 3.

1.5 The elements

The recommended IUPAC definition of an element states that ‘an element is

matter, all of whose atoms are alike in having the same positive charge on the

nucleus’. Each element is given a symbol and these are predominantly inter-

nationally accepted even though the names of the elements themselves are

subject to linguistic variation (see Box 1.2).

Metals, non-metals and semi-metals

Elements can be classified as metals, non-metals or semi-metals. The names

of most metals end in ‘-ium’, e.g. lithium, sodium, magnesium, calcium,

aluminium, scandium, chromium, titanium, vanadium, hafnium, ruthenium,

rhodium, iridium, osmium and palladium. Common exceptions include tin,

lead, iron, cobalt, copper, zinc, tungsten, platinum, silver and gold. Under

IUPAC recommendations, the term ‘semi-metal’ is preferred over ‘metal-

loid’. We look further at what constitutes a ‘semi-metal’ in Chapter 9.

Allotropes

Some elements exist in more than one structural form and this property is

called allotropy. Consider carbon – two commonly quoted allotropes of

An element is matter, all of

whose atoms are alike in

having the same positive

charge on the nucleus.

In the United States, Al is

known as aluminum.

Allotropes of an element

are different structural

modifications of that

element.

Table 1.4 Properties of the proton, electron and neutron.

Proton Electron Neutron

Charge / C þ1:602� 10�19 �1:602� 10�19 0

Charge number (relative charge) 1 �1 0

Rest mass / kg 1:673� 10�27 9:109� 10�31 1:675� 10�27

Relative mass 1837 1 1839

§ These are the particles considered fundamental by chemists, although particle physicists have
demonstrated that there are yet smaller building blocks. This continual subdivision recalls the
lines of Jonathan Swift:
‘So, naturalists observe, a flea
Hath smaller fleas that on him prey;
And these have smaller fleas to bite ’em,
And so proceed ad infinitum.’
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carbon are graphite and diamond (Figure 1.1), both of which possess infinite

structures. Both allotropes consist only of atoms of carbon and both burn in

an excess of O2 to give only carbon dioxide, CO2. The physical appearances

of these two allotropes are, however, dramatically different. Diamond is

thermodynamically unstable at room temperature and pressure with respect

to graphite but, fortunately, the interconversion is extremely slow and

diamond is termed metastable. In the 1980s, further allotropes of carbon

called the fullerenes were discovered. These are present in soot to the

THEORY

Box 1.2 The elements: names with meanings

The origin of the names of the chemical elements and

their variation between languages is fascinating. A

wealth of chemical history and fact is hidden within

the names, although changing from one language to

another may obscure this information. Three examples

illustrate this.

Mercury (Hg)

The silver-white, liquid metal mercury was known to

the ancient Greeks as liquid silver. This name evolved

into the Latin hydrargyrum from which our present-

day symbol Hg arises. Mercury used to be known as

quicksilver in English (quick means alive) and the

element is called Quecksilber in German. The word

mercury refers to the messenger of the Roman gods –

anyone who has tried to ‘catch’ a globule of mercury

will appreciate the analogy.

Cobalt (Co)

The d-block element cobalt (Co) is known as Kobalt in

German. Nickel and cobalt occur in varying amounts

in iron ores. When these ores were processed by early

miners, ores containing significant amounts of cobalt

gave inferior metallic products. These ores became

known as false ores and were named after the malicious

imps or Kobold who supposedly lived in the mines.

Tungsten (W)

Tungstenhas the unexpected symbolW. InGerman, tung-

sten is called Wolfram and this refers to its ore

wolframite. The other common ore is scheelite, which was

named after Scheele, the discoverer of tungsten. Scheele

was Swedish, and before the ore was called scheelite, it

was known as tungsten which translates as ‘heavy stone’.

Scheelite crystals on quartz.

Fig. 1.1 The structures of four allotropes of carbon; C60 is representative of the group of fullerenes. The nanotube shown
is representative of a large family of single- and multi-walled tubes.
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extent of a few per cent by mass, and the commonest component consists of

discrete C60 molecules (Figure 1.1). Further allotropes of carbon, the carbon

nanotubes (Figure 1.1), were discovered in 1991 and are some of the

best known examples of nanoparticles; at least one dimension of a ‘nanoscale’

object should be of the order of 10�9m (see Table 1.3). The semiconducting

or metallic properties of single-walled and multi-walled carbon nanotubes

and their high tensile strength, mean that they are currently being investi-

gated at both research and commercial levels. Other common elements that

exhibit allotropy are tin, phosphorus, arsenic, oxygen, sulfur and selenium.

1.6 States of matter

Solids, liquids and gases

At a given temperature, an element is in one of three states of matter – solid,

liquid or vapour (Figure 1.2). A vapour is called a gas when it is above its

critical temperature.

In a solid, the atoms are often arranged in a regular fashion. The solid

possesses a fixed volume (at a stated temperature and pressure) and shape.

A liquid also has a fixed volume at a given temperature and pressure, but

has no definite shape. It will flow into a container and will adopt the shape

of this vessel. The particles (atoms or molecules) in a gas move at random

and can occupy a large volume. A gas has no fixed shape.

In Figure 1.2, the surface boundary of the solid is determined by the solid

itself and is not dictated by the container. On the other hand, unless restricted

by a container, the boundary of a gas is continually changing; this permits

two (or more) gases to mix in a process called diffusion (Figure 1.3). In a

liquid, the shape of the liquid mimics the shape of the container, but at the

upper surface of the liquid the phenomenon of surface tension operates and

this defines the surface boundary. When liquids mix they are said to be

miscible; hexane and octane are miscible, as are water and ethanol. If liquids

do not mix (e.g. water and oil, water and hexane), they are immiscible.

C60: see Section 9.9

If two liquids mix, they are

miscible. Immiscible liquids

form distinct layers.

"

Fig. 1.2 The arrangement of
particles (atoms or molecules) in
a solid, a liquid and a gas. For the
solid, the surface is determined by
the solid itself. The shape of the
liquid is controlled by the shape
of the container; the liquid has a
definite surface. The atoms or
molecules of the gas are free to
move throughout the container.

Fig. 1.3 A gas is trapped within
the boundaries of the vessel in
which it is held. Two gases can
mix together (diffuse) if the
boundary between them is
removed.
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In chemical equations, the states of substance are often included and the

standard abbreviations are:

solid (s)

liquid (l)

gas (g)

The use of (aq) refers to an aqueous solution; this is not a state of matter.

Phases

The three states of a substance are phases, but within one state there may be

more than one phase. For example, each allotrope of carbon is a different

phase but each is in the solid state. Each phase exists under specific condi-

tions of temperature and pressure and this information is represented in a

phase diagram. Figure 1.4 shows a pressure–temperature phase diagram for

a one-component system. The solid blue lines represent the boundaries

between the phases. At a given pressure (or temperature), the transformation

from one phase to another takes place at a particular temperature (or pressure).

Crossing a boundary corresponds to changing the phase of the substance, e.g.

melting a solid or vaporizing a liquid. Most commonly, we are dealing with

phase transitions at atmospheric pressure (see worked example 1.3). An element

(or a single allotrope if the element possesses more than one allotrope)

changes from solid to liquid at its melting point, and from liquid to vapour

at its boiling point (Table 1.5). The terms gas and vapour are often used inter-

changeably, but there is a real distinction between them. The dashed line in

Figure 1.4 illustrates this distinction: a vapour can be liquefied by increasing

the pressure, but a gas cannot.

When heated at a particular pressure, some elements transform directly

from solid to vapour, and this process is called sublimation. Iodine readily

sublimes when heated at atmospheric pressure.

At temperatures and pressures above the critical point, a substance

becomes a supercritical fluid (Figure 1.4). If you observe a substance as it

reaches its critical point, themeniscus at the liquid–gas interface disappears,

illustrating that there is no longer a distinction between the two phases.

Fig. 1.4 A simple
pressure–temperature
phase diagram for a
one-component system.
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Table 1.5 Melting and boiling points (at atmospheric pressure) and appearance of selected
elements. Carbon and sulfur are not included because neither undergoes a simple change
of state.

Element (allotrope) Symbol

Melting

point /K

Boiling

point /K

Physical appearance

at 298K

Aluminium Al 933 2793 White metal

Bromine Br 266 332.5 Brown-orange liquid

Calcium Ca 1115 1757 Silver-white metal

Chlorine Cl 172 239 Green-yellow gas

Chromium Cr 2180 2944 Silver metal

Cobalt Co 1768 3200 Silver-blue metal

Copper Cu 1358 2835 Reddish metal

Fluorine F 53 85 Very pale yellow gas

Gold Au 1337 3081 Yellow metal

Helium He – 4.2 Colourless gas

Hydrogen H 14 20 Colourless gas

Iodine I 387 458 Black solid

Iron Fe 1811 3134 Silver-grey metal

Lead Pb 600 2022 Blue-grey metal

Lithium Li 453.5 1615 Silver-white metal

Magnesium Mg 923 1363 Silver-white metal

Manganese Mn 1519 2334 Silver metal

Mercury Hg 234 630 Silver liquid

Nickel Ni 1728 3186 Silver metal

Nitrogen N 63 77 Colourless gas

Oxygen O 54 90 Colourless gas

Phosphorus (white) P 317 550 White solid

Potassium K 336 1032 Silver-white metal

Silicon Si 1687 2638 Shiny, blue-grey solid

Silver Ag 1235 2435 Silver-white metal

Sodium Na 371 1156 Silver-white metal

Tin (white) Sn 505 2533 Silver metal

Zinc Zn 692.5 1180 Silver metal
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An atom is the smallest unit

quantity of an element that

is capable of existence,

either alone or in chemical

combination with other

atoms of the same or

another element.

Supercritical carbon dioxide (scCO2) has many commercial applications,

notably in the food (e.g. decaffeination of coffee and tea), tobacco (nicotine

extraction) and pharmaceutical industries. Extraction processes can be

designed so that the supercritical fluid is recycled, making the use of

scCO2 environmentally friendly. New applications of scCO2 are continually

emerging, a recent development being the cleaning of antique textiles.

Worked example 1.3 Using a simple phase diagram

The phase diagram above is for a one-component system, X. The pressure of

105 Pa corresponds to atmospheric pressure (Patm). (Tc=critical temperature.)

(a) At Patm, does X melt above or below 298K?

(b) Where on the diagram would you find the boiling point of X?

(c) What phase does X exist in at 298K and 105Pa?

(d) Under what conditions does X sublime?

(e) What happens to X at pressures and temperatures above the critical point?

All phase changes at atmospheric pressure occur along the dashed black line

shown on the phase diagram. The blue dashed line corresponds to 298K.

(a) Follow the Patm line until it crosses the solid–liquid boundary. This is

the melting point of X, i.e. above 298K.

(b) Follow the Patm line until it crosses the liquid–vapour boundary. This is

the boiling point of X.

(c) At 298K and 105 Pa (i.e. where the vertical and horizontal dashed lines

cross), X is a solid.

(d) Sublimation is the direct change from solid to vapour. There is a

boundary between these phases only at low temperatures and pressures.

(e) Above the critical point (i.e. the top right-hand corner of the phase dia-

gram), X is a supercritical liquid.

1.7 Atoms and isotopes

Atoms and atomic number

An atom is the smallest unit quantity of an element that is capable of

existence, either alone or in chemical combination with other atoms of the

same or another element. It consists of a positively charged nucleus and

negatively charged electrons. The simplest atom is hydrogen (strictly, pro-

tium, see below) which is made up of one proton and one electron. The
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proton of a hydrogen atom is its nucleus, but the nucleus of any other atom

consists of protons and neutrons.

All atoms are neutral, with the positive charge of the nucleus exactly balanced

by the negative charge of a number of electrons equal to the number of protons.

The electrons are situated outside the nucleus. Each atom is characterized by its

atomic number, Z. A shorthand method of showing the atomic number and

mass number, A, of an atom along with its symbol, E, is used:

mass number ��"
element symbol ��"

A

Z
E e:g:

59

27
Co

atomic number ��"

Atomic number ¼ Z ¼ number of protons in the nucleus ¼ number of electrons

Mass number ¼ A ¼ number of protons þ number of neutrons

Relative atomic mass

The mass of an atom is concentrated in the nucleus where the protons and

neutrons are found. If we were to add together the actual masses of protons

and neutrons present, we would always be dealing with very small, non-

integral numbers, and for convenience, a system of relative atomic masses

is used. The atomic mass unit (u) has a value of �1:660� 10�27 kg, and
this corresponds closely to the mass of a proton or a neutron (Table 1.4).

Effectively, the mass of each proton and neutron is taken to be one atomic

mass unit. The scale of relative atomic masses (Ar) is based upon measure-

ments taken for carbonwith all atomic masses stated relative to 12C ¼ 12:0000.

Isotopes

For a given element, there may be more than one type of atom, and these are

called isotopes of the element. Do not confuse isotopes with allotropes.

Allotropes are different structural forms of a bulk element arising from

different spatial arrangements of the atoms (Figure 1.1). Isotopes are

atoms of the same element with different numbers of neutrons. Some isotopes

that do not occur naturally may be produced artificially (see Box 1.3).

An element is characterized by the number of protons and, to keep the atom

neutral, this must equal the number of electrons. However, the number of

neutrons can vary. For example, hydrogen possesses three naturally occurring

isotopes. The most abundant by far (99.985%) is protium, 1H, which has one

proton and one electron but no neutrons. The second isotope is deuterium,
2H (also given the symbol D), which has one proton, one electron and one neu-

tron. Deuterium is present naturally at an abundance of 0.015% and is some-

times called ‘heavy hydrogen’. Tritium (3H or T) occurs as fewer than 1 in 1017

atoms in a sample of natural hydrogen and is radioactive. The atomic mass of

naturally occurring hydrogen reflects the presence of all three isotopes and is

the weighted mean of the masses of the isotopes present. The relative atomic

mass of hydrogen is 1.0080, and the value is close to 1 because the isotope
1H with mass number 1makes up 99.985% of the natural mixture of isotopes.

Other examples of elements that exist naturally as mixtures of isotopes are

lithium (63Li and
7
3Li), chlorine (

35
17Cl and

37
17Cl) and copper (6329Cu and 65

29Cu).

Elements that occur naturally as only one type of atom are monotopic and

Isotopes of an element have

the same atomic number, Z,

but different atomic masses.
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include phosphorus (3115P) and cobalt (5927Co). Isotopes can be separated by

mass spectrometry and Figure 1.5a shows the isotopic distribution in

atomic chlorine. In the mass spectrum of Cl2 (Figure 1.5b), three peaks are

observed and are assigned to the possible combinations of the two isotopes

of chlorine. The technique of mass spectrometry is described in Chapter 10.

In the shorthand notation for denoting an isotope, the atomic number

is often omitted because it is a constant value for a given element,

e.g. the two isotopes of copper can be distinguished by simply writing 63Cu

and 65Cu.

Fig. 1.5 Mass spectrometric
traces for (a) atomic chlorine and
(b) molecular Cl2.

THEORY

Box 1.3 Artificially produced isotopes and bb-particle emission

Some isotopes, in particular those of the heaviest

elements in the periodic table, are produced by the

bombardment of one nucleus by particles which

induce nuclear fusion. Typical particles used for the

bombardment are neutrons.

An example of an artificially produced isotope is

the formation of 239
94Pu, an isotope of plutonium, in a

series of nuclear reactions beginning with the isotope

of uranium 238
92U. The bombardment of 238

92U with neu-

trons results in nuclear fusion:

238
92Uþ 1

0n��" 239
92U

The relative atomic mass of the product is one atomic

mass unit greater than that of the initial isotope because

we have added a neutron to it. The isotope 239
92U under-

goes spontaneous loss of a b-particle (an electron, see

below) to form an isotope of neptunium (23993Np)

which again undergoes b-decay to give 239
94Pu:

239
92U��" 239

93Npþ b�

239
93Np��" 239

94Puþ b�

bb-Decay

b-Particle emission (b-decay) occurs when an electron

is lost from the nucleus by a complex process which

effectively ‘turns a neutron into a proton’.§ The mass

of the nucleus undergoing b-decay does not change

because the b-particle has negligible mass. The atomic

number of the nucleus undergoing the emission

increases by one since, effectively, the nucleus has

gained a proton:

1
0n��" 1

1pþ b�

§ This notation is not strictly correct. The decay of a nucleus
by the loss of a b-particle is a complex process, the study
of which belongs within the remit of the particle physicist.
Of interest to us here is the fact that a nucleus that undergoes
b-decay retains the same atomic mass but increases its
atomic number by one.
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Worked example 1.4 Isotopes

An isotope of hydrogen,
7
1H, with a lifetime of 10

�21
s, has been artificially pro-

duced. How many protons, electrons and neutrons does
7
1H possess?

The atomic number of every isotope of hydrogen is 1, and each isotope

possesses one electron and one proton.

The mass number of 7
1H is 7. Therefore:

Number of protonsþ number of neutrons ¼ 7

Number of neutrons ¼ 7� 1 ¼ 6

Worked example 1.5 Relative atomic mass

Calculate the relative atomic mass Ar of naturally occurring magnesium if

the distribution of isotopes is 78.7%
24
12Mg, 10.1%

25
12Mg and 11.2%

26
12Mg,

and the accurate masses of the isotopes to three significant figures (sig. fig.)

are 24.0, 25.0 and 26.0.

The relative atomic mass of magnesium is the weighted mean of the atomic

masses of the three isotopes:

Relative atomic mass ¼
�
78:7

100
� 24:0

�
þ
�
10:1

100
� 25:0

�
þ
�
11:2

100
� 26:0

�

¼ 24:3 (to 3 sig. fig.)

Worked example 1.6 Abundance of isotopes

Carbon has two naturally occurring isotopes. Calculate the percentage abun-

dances of
12
C and

13
C if the relative atomic mass, Ar, of naturally occurring

carbon is 12.011, and the accurate masses of the isotopes are 12.000 and

13.003 (to 5 sig. fig.).

Let the % abundances of the two isotopes be x and (100� x). The value of

Ar is therefore:

Ar ¼ 12:011 ¼
�

x

100
� 12:000

�
þ
�
100� x

100
� 13:003

�

12:011 ¼
�
12:000x

100

�
þ
�
1300:3� 13:003x

100

�
12:011� 100 ¼ 12:000xþ 1300:3� 13:003x

1201:1 ¼ 1300:3� 1:003x

x ¼ 1300:3� 1201:1

1:003
¼ 99:2

1:003
¼ 98:9 (to 3 sig. fig.)

The abundances of the isotopes 12C and 13C are 98.9% and 1.1%,

respectively.
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1.8 The mole and the Avogadro constant

In Table 1.1 we saw that the SI unit of ‘amount of substance’ is themole. This

unit can apply to any substance and hence it is usual to find the statement

‘a mole of x’ where x might be electrons, atoms or molecules. In one mole

of substance there are �6:022� 1023 particles, and this number is called

the Avogadro constant or number, L. It is defined as the number of atoms

of carbon in exactly 12 g of a sample of isotopically pure 12
6C. Since L is

the number of particles in a mole of substance, its units are mol�1.

Worked example 1.7 The mole and the Avogadro constant (1)

Calculate how many atoms there are in 0.200 moles of copper.

(L ¼ 6:022� 10
23
mol

�1
)

The number of atoms in one mole of Cu is equal to the Avogadro

constant ¼ 6:022� 1023.

Number of atoms in 0.200 moles of Cu ¼ ð0:200molÞ � ð6:022� 1023 mol�1Þ

¼ 1:20� 1023 (to 3 sig. fig.)

Worked example 1.8 The mole and the Avogadro constant (2)

Calculate how many molecules of H2O there are in 12.10 moles of water.

(L ¼ 6:022� 10
23
mol

�1
)

The number of molecules in one mole of water is equal to the Avogadro

constant ¼ 6:022� 1023.

Number of molecules in

12.10 moles of water ¼ ð12:10molÞ � ð6:022� 1023 mol�1Þ

¼ 7:287� 1024 (to 4 sig. fig.)

1.9 Gas laws and ideal gases

In this section we summarize some of the important laws that apply to ideal

gases.

The kinetic theory of gases

The kinetic theory of gases is a model that can explain the observed gas laws

in terms of atoms and molecules. In an ideal gas, we assume the following

(the postulates of the kinetic theory of gases):

. the volume occupied by the particles (atoms or molecules) is negligible;

. the particles are in continuous, random motion;

In one mole of substance

there are the Avogadro

number, L, of particles:

L � 6:022� 1023 mol�1

16 CHAPTER 1 . Some basic concepts



 
. there are no attractive or repulsive interactions between the particles;
. collisions of the particles with the walls of their container result in the

pressure, P, exerted by the gas;
. collisions between particles are elastic and no kinetic energy is lost upon

collision;
. the average kinetic energy, Ek, is directly proportional to the temperature

of the gas.

By treating the kinetic theory of gases in a quantitative manner, we can derive

the ideal gas law.

Consider a gaseous particle of massmmoving in a straight-line path within

a closed cubic box of side l. The motion continues until there is an elastic

collision with the wall of the container (Figure 1.6). The velocity, v, of the par-

ticle can be resolved into three directions coincident with the three Cartesian

axes ðx; y; zÞ. If the particle is travelling in the x direction, it has a momentum

of mvx (equation 1.7) and on impact, it undergoes a change in momentum

(equation 1.8). If the collision is elastic, the new velocity is �vx.
Momentum ¼ mass� velocity ð1:7Þ
Change in momentum ¼ ðmvxÞ � ð�mvxÞ ¼ 2mvx ð1:8Þ

Every time the particle travels across the container (distance l), a collision occurs

(Figure 1.6). The number of collisions per second is given by equation 1.9 and it

follows that the change in momentum per second is as shown in equation 1.10.

Number of collisions per second ¼ Velocity

Distance
¼ vx

l
ð1:9Þ

Change in momentum per second ¼ ð2mvxÞ
�
vx
l

�
¼ 2mvx

2

l
ð1:10Þ

The particle also has velocity components in the y and z directions. The

velocity of the particle, c, is given by equation 1.11, and the total change

in momentum per second for this particle is given by equation 1.12.

c2 ¼ vx
2 þ vy

2 þ vz
2 ð1:11Þ

Total change in momentum ¼ 2mvx
2

l
þ
2mvy

2

l
þ 2mvz

2

l
¼ 2mc2

l
ð1:12Þ

For a particles with velocities ci, the total change in momentum per second is

2m

l

Xi¼a

i¼1

ci
2.

In a real gas, there are
interactions between

particles: see Section 2.10

P
means ‘summation of’

"

"

Fig. 1.6 A particle in a cubic box
of side l collides with a wall at
point A. The collision is elastic
and no kinetic energy is lost.
After impact, the particle
rebounds and travels across the
box to the opposite wall where
another collision occurs, and
so on.
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Defining the root mean square velocity, �c, such that:

�c2 ¼ 1

a

Xi¼a

i¼1

ci
2

 !

leads to the expression for the change in momentum given in equation 1.13.

Total change in momentum ¼ 2ma�c 2

l
ð1:13Þ

By Newton’s Second Law of Motion, the force exerted on the walls of the

container by the impact of the particles equals the rate of change of momen-

tum. From the force, we can find the pressure since pressure is force per unit

area. The total area is equal to that of the six walls of the container (which is

6l 2) and, so, the pressure is given by equation 1.14, where V is the volume of

the cubic container.

Pressure;P ¼ Force

Area
¼

2ma�c2

l

� �
6l 2

¼ 2ma�c2

6l 3
¼ ma�c2

3V
ð1:14Þ

Let us now move from considering a particles to a molar scale. For nmoles

of particles, a ¼ nL where L is the Avogadro number. We can therefore

rewrite equation 1.14 in the form of equation 1.15, and we shall return to

this equation obtained from a theoretical model later in this section.

PV ¼ nLm�c2

3
ð1:15Þ

Pressure and Boyle’s Law

Pressure (P) is defined as force per unit area (equation 1.16) and the derived

SI units of pressure are pascals (Pa) (Table 1.2).

Pressure ¼ Force

Area
ð1:16Þ

Although atmospheric pressure is the usual working condition in the labora-

tory (except when we are specifically working under conditions of reduced or

high pressures), a pressure of 1 bar (1:00� 105 Pa) has been defined by the

IUPAC as the standard pressure.§ Of course, this may not be the exact pres-

sure of working, and in that case appropriate corrections must be made as

shown below.

When a fixed mass of a gas is compressed (the pressure on the gas is

increased) at a constant temperature, the volume (V) of the gas decreases.

The pressure and volume are related by Boyle’s Law (equation 1.17).

From this inverse relationship we see that doubling the pressure halves the

volume, and halving the pressure doubles the volume of a gas.

Pressure / 1

Volume

P / 1

V
at constant temperature ð1:17Þ

Newton’s Laws of Motion:
see Box 3.1

Pressure ¼ Force per unit
area

P ¼ FðnewtonÞ
Aðm2Þ

"

§ Until 1982, the standard pressure was 1 atmosphere (1 atm ¼ 101 325Pa) and this pressure
remains in use in many textbooks and tables of physical data. The bar is a ‘non-standard’
unit in the same way that the a

�
ngström is defined as ‘non-standard’.
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Charles’s Law

Boyle’s Law is obeyed only under conditions of constant temperature

because the volume of a gas is dependent on both pressure and temperature.

The volume and temperature of a fixed mass of gas are related by Charles’s

Law (equation 1.18) and the direct relationship shows that (at constant

pressure), the volume doubles if the temperature is doubled.

Volume / Temperature

V / T at constant pressure ð1:18Þ

A combination of Boyle’s and Charles’s Laws gives a relationship between the

pressure, volume and temperature of a fixed mass of gas (equation 1.19), and

this can be rewritten in the form of equation 1.20.

P / T

V
ð1:19Þ

PV

T
¼ constant P ¼ pressure;V ¼ volume;T ¼ temperature ð1:20Þ

Corrections to a volume of gas from one set of pressure and temperature

conditions to another can be done using equation 1.21; each side of the

equation is equal to the same constant.

P1V1

T1

¼ P2V2

T2

ð1:21Þ

Worked example 1.9 Dependence of gas volume on temperature and pressure

If the volume of a sample of helium is 0.0227m
3
at 273K and 1:00� 10

5
Pa,

what is its volume at 293K and 1:04� 10
5
Pa?

The relevant equation is:

P1V1

T1

¼ P2V2

T2

First check that the units are consistent: V in m3, T in K, P in Pa. (In fact,

in this case inconsistencies in units of P and V would cancel out – why?)

P1 ¼ 1:00� 105 Pa

P2 ¼ 1:04� 105 Pa

P1V1

T1

¼ P2V2

T2

V1 ¼ 0:0227m3

V2 ¼ ?

T1 ¼ 273K

T2 ¼ 293K

ð1:00� 105 PaÞ � ð0:0227m3Þ
ð273KÞ ¼ ð1:04� 105 PaÞ � ðV2 m

3Þ
ð293KÞ

V2 ¼
ð1:00� 105 PaÞ � ð0:0227m3Þ � ð293KÞ

ð273KÞ � ð1:04� 105 PaÞ ¼ 0:0234m3
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Worked example 1.10 Dependence of gas pressure on volume and temperature

The pressure of a 0.0239m
3
sample of N2 gas is 1:02� 10

5
Pa. The gas is com-

pressed to a volume of 0.0210m
3
while the temperature remains constant at

293K. What is the new pressure of the gas?

The equation needed for the calculation is:

P1V1

T1

¼ P2V2

T2

but because T1 ¼ T2, the equation can be simplified to:

P1V1 ¼ P2V2

The data are as follows:

P1 ¼ 1:02� 105 Pa V1 ¼ 0:0239m3

P2 ¼ ? V2 ¼ 0:0210m3

ð1:02� 105 PaÞ � ð0:0239m3Þ ¼ ðP2 PaÞ � ð0:0210m3Þ

P2 ¼
ð1:02� 105 PaÞ � ð0:0239m3Þ

ð0:0210m3Þ
¼ 1:16� 105 Pa

Check to make sure that the answer is sensible: compression of a gas at

constant temperature should lead to an increase in pressure.

Ideal gases

In real situations, we work with ‘real’ gases, but it is convenient to assume

that most gases behave as though they were ideal. If a gas is ideal, it obeys

the ideal gas law (equation 1.22) in which the constant in equation 1.20

is the molar gas constant, R, and the quantity of gas to which the equation

applies is 1 mole.

PV

T
¼ R ¼ 8:314 JK�1 mol�1 ð1:22Þ

For n moles of gas, we can rewrite the ideal gas law as equation 1.23.

PV

T
¼ nR or PV ¼ nRT ð1:23Þ

The molar gas constant has the same value for all gases, whether they are

atomic (Ne, He), molecular and elemental (O2, N2) or compounds (CO2,

H2S, NO).

We have already seen that the IUPAC has defined standard pressure as

1:00� 105 Pa (1 bar) and a value of standard temperature has been defined

as 273.15K. For our purposes, we often use 273K as the standard tem-

perature.§ The volume of one mole of an ideal gas under conditions of

standard pressure and temperature is 0.0227m3 or 22.7 dm3 (equation 1.24).

We consider the consistency of the units in this equation in worked

example 1.11.

Van der Waals equation for
real gases: see equation 2.20

"

§ The standard temperature of 273K is different from the standard state temperature of 298K
used in thermodynamics; see Section 2.2 and Chapter 17.
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Volume of 1 mole of ideal gas ¼ nRT

P

¼ 1� ð8:314 JK�1 mol�1Þ � ð273KÞ
ð1:00� 105 PaÞ

¼ 0:0227m3 ð1:24Þ

From Table 1:2: Pa ¼ kgm�1 s�2

J ¼ kgm2 s�2

and therefore the units work out as follows:

kgm2 s�2 K�1 mol�1 �K

kgm�1 s�2
¼ m3 mol�1

You should notice that this volume differs from the 22.4 dm3 with which

you may be familiar! A molar volume of 22.4 dm3 refers to a standard

pressure of 1 atm (101 300 Pa), and 22.7 dm3 refers to a standard pressure

of 1 bar (100 000 Pa).

We now return to equation 1.15, derived from the kinetic theory of gases. By

combining equations 1.15 and 1.23, we can write equation 1.25 for one mole.

RT ¼ Lm�c2

3
ð1:25Þ

We can now show the dependence of the kinetic energy of a mole of particles

on the temperature. The kinetic energy, Ek, is equal to
1
2
m�c2, and if we make

this substitution into equation 1.25, we can write equation 1.26.

RT ¼ 2

3
LEk or Ek ¼

3

2

RT

L
ð1:26Þ

where Ek refers to one mole andR is the molar gas constant. The gas constant

per molecule is given by the Boltzmann constant, k ¼ 1:381� 10�23 JK�1.
The molar gas constant and the Boltzmann constant are related by equation

1.27, and hence we can express the kinetic energy per molecule in the form of

equation 1.28.

Boltzmann constant; k ¼ R

L
ð1:27Þ

Ek ¼
3

2
kT where Ek refers to 1 molecule ð1:28Þ

Worked example 1.11 Finding a derived SI unit

Determine the SI unit of the molar gas constant, R.

The ideal gas law is:

PV ¼ nRT

whereP¼ pressure,V ¼ volume, n¼ number ofmoles of gas,T ¼ temperature.

R ¼ PV

nT

The SI unit of R ¼ ðSI unit of pressureÞ � ðSI unit of volumeÞ
ðSI unit of quantityÞ � ðSI unit of temperatureÞ

The molar volume of an

ideal gas under conditions

of standard pressure

(1:00� 105 Pa) and

temperature (273K) is

22.7 dm3.
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The SI unit of pressure is Pa but this is a derived unit. In base units,

Pa ¼ kgm�1 s�2 (Tables 1.1 and 1.2):

SI unit of R ¼ ðkgm
�1 s�2Þ � ðm3Þ
ðmolÞ � ðKÞ

¼ kgm2 s�2 mol�1 K�1

While this unit of R is correct in terms of the base SI units, it can be sim-

plified because the joule, J, is defined as kgm2 s�2 (Table 1.2).
The SI unit of R ¼ Jmol�1 K�1 or JK�1 mol�1.

Exercise Look back at equation 1.23 and, by working in SI base units,

show that a volume in m3 is consistent with using values of pressure in

Pa, temperature in K and R in JK�1 mol�1.

Worked example 1.12 Determining the volume of a gas

Calculate the volume occupied by one mole of CO2 at 300K and 1 bar pressure.

(R ¼ 8:314 JK�1 mol
�1
)

Assuming that the gas is ideal, the equation to use is:

PV ¼ nRT

First ensure that the units are consistent – the pressure needs to be in Pa:

1 bar ¼ 1:00� 105 Pa

To find the volume, we first rearrange the ideal gas equation:

V ¼ nRT

P

V ¼ nRT

P
¼ 1� ð8:314 JK�1 mol

�1Þ � ð300KÞ
ð1:00� 105 PaÞ

¼ 0:0249m3 ¼ 24:9 dm3

The cancellation of units is as in equation 1.24.

NB:You should develop a habit of stopping and thinking whether a numer-

ical answer to a calculation is sensible. Is its magnitude reasonable? In this

example, we know that the molar volume of any ideal gas at 1:00� 105 Pa

and 273K is 22.7 dm3, and we have calculated that at 1:00� 105 Pa and

300K, the volume of one mole of gas is 24.9 dm3. This increased volume

is consistent with a relatively small rise in temperature.

Gay-Lussac’s Law

Gay-Lussac’s Law states that when gases react, the volumes of the reactants

(and of the products if gases) are in a simple ratio, provided that the volumes

are measured under the same conditions of temperature and pressure. Gay-

Lussac’s observations (made at the end of the 18th century) are consistent

with the ideal gas equation (equation 1.23). Since P, T and R are constants

when the volume measurements are made, it follows that the volume of a

gaseous component in a reaction is proportional to the number ofmoles present.
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Worked example 1.13 Applying Gay-Lussac’s Law

At standard temperature and pressure, it was observed that 22.7 dm
3
of N2

reacted with 68.1 dm
3
of H2 to give 45.4 dm

3
of NH3. Confirm that these

volumes are consistent with the equation:

N2ðgÞ þ 3H2ðgÞ ��" 2NH3ðgÞ

Work out the ratio of the volumes:

N2 H2 NH3

22.7 : 68.1 : 45.4

1 : 3 : 2

This ratio is consistent with the stoichiometry of the equation given.

Dalton’s Law of Partial Pressures

In a mixture of gases, the total pressure exerted by the gas on its surroundings

is the sum of the partial pressures of the component gases. This is Dalton’s

Law of Partial Pressures and can be expressed as in equation 1.29.

P ¼ PA þ PB þ PC þ � � � ð1:29Þ

where P ¼ total pressure, PA ¼ partial pressure of gas A, etc.

The partial pressure of each gas is directly related to the number of moles

of gas present. Equation 1.30 gives the relationship between the partial

pressure of a component gas (PX) and the total pressure P of a gas mixture.

Partial pressure of component X ¼ Moles of X

Total moles of gas
� Total pressure

ð1:30Þ

One use of partial pressures is in the determination of equilibrium con-

stants for gaseous systems and we look further at this in Chapter 16.

Worked example 1.14 Partial pressures of atmospheric gases

The atmosphere consists of 78.08% dinitrogen, 20.95% dioxygen and 0.93%

argon, with other gases present in trace amounts. If atmospheric pressure is

101.3 kPa, what are the partial pressures of N2, O2 and Ar in the atmosphere?

Total pressure, Patm ¼ 101:3 kPa

Patm ¼ PN2
þ PO2

þ PAr þ Pother gases

Because the other gases are present in trace amounts:

Patm � PN2
þ PO2

þ PAr

78.08% of the atmosphere is N2, therefore:

PN2
¼ ð78:08Þ

100
� 101:3 ¼ 79:10 kPa
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Similarly:

PO2
¼ ð20:95Þ

100
� 101:3 ¼ 21:22 kPa

PAr ¼
ð0:93Þ
100

� 101:3 ¼ 0:94 kPa

Check: PN2
þ PO2

þ PAr ¼ 79:10þ 21:22þ 0:94 ¼ 101:26 kPa

BIOLOGY AND MEDICINE

Box 1.4 Diving to depths

The gas laws are of great importance to underwater

divers. As a diver descends, the pressure increases. At

sea level, a diver experiences atmospheric pressure

(�1 bar). At a depth of 10m, the hydrostatic pressure

is about 2 bar, and when a diver reaches a depth of

40m, the pressure is 5 bar. Deep-sea divers breathe

compressed air. This is composed mainly of N2 (78%)

and O2 (21%) (see Figure 21.1). Whereas dioxygen is

essential for respiration, N2 is inert with respect to

the body’s metabolism. As the total pressure increases,

the partial pressures of the component gases increase

according to Dalton’s Law of partial pressures:

Ptotal ¼ PO2
þ PN2

þ � � �

When air is taken into the lungs, it is in close contact

with the blood. At atmospheric pressure, the solubility

of N2 in blood is low, but its solubility increases as the

pressure increases. This is quantified in Henry’s Law,

which states that the solubility of a gas is directly

proportional to its partial pressure. For a deep-sea

diver, the amount of N2 entering the blood and body

tissues increases as the depth of the dive increases.

Once a diver begins to ascend from a dive, the partial

pressure of N2 decreases and N2 that has built up in

the bloodstream can escape.

Two medical problems are associated with the

accumulation of N2 in the body during a deep-sea

dive. The first is nitrogen narcosis. The symptoms of

nitrogen narcosis depend on depth and pressure, the

onset being at a depth of about 25m. Depending on

the depth, the diver may be affected by an impaired

ability to make reasoned decisions, or may suffer

from drowsiness and confusion. The effects can be

reversed by ascending to regions of lower pressure.

The ascent can, however, result in another medical

problem: decompression sickness. This is caused by

bubbles of N2. The amount of N2 escaping as bubbles

from body tissue into the bloodstream depends on

both the depth of the dive and the length of time that

a diver has been exposed to high partial pressures of

N2. Provided that the bubbles are transported in the

blood and diffuse back into the lungs, the N2 can be

exhaled. However, if large bubbles of N2 are trapped

in the body, the diver begins to suffer from decom-

pression sickness. This can be treated by using a

decompression (hyperbaric) chamber. The diver is

placed in the chamber and subjected to recompression,

i.e. the pressure within the chamber is increased to

simulate the deep-sea pressures. This assists the break-

up of large N2 bubbles which are able to enter the

bloodstream. Slow decompression then follows and N2

is released from the body in a controlled manner.

Given the problems associated with humans diving,

how do marine mammals manage? For details on

how they have evolved to cope with being in an

oxygen-free environment and with high hydrostatic

pressures, see: G. L. Koopman (2001) in Encyclopedia

of Ocean Sciences, eds J. Steele, S. Thorpe and

K. Turekian, Academic Press, San Diego, p. 1589 –

‘Marine mammal diving physiology’.

A diver in a decompression chamber.
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Worked example 1.15 Partial pressures

At 290.0K and 1:000� 10
5
Pa, a 25.00 dm

3
sample of gas contains 0.3500moles

of argon and 0.6100moles of neon. (a) Are these the only components of

the gas mixture? (b) What are the partial pressures of the two gases?

(R ¼ 8.314JK
�1

mol
�1
)

Part (a): The ideal gas law can be used to find the total number of moles of

gas present:

PV ¼ nRT

The volume must be converted to m3: 25.00 dm3 ¼ 25:00� 10�3 m3

n ¼ PV

RT
¼ ð1:000� 105 PaÞ � ð25:00� 10�3 m3Þ

ð8:314 JK�1 mol
�1Þ � ð290:0KÞ

¼ 1:037moles

From Table 1:2: Pa ¼ kgm�1 s�2

J ¼ kgm2 s�2

Total number of moles of gas ¼ 1:037

Moles of argonþmoles of neon ¼ 0:3500þ 0:6100 ¼ 0:9600

Therefore there are ð1:037� 0:9600Þ ¼ 0:077 moles of one or more other

gaseous components in the sample.

Part (b): Now that we know the total moles of gas, we can determine the

partial pressures of argon (PAr) and neon (PNe):

Partial pressure of component X ¼ moles of X

total moles of gas
� total pressure

For argon: PAr ¼
ð0:3500molÞ
ð1:037molÞ � ð1:000� 105 PaÞ ¼ 33 750 Pa

For neon: PNe ¼
ð0:6100molÞ
ð1:037molÞ � ð1:000� 105 PaÞ ¼ 58 820Pa

Graham’s Law of Effusion

Consider the two containers shown in Figure 1.7; they are separated by a wall

containing a tiny hole. The pressure of the gas in the left-hand container is

higher than that in the right-hand container. If there are no gas molecules

at all in the right-hand container, the pressure is zero and the right-hand

chamber is said to be evacuated. (In practice, the lowest pressures attainable

experimentally are of the order of 10�8 Pa.) Gas molecules (or atoms if it is a

Fig. 1.7 (a) A gas is contained in
a chamber that is separated from
another chamber at a lower
pressure by a wall in which there
is a pinhole. (b) Gas molecules or
atoms will move from the region
of higher to lower pressure,
effusing until the pressures of the
two containers are equal.
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monatomic gas such as neon or argon) will pass through the hole from the

region of higher pressure to that of lower pressure until the pressures of

the gases in each container are equal. This process is called effusion.

Graham’s Law of Effusion (proven experimentally) is given in equation

1.31 where Mr is the relative molar mass of the gas.

Rate of effusion of a gas / 1ffiffiffiffiffiffiffi
Mr

p ð1:31Þ

The law also applies to the process of diffusion, i.e. the rate at which gases,

initially held separately from each other, mix (see Figure 1.3). Table 1.6

gives the rates of effusion of several gases; the rates were measured under

the same experimental conditions. As an exercise, you should confirm the

validity of Graham’s Law by plotting a graph of rate of effusion against

1=
ffiffiffiffiffiffiffi
Mr

p
; the plot will be linear.

A classic experiment to illustrate Graham’s Law is shown in Figure 1.8.

Gaseous NH3 and HCl react to produce ammonium chloride as a fine,

white solid (equation 1.32).

NH3ðgÞ þHClðgÞ ��"NH4ClðsÞ ð1:32Þ

Values ofMr for NH3 and HCl are 17.03 and 36.46 respectively, and therefore

molecules of HCl diffuse along the tube more slowly than do molecules of

NH3. As a result, NH4Cl forms at a point that is closer to the end of the

tube containing the cotton wool soaked in concentrated hydrochloric acid

(Figure 1.8). This result can be quantified as shown in equation 1.33.

Rate of diffusion of NH3

Rate of diffusion of HCl
¼

ffiffiffiffiffiffiffiffiffiffiffi
36:46

17:03

r
¼ 1:463 ð1:33Þ

Molar mass: see Section 1.13

"

Table 1.6 Rates of effusion for a range of gases, determined experimentally in the
same piece of apparatus.

Gaseous compound Molecular formula Rate of effusion / cm
3
s
�1

Methane CH4 1.36

Neon Ne 1.22

Dinitrogen N2 1.03

Carbon dioxide CO2 0.83

Sulfur dioxide SO2 0.71

Dichlorine Cl2 0.65

Fig. 1.8 A glass tube containing
two cotton wool plugs soaked in
aqueous NH3 and HCl; the ends
of the tube are sealed with
stoppers. Solid NH4Cl is
deposited on the inner surface of
the glass tube, nearer to the end
at which the HCl originates.
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Worked example 1.16 Applying Graham’s Law of Effusion

If V cm
3
of NH3 effuse at a rate of 2.25 cm

3
s
�1
, and V cm

3
of an unknown gas

X effuse at a rate of 1.40 cm
3
s
�1

under the same experimental conditions, what

is Mr for X? Suggest a possible identity for X.

By applying Graham’s Law, and using values of Ar from the periodic table

facing the inside front cover of this book:

Rate of diffusion of NH3

Rate of diffusion of X
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMrÞX
ðMrÞNH3

s

2:25

1:40
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMrÞX
17:03

r

ðMrÞX ¼
�
ð2:25 cm3 s�1Þ
ð1:40 cm3 s�1Þ

�2

� 17:03 ¼ 44:0

The molar mass of X is therefore 44.0, and possible gases include CO2 and

C3H8.

1.10 The periodic table

The arrangement of elements in the periodic table

The elements are arranged in the periodic table (Figure 1.9) in numerical order

according to the number of protons possessed by each element. The division

into groups places elements with the same number of valence electrons into

vertical columns within the table. Under IUPAC recommendations, the

Valence electrons:
see Section 3.19

"

Fig. 1.9 The periodic table
showing s-, p- and d-block
elements and the lanthanoids and
actinoids ( f -block). A complete
periodic table with more detailed
information is given facing the
inside front cover of the book.
Strictly, the series of lanthanoid
and actinoid metals each consists
of 14 elements. However, La
(lanthanum) and Ac (actinium)
are usually classed with the
f -block elements.
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groups are labelled from 1 to 18 (Arabic numbers) and blocks of elements are

named as in Figure 1.9.

The d-block elements are also referred to as the transition elements,

although the elements zinc, cadmium and mercury (group 12) are not

always included. The vertical groups of three d-block elements are called

triads. The names lanthanoid and actinoid are preferred over the names

lanthanide and actinide because the ending ‘-ide’ usually implies a negatively

charged ion. However, the terms lanthanide and actinide are still in common

use. The lanthanoids and actinoids are collectively termed the f -block

elements. IUPAC-recommended names for some of the groups are given in

Table 1.7.

The last row of elements that are coloured purple followed by green in

Figure 1.9 consists of artificially produced elements: rutherfordium (Rf),

dubrium (Db), seaborgium (Sg), bohrium (Bh), hassium (Hs), meitnerium

(Mt), darmstadtium (Ds) and roentgenium (Rg). At the beginning of

2009, the number of elements in the periodic table stood at 117. Elements

with atomic numbers 112–116 and 118 have been produced artificially in

nuclear reactions, but the IUPAC has yet to assign symbols and names

to these elements. Element 112 is currently known as ununbium (‘one-

one-two’), and similarly, elements 113, 114, 115, 116 and 118 are called

ununtrium, ununquadium, ununpentium, ununhexium and ununoctium,

respectively. This is the usual method of naming newly discovered elements

until final names have been approved by the IUPAC.

Valence electrons

It is important to know the positions of elements in the periodic table. A

fundamental property of an element is the ground state valence electron

configuration (discussed further in Chapter 3) and this can usually be

determined for any element by considering its position in the periodic

table. For example, elements in groups 1 or 2 have one or two electrons in

the outer (valence) shell, respectively. After the d-block (which contains 10

groups), the number of valence electrons can be calculated by subtracting

10 from the group number. Nitrogen (N) is in group 15 and has five valence

electrons; tellurium (Te) is in group 16 and has six valence electrons. Trends

in the behaviour of the elements follow periodic patterns ( periodicity).

Inorganic nomenclature:
see Section 1.18

Periodicity: see Chapter 20

"

"

Table 1.7 IUPAC-recommended names for sections and groups in the periodic table.

Group number Recommended name

1 (except H) Alkali metals

2 Alkaline earth metals

15 Pnictogens

16 Chalcogens

17 Halogens

18 Noble gases

1 (except H), 2, 13, 14, 15, 16, 17, 18 Main group elements
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Learning the periodic table by heart is not usually necessary, but it is extremely

useful to develop a feeling for the groupings of elements. To know that selenium

is in the same group as oxygen will immediately tell you that there will be some

similarity between the chemistries of these two elements. Care is needed though –

there is a significant change in properties on descending a group as we shall

discover in Chapters 21 and 22.

Worked example 1.17 Relationship between periodic group number and number of valence

electrons

Find the positions of the following elements in the periodic table: N, K, Si, S, F,

Al, Mg. For an atom of each element, determine the number of valence electrons.

Use the periodic table in Figure 1.9 to find the group in which each element

lies:

Element N K Si S F Al Mg

Group number 15 1 14 16 17 13 2

For elements in groups 1 and 2:

Number of valence electrons ¼ Group number

K has one valence electron.

Mg has two valence electrons.

For elements in groups 13 to 18:

Number of valence electrons ¼ Group number� 10

N has five valence electrons.

Si has four valence electrons.

S has six valence electrons.

F has seven valence electrons.

Al has three valence electrons.

1.11 Radicals and ions

Radicals, anions and cations

The presence of one or more unpaired electrons in an atom or molecule

imparts upon it the property of a radical. A superscript
�
may be used to

signify that a species has an unpaired electron and is a radical. The neutral

atom 19
9F, with one unpaired electron, is a radical (Figure 1.10).

The fluorine atom readily accepts one electron (Figure 1.10 and equa-

tion 1.34) to give an ion with a noble gas configuration.

F
�ðgÞ þ e� ��" F�ðgÞ ð1:34Þ

There is now a charge imbalance between the positive charge of the fluorine

nucleus which has nine protons and the negative charge of the 10 electrons.

A radical possesses at least

one unpaired electron.

Octet rule: see Section 3.20

"

Fig. 1.10 The fluorine atom (a
radical) becomes a negatively
charged fluoride ion when it gains
one electron. Only the valence
electrons are shown. The fluoride
ion has a noble gas configuration.
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On gaining an electron, the neutral fluorine radical becomes a negatively

charged fluoride ion. The change in name from fluorine to fluoride is

significant – the ending ‘-ide’ signifies the presence of a negatively charged

species. A negatively charged ion is called an anion.

The loss of one electron from a neutral atom generates a positively charged

ion – a cation. A sodium atom may lose an electron to give a sodium cation

(equation 1.35) and the positive charge arises from the imbalance between

the number of protons in the nucleus and the electrons.

Na
�ðgÞ ��"NaþðgÞ þ e� ð1:35Þ

Although in equations 1.34 and 1.35 we have been careful to indicate that

the neutral atom is a radical, it is usually the case that atoms of an element

are written without specific reference to the radical property. For example,

equation 1.36 means exactly the same as equation 1.35.

NaðgÞ ��"NaþðgÞ þ e� ð1:36Þ

Elements with fewer than four valence electrons tend to lose electrons and

form cations with a noble gas configuration, for example:

. Na forms Naþ which has the same electronic configuration as Ne;

. Mg forms Mg2þ which has the same electronic configuration as Ne;

. Al forms Al3þ which has the same electronic configuration as Ne.

Elements with more than four valence electrons tend to gain electrons and

form anions with a noble gas configuration, for example:

. N forms N3� which has the same electronic configuration as Ne;

. O forms O2� which has the same electronic configuration as Ne;

. F forms F� which has the same electronic configuration as Ne.

The terms dication, dianion, trication and trianion, etc. are used to indicate that

an ion carries a specific charge. A dication carries a 2þ charge (e.g. Mg2þ,
Co2þ), a dianion has a 2� charge (e.g. O2�, Se2�), a trication bears a 3þ
charge (e.g. Al3þ, Fe3þ) and a trianion has a 3� charge (e.g. N3�, [PO4]

3�).
As we discuss in the next section, ion formation is not the only option for

an atom. Electrons may be shared rather than completely gained or lost. For

example, in the chemistry of nitrogen and phosphorus, the gain of three

electrons by an N or P atom to form N3� or P3� is not as common as the

sharing of three electrons to form covalent compounds.

Worked example 1.18 Ion formation

With reference to the periodic table (see Figure 1.9), predict the most likely ions

to be formed by the following elements: Na, Ca, Br.

Firstly, find the position of each element in the periodic table. Elements

with fewer than four valence electrons will tend to lose electrons, and ele-

ments with more than four valence electrons will tend to gain electrons so

as to form a noble gas configuration.

Na is in group 1.

Na has one valence electron.

Na will easily lose one electron to form an [Ne] configuration.

Na will form an Naþ ion.

An anion is a negatively

charged ion, and a cation is

a positively charged ion.
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Ca is in group 2.

Ca has two valence electrons.

Ca will lose two electrons to form an [Ar] configuration.

Ca will form a Ca2þ ion.

Br is in group 17.

Br has seven valence electrons.

Br will tend to gain one electron to give a [Kr] configuration.

Br will form a Br� ion.

1.12 Molecules and compounds: bond formation

Covalent bond formation

A molecule is a discrete neutral species resulting from covalent bond for-

mation between two or more atoms.

When two radicals combine, pairing of the two electrons may result in

the formation of a covalent bond, and the species produced is molecular.

Equation 1.37 shows the formation of molecular dihydrogen from two

hydrogen atoms (i.e. radicals).

2H
� ��"H2 ð1:37Þ

Homonuclear and heteronuclear molecules

Themolecule H2 is a homonuclear diatomicmolecule.Diatomic refers to the fact

that H2 consists of two atoms, and homonuclear indicates that the molecule

consists of identical atoms. Molecular hydrogen, H2, should be referred to as

dihydrogen to distinguish it from atomic hydrogen, H. Other homonuclear

molecules include dioxygen (O2), dinitrogen (N2), difluorine (F2), trioxygen

(O3) and octasulfur (S8).

A heteronuclear molecule consists of more than one type of element.

Carbon monoxide, CO, is a heteronuclear diatomic molecule. When a

molecule contains three or more atoms, it is called a polyatomic molecule;

carbon dioxide, CO2, methane, CH4, and ethanol, C2H5OH, are polyatomic,

although CO2 may also be called a triatomic molecule:

Covalent versus ionic bonding

The important difference between covalent and ionic bonding is the average

distribution of the bonding electrons between the nuclei. The electrons that

form a covalent bond are ‘shared’ between nuclei. This is represented in

A molecule is a discrete

neutral species containing a

covalent bond or bonds

between two or more atoms.

Homonuclear diatomics:
see Chapter 4

"
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Figure 1.11a for the Cl2 molecule which contains a Cl–Cl single bond.

Since the two atoms are identical, the two bonding electrons are located

symmetrically between the two chlorine nuclei.

The complete transfer of the bonding pair of electrons to one of the nuclei

results in the formation of ions. Figure 1.11b schematically shows the situation

for a single pair of ions in a sodium chloride lattice; there is a region between

the ions in which the electron density approaches zero. Although Figure 1.11b

shows an isolated pair of Naþ and Cl� ions, this is not a real situation for solid

sodium chloride. Positive and negative ions attract one another and the net

result is the formation of a 3-dimensional ionic lattice (see Chapter 8).

Molecules and compounds

Wemust make a careful distinction between the use of the termsmolecule and

compound. Compounds are neutral and include both covalent and ionic

species – NaF (composed of Naþ and F� ions), CO (a covalent diatomic

molecule) and SF6 (1.2, a covalent polyatomic molecule) are all compounds.

Since a molecule is a discrete neutral species, of these three compounds, only

CO and SF6 are molecules.

1.13 Molecules and compounds: relative molecular mass
and moles

Relative molecular mass

The relative molecular mass (Mr) of a compound is found by summing the

relative atomic masses of the constituent atoms. For example, a mole of

carbon monoxide CO has a relative molecular mass of 28.01 (since the

relative atomic masses of C and O are 12.01 and 16.00), and Mr for

carbon dioxide CO2 is 44.01.

Moles of compound

The relative molecular mass gives the mass (in g) of one mole of a compound

and equation 1.38 gives the relationship between the mass (in g) and the

number of moles.

Amount in moles ¼ ðMass in gÞ
ðMr in gmol�1Þ

ð1:38Þ

You should note that the dimensions forMr in equation 1.38 are not strictly

correct. Here, and throughout the book, we implicitly multiply by a standard

stateMo of 1 gmol�1 to adjustMr to a quantity with units of gmol�1. We do

not distinguish further between Mr and ðMr �MoÞ; the usage will be clear,
e.g. if we write ‘Mr (gmol�1)’ then we really refer to ðMr �MoÞ.

In a covalent bond, electrons

are shared between atoms.

When the transfer of one or

more electrons from one

atom to another occurs,

ions are formed.

(1.2)

Mr is also referred to as the
molecular weight of a

compound

"

Fig. 1.11 Representations of (a)
the covalent bond in the Cl2
molecule in which each chlorine
atom provides one electron, and
(b) the ionic bond formed between
a positively charged sodium ion
and a negatively charged chloride
ion (but see text below).
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The molar mass, Mr, is the mass in grams that contains 6:022� 1023 particles

and has units of gmol�1.

Worked example 1.19 Relative molecular mass and moles

How many moles of molecules are present in 3.48 g of acetone, CH3COCH3?

First, write down the formula of acetone: C3H6O.

Mr ¼ ð3� 12:01Þ þ ð1� 16:00Þ þ ð6� 1:008Þ ¼ 58:08

Amount in moles ¼ ðMass gÞ
ðMr gmol�1Þ

¼ ð3:48 gÞ
ð58:08 gmol�1Þ

¼ 0:0599moles

Note that in the first line of the calculation, the answer is rounded to two

decimal places, but in the second line, it is rounded to three significant

figures. For further help with decimal places and significant figures, see the

accompanying Mathematics Tutor (www.pearsoned.co.uk/housecroft).

1.14 Concentrations of solutions

Molarity and molality

Reactions in the laboratory are often carried out in solution, and the con-

centration of the solution tells us how much of a compound or ion is present

in a given solution. Two common methods are used for describing the con-

centration of a solution. The first is to give the amount (in moles) of dissolved

substance (the solute) per unit volume of solution. The molarity of a solution

is the amount (in moles) of solute per dm3 of solution and has units of

mol dm�3.
The second method is to give the amount (in moles) of dissolved substance

per mass of solvent (not solution). Themolality of a solution is the amount (in

moles) of solute per kg of solvent and has units of mol kg�1.
Although we will usually use molarities in this book, in practice, molality

has the significant advantage of being independent of temperature.

Concentrations and amount of solute

In practice, we do not always work with one molar (1M) solutions, and the

moles of solute in a given solution can be found using equation 1.39 or, if

the volume is in cm3 as is often the case in the laboratory, a conversion

from cm3 to dm3 must be made (equation 1.40).

Amount in moles ¼ ðVolume in dm3Þ � ðConcentration in mol dm�3Þ ð1:39Þ

x cm3 ¼
�

x

1000

�
dm3 or x cm3 ¼ ðx� 10�3Þ dm3 ð1:40Þ

A solution of volume 1 dm3

containing one mole of

solute is called a one molar

(1M) solution.

A solution made up of 1 kg

of solvent in which one mole

of solute is dissolved is

called a one molal (1m)

solution.
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Worked example 1.20 Solution concentrations

If 1.17 g of sodium chloride (NaCl) is dissolved in water and made up to 100 cm
3

of aqueous solution, what is the concentration of the solution?

First, we need to find the number of moles of NaCl in 1.17 g:

Mr ¼ 22:99þ 35:45 ¼ 58:44 gmol�1

Amount of NaCl ¼ 1:17 g

58:44 gmol�1
¼ 0:0200moles (to 3 sig. fig.)

Next, we must ensure that the units for the next part of the calculation are

consistent. The volume is given as 100 cm3 and this must be converted to

dm3 so that the units of concentration are in mol dm�3.

100 cm3 ¼ 100

1000
dm3 ¼ 0:1 dm3

Concentration in mol dm�3 ¼ Amount in moles

Volume in dm3

¼ 0:0200mol

0:1 dm3

¼ 0:200mol dm�3 (to 3 sig. fig.)

Worked example 1.21 Solution concentrations

What mass of potassium iodide (KI) must be dissolved in water and made up to

50.0 cm
3
to give a solution of concentration 0.0500M?

First, find the amount of KI in 50.0 cm3 0.0500mol dm�3 solution:

Units conversion for the volume: 50:0 cm3 ¼ 50:0� 10�3 dm3

Amount in moles ¼ ðVolume in dm3Þ � ðConcentration in mol dm�3Þ

Amount of KI ¼ ð50:0� 10�3 dm3Þ � ð0:0500mol dm�3Þ

¼ 2:50� 10�3 mol (to 3 sig. fig.)

Now convert moles to mass:

Amount in moles ¼ Mass in g

Mr in gmol�1

or

Mass in g ¼ ðAmount in molesÞ � ðMr in gmol�1Þ

For KI, Mr ¼ 39:10þ 126:90 ¼ 166:00

Mass of KI ¼ ð2:50� 10�3 molÞ � ð166:00 gmol�1Þ ¼ 0:415 g (to 3 sig. fig.)

Worked example 1.22 Dilution of a solution

The concentration of an aqueous solution of sodium hydroxide, NaOH, is

0.500mol dm
�3
. What volume of this solution must be added to 250 cm

3
of

water to give a solution of concentration 0.0200mol dm
�3
?

Ar values are given inside
the front cover of the book

"
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Let the volume to be added ¼ x cm3 ¼ x� 10�3 dm3

Moles of NaOH in x cm3 of 0.500mol dm�3 solution

¼ ðx� 10�3 dm3Þ � ð0:500mol dm�3Þ

¼ 0:500x� 10�3 mol

0:500x� 10�3 moles of NaOH are added to 250 cm3 water, and the new

volume of the solution is ð250þ xÞ cm3.

Unit conversion: ð250þ xÞ cm3 ¼ ð250þ xÞ � 10�3 dm3

Concentration of the new solution ¼ 0:0200mol dm�3

Amount in moles ¼ ðVolume in dm3Þ � ðConcentration in mol dm�3Þ
0:500x� 10�3 mol ¼ fð250þ xÞ � 10�3 dm3g � ð0:0200mol dm�3Þ

Solving for x:

0:500x� 10�3 ¼ fð250� 0:0200Þ þ 0:0200xg � 10�3

0:500x ¼ ð250� 0:0200Þ þ 0:0200x

ð0:500� 0:0200Þx ¼ ð250� 0:0200Þ

x ¼ ð250� 0:0200Þ
ð0:500� 0:0200Þ

¼ 5:00

0:480
¼ 10:4 (to 3 sig. fig.)

Therefore the volume to be added is 10.4 cm3.

In a calculation of this type, it is important not to forget that the addition

of an aqueous sample (an aliquot) to a larger amount of solution causes the

volume of the solution to increase. Ignoring this factor introduces an error

into the calculation; the significance of the error depends on the relative

magnitudes of the two volumes.

Worked example 1.23 Making up a solution to a given volume

A stock solution of potassium hydroxide, KOH, is 1.00M. An x cm3
aliquot of

this solution is added to approximately 200 cm
3
of water in a volumetric flask

and the volume of the solution is made up with water to 250 cm
3
. What is the

value of x if the concentration of the final solution is 0.0500mol dm
�3
?

Unit conversion for the volumes:

x cm3 ¼ x� 10�3 dm3

250 cm3 ¼ 250� 10�3 dm3

In the aliquot, amount of KOH

¼ ðVolume in dm3Þ � ðConcentration in mol dm�3Þ

¼ ðx� 10�3 dm3Þ � ð1:00mol dm�3Þ

¼ x� 10�3 mol

An aliquot is a measured

fraction of a larger sample,

usually a fluid.
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In 250 cm3 of the final 0.0500mol dm�3 solution there are x� 10�3 moles

of KOH.

x� 10�3 mol ¼ ð250� 10�3 dm3Þ � ð0:0500mol dm�3Þ

x ¼ 250� 0:0500 ¼ 12:5 (to 3 sig. fig.)

Therefore the aliquot needed is of volume 12.5 cm3.

1.15 Reaction stoichiometry

When we write a balanced or stoichiometric equation, we state the ratio in

which the reactants combine and the corresponding ratios of products. In

reaction 1.41, one molecule of pentane reacts with eight molecules of dioxygen

to give five molecules of carbon dioxide and six molecules of water. This also

corresponds to the ratio of moles of reactants and products.

C5H12ðlÞ
Pentane

þ 8O2ðgÞ ��" 5CO2ðgÞ þ 6H2OðlÞ ð1:41Þ

A balanced or stoichiometric equation for a chemical reaction shows the

molecular or the molar ratio in which the reactants combine and in which the

products form.

Worked example 1.24 Amounts of reactants for complete reaction

Zinc reacts with hydrochloric acid according to the equation:

ZnðsÞ þ 2HClðaqÞ ��"ZnCl2ðaqÞ þH2ðgÞ

What mass of zinc is required to react completely with 30.0 cm
3
1.00 M hydro-

chloric acid?

This is the reaction of a metal with acid to give a salt and H2. First write the

stoichiometric equation:

ZnðsÞ þ 2HClðaqÞ ��" ZnCl2ðaqÞ þH2ðgÞ

Now find the amount (in moles) of HCl in the solution:

Unit conversion for the volume: 30:0 cm3 ¼ 30:0� 10�3 dm3

Amount in moles ¼ ðVolume in dm3Þ � ðConcentration in mol dm�3Þ
Amount of HCl ¼ ð30:0� 10�3 dm3Þ � ð1:00mol dm�3Þ

¼ 3:00� 10�2 mol

Now look at the balanced equation. Twomoles of HCl react with one mole

of Zn, and therefore 3:00� 10�2 moles of HCl react with 1:50� 10�2

moles of Zn.
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We can now determine the mass of zinc needed:

Mass of Zn ¼ ðAmount in molÞ � ðAr in gmol�1Þ

¼ ð1:50� 10�2 molÞ � ð65:41 gmol�1Þ

¼ 0:981 g (to 3 sig. fig.)

We use Ar in the equation because we are dealing with atoms of an element.

Worked example 1.25 Amount of products formed

Carbon burns completely in dioxygen according to the equation:

CðsÞ þO2ðgÞ ��"CO2ðgÞ

What volume of CO2 can be formed under conditions of standard temperature

and pressure when 0.300 g of carbon is burnt? (Volume of one mole of gas at

1:00� 10
5
Pa and 273K ¼ 22.7 dm

3
)

First, write the balanced equation:

CðsÞ þO2ðgÞ ��"CO2ðgÞ

One mole of carbon atoms gives one mole of CO2 (assuming complete

combustion).

Determine the amount (in moles) of carbon:

Amount of carbon ¼Mass

Ar

¼ 0:300 g

12:01 gmol�1
¼ 0:0250moles

At standard temperature (273K) and pressure (1:00� 105 Pa), one mole of

CO2 occupies 22.7 dm
3.

Volume occupied by 0:0250 moles of CO2 ¼ ð0:0250molÞ � ð22:7 dm3 mol�1Þ

¼ 0:568 dm3 (to 3 sig. fig.)

Worked example 1.26 Amount of precipitate formed

When aqueous solutions of silver nitrate and sodium iodide react, solid silver

iodide is formed according to the equation:

AgNO3ðaqÞ þNaIðaqÞ ��"AgIðsÞ þNaNO3ðaqÞ

If 50.0 cm
3

0.200mol dm
�3

of aqueous AgNO3 is added to 25 cm
3

0.400mol dm
�3

of aqueous NaI, what mass of AgI is formed?

The stoichiometric equation:

AgNO3ðaqÞ þNaIðaqÞ ��"AgIðsÞ þNaNO3ðaqÞ

shows that AgNO3 and NaI react in a 1 : 1 molar ratio.

Unit conversion for volumes: for AgNO3, 50.0 cm3 ¼ 50:0� 10�3 dm3

for NaI, 25.0 cm3 ¼ 25:0� 10�3 dm3
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The amount of AgNO3 ¼ ðVolume in dm3Þ � ðConcentration in mol dm�3Þ

¼ ð50:0� 10�3 dm3Þ � ð0:200mol dm�3Þ

¼ 0:0100mol (to 3 sig. fig.)

The amount of NaI ¼ ðVolume in dm3Þ � ðConcentration in mol dm�3Þ

¼ ð25:0� 10�3 dm3Þ � ð0:400mol dm�3Þ

¼ 0:0100mol (to 3 sig. fig.)

From the stoichiometric equation, 0.0100 moles of AgNO3 react

completely with 0.0100 moles of NaI to give 0.0100 moles of solid AgI.

For the mass of AgI, we need to find Mr.

Mr for AgI ¼ 107:87þ 126:90 ¼ 234:77

Mass of AgI ¼ ðAmount in mol)� ðMr in g mol�1Þ

¼ ð0:0100molÞ � ð234:77 gmol�1Þ

¼ 2:35 g (to 3 sig. fig.)

Worked example 1.27 Excess reagents

The reaction of aqueous hydrochloric acid and potassium hydroxide takes place

according to the equation:

HClðaqÞ þ KOHðaqÞ ��"KClðaqÞ þH2OðlÞ

25.0 cm
3
0.0500mol dm

�3
aqueous HCl is added to 30 cm

3
0.0400mol dm

�3

aqueous KOH. The reaction goes to completion. Which reagent was in

excess? How many moles of this reagent are left at the end of the reaction?

From the stoichiometric equation:

HClðaqÞ þKOHðaqÞ ��"KClðaqÞ þH2OðlÞ

we see that HCl reacts with KOH in a molar ratio 1 : 1.

Unit conversion for volumes: for HCl, 25.0 cm3 ¼ 25:0� 10�3 dm3

for KOH, 30.0 cm3 ¼ 30:0� 10�3 dm3

Amount of HCl ¼ ðVolume in dm3Þ � ðConcentration in mol dm�3Þ

¼ ð25:0� 10�3 dm3Þ � ð0:0500mol dm�3Þ

¼ 1:25� 10�3 mol (to 3 sig. fig.)

Amount of KOH ¼ ðVolume in dm3Þ � ðConcentration in mol dm�3Þ

¼ ð30:0� 10�3 dm3Þ � ð0:0400mol dm�3Þ

¼ 1:20� 10�3 mol (to 3 sig. fig.)

Since there are more moles of HCl in solution than KOH, the HCl is in

excess.

Excess of HCl ¼ ð1:25� 10�3Þ � ð1:20� 10�3Þ ¼ 0:05� 10�3 moles

Ar values are given inside
the front cover of the book

"
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Balancing equations

In this section, we provide practice in balancing equations. In any balanced

equation, the number of moles of an element (alone or in a compound)

must be the same on the left- and right-hand sides of the equation. An equa-

tion such as:

HClþ Zn��" ZnCl2 þH2

is unbalanced. By inspection, you can see that two HCl are required on the

left-hand side to give the correct number of H and Cl atoms for product

formation on the right-hand side, i.e.:

2HClþ Zn��" ZnCl2 þH2

If you know the reactants and products of a reaction, you can write an un-

balanced equation. However, such an equation is not chemically meaningful

until it is balanced. When balancing an equation, it is very important to

remember that you must not alter the chemical formulae of the compounds.

The only change that can be made is the addition of coefficients in front of the

compound formulae.

Worked example 1.28 Equation for the combustion of propane

Balance the following equation for the complete combustion of propane:

C3H8 þO2 ��"CO2 þH2O

It is probably best to start with the fact that there are three C atoms and

eight H atoms on the left-hand side. Therefore, one mole of propane

must produce threemoles of CO2 and fourmoles of H2O:

C3H8 þO2 ��" 3CO2 þ 4H2O

This leaves the O atoms unbalanced. On the right-hand side we have 10 O

atoms, and therefore we need five O2 on the left-hand side. This gives:

C3H8 þ 5O2 ��" 3CO2 þ 4H2O

Give this a final check through:

Left-hand side: 3 C 8 H 10 O

Right-hand side: 3 C 8 H 10 O

Worked example 1.29 The reaction of Zn with mineral acids

Zinc reacts with HNO3 and H2SO4 to give metal salts. Balance each of the

following equations:

ZnþHNO3 ��"ZnðNO3Þ2 þH2

ZnþH2SO4 ��"ZnSO4 þH2

For the reaction:

ZnþHNO3 ��"ZnðNO3Þ2 þH2

the product Zn(NO3)2 contains two NO3 groups per Zn. Therefore, the

ratio of Zn :HNO3 on the left-hand side must be 1 : 2. Thus, the initial

Reaction stoichiometry 39



 

equation can be rewritten as follows:

Znþ 2HNO3 ��"ZnðNO3Þ2 þH2

This balances the Zn, N and O atoms on each side of the equation. Now

check the numbers of H atoms on the left and right sides of the equation:

these are equal and therefore the equation is balanced. Final check:

Left-hand side: 1 Zn 2 H 2 N 6 O

Right-hand side: 1 Zn 2 H 2 N 6 O

For the reaction:

ZnþH2SO4 ��" ZnSO4 þH2

the product ZnSO4 contains one SO4 group per Zn. Therefore, the ratio of

Zn :H2SO4 on the left-hand side is 1 : 1:

ZnþH2SO4 ��" ZnSO4 þH2

Now check to see if the H atoms on the left and right sides of the equation

are equal; there are two H atoms on each side of the equation, and

therefore the equation is balanced. Final check:

Left-hand side: 1 Zn 2 H 1 S 4 O

Right-hand side: 1 Zn 2 H 1 S 4 O

Worked example 1.30 Reactions between acids and bases

A reaction of the general type:

Acidþ Base��" SaltþWater

is a neutralization reaction. Balance each of the following equations for

neutralization reactions:

H2SO4 þ KOH��"K2SO4 þH2O

HNO3 þ AlðOHÞ3 ��"AlðNO3Þ3 þH2O

For the reaction:

H2SO4 þKOH��"K2SO4 þH2O

the product K2SO4 contains two K per SO4 group. Therefore, the ratio of

KOH :H2SO4 on the left-hand side must be 2 : 1. The initial equation can

be rewritten as follows:

H2SO4 þ 2KOH��"K2SO4 þH2O

Now look at the formation of H2O. On the left-hand side there are two H

(in H2SO4) and two OH (in 2KOH) and these combine to give two H2O.

The balanced equation is:

H2SO4 þ 2KOH��"K2SO4 þ 2H2O

Final check:

Left-hand side: 1 S 2 K 4 H 6 O

Right-hand side: 1 S 2 K 4 H 6 O

For the reaction:

HNO3 þAlðOHÞ3 ��"AlðNO3Þ3 þH2O
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the product Al(NO3)3 contains three NO3 groups per Al. Therefore, the

ratio of HNO3 :Al(OH)3 on the left-hand side of the equation must be 3 : 1:

3HNO3 þAlðOHÞ3 ��"AlðNO3Þ3 þH2O

Finally look at the formation of H2O. On the left-hand side there are three

H (in 3HNO3) and three OH (in Al(OH)3) and these combine to give three

H2O. The balanced equation is:

3HNO3 þAlðOHÞ3 ��"AlðNO3Þ3 þ 3H2O

Final check:

Left-hand side: 3 N 1 Al 6 H 12 O

Right-hand side: 3 N 1 Al 6 H 12 O

When aqueous solutions of AgNO3 and NaBr are mixed, a pale yellow

precipitate of AgBr forms. The reaction is:

AgNO3ðaqÞ þNaBrðaqÞ ��"AgBrðsÞ þNaNO3ðaqÞ

The precipitation reaction could also be represented by the equation:

AgþðaqÞ þ Br�ðaqÞ ��"AgBrðsÞ

Here, the ions that remain in solution and are not involved in the formation

of the precipitate are ignored; these ions are called spectator ions. When

balancing an equation such as the one above, you must make sure that:

. the numbers of atoms of each element on the left- and right-hand sides of

the equation balance, and
. the positive and negative charges balance.

Consider the following equation for the formation of PbI2:

Pb2þðaqÞ þ 2I�ðaqÞ ��" PbI2ðsÞ
First check the numbers of atoms:

Left-hand side: 1 Pb 2 I

Right-hand side: 1 Pb 2 I

Now check the charges:

Left-hand side: overall charge ¼ þ2� 2 ¼ 0

Right-hand side: no charge

In the next three worked examples, we look at other examples of reactions

involving ions.

Worked example 1.31 The precipitation of silver chromate

Aqueous Ag
þ

ions react with [CrO4]
2�

ions to give a red precipitate of

Ag2CrO4. Write a balanced equation for the precipitation reaction.

First write down an equation that shows the reactants and product:

AgþðaqÞ þ ½CrO4�2�ðaqÞ ��"Ag2CrO4ðsÞ

A precipitation reaction is

one in which a sparingly

soluble salt (see Section

17.12) forms from a

reaction that occurs in

solution. The sparingly

soluble salt comes out of

solution as a solid

precipitate.
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Since the product contains two Ag, there must be two Agþ on the left-hand

side:

2AgþðaqÞ þ ½CrO4�2�ðaqÞ ��"Ag2CrO4ðsÞ

This equation is now balanced in terms of the numbers of Ag, Cr and O

atoms on each side. Check that the charges balance:

Left-hand side: overall charge ¼ þ2� 2 ¼ 0

Right-hand side: no charge

Therefore, the equation is balanced.

Worked example 1.32 The reaction of Zn with Ag+

Zn reacts with Ag
þ
to give solid silver:

ZnðsÞ þ Ag
þðaqÞ ��"Zn

2þðaqÞ þ AgðsÞ

Balance this equation.

In terms of the number of Ag and Zn atoms on the left- and right-hand

sides of the equation, the equation is already balanced, but the charges

do not balance:

Left-hand side: overall charge ¼ þ1
Right-hand side: overall charge ¼ þ2

You can balance the charges by having two Agþ on the left-hand side:

ZnðsÞ þ 2AgþðaqÞ ��"Zn2þðaqÞ þAgðsÞ

But, now there are two Ag on the left-hand side and only oneAg on the

right-hand side. The final, balanced equation is therefore:

ZnðsÞ þ 2AgþðaqÞ ��"Zn2þðaqÞ þ 2AgðsÞ

Worked example 1.33 The reaction of Fe2+ and [MnO4] – ions in acidic aqueous solution

Balance the following equation:

Fe
2þ þ ½MnO4�� þH

þ ��" Fe
3þ þMn

2þ þH2O

Thebest place to start is with theOatoms: there are fourOatoms in [MnO4]
�

on the left-hand side, but only one O on the right-hand side. Therefore, to

balance the O atoms, we need four H2O on the right-hand side:

Fe2þ þ ½MnO4�� þHþ ��"Fe3þ þMn2þ þ 4H2O

This change means that there are now eight H on the right-hand side, but

only one H on the left-hand side. Therefore, to balance the H atoms, we

need eight Hþ on the left-hand side:

Fe2þ þ ½MnO4�� þ 8Hþ ��"Fe3þ þMn2þ þ 4H2O

In terms of the atoms, the equation looks balanced, but if you check the

charges, you find that the equation is not balanced:

Overall charge on left-hand side: þ2� 1þ 8 ¼ þ9

Overall charge on right-hand side: þ3þ 2 ¼ þ5
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The charges can be balanced without upsetting the balancing of the atoms

if you have n Fe2þ on the left-hand side and n Fe3þ on the right-hand side,

where n can be found as follows:

nFe2þ þ ½MnO4�� þ 8Hþ ��" nFe3þ þMn2þ þ 4H2O

Overall charge on left-hand side: þ2n� 1þ 8 ¼ 2nþ 7

Overall charge on right-hand side: þ3nþ 2

The charges on each side of the equation will balance if:

2nþ 7 ¼ 3nþ 2

3n� 2n ¼ 7� 2

n ¼ 5

The balanced equation is therefore:

5Fe2þ þ ½MnO4�� þ 8Hþ ��" 5Fe3þ þMn2þ þ 4H2O

Check the charges again:

Left-hand side: þ10� 1þ 8 ¼ þ17

Right-hand side: þ15þ 2 ¼ þ17

In reality, there are spectator ions in solution which make the whole system

neutral.

For further practice in balancing equations, try problems 1.24–1.36 at the

end of the chapter.

1.16 Oxidation and reduction, and oxidation states

Oxidation and reduction

When an element or compound burns in dioxygen to give an oxide, it is

oxidized (equation 1.42).

2MgðsÞ þO2ðgÞ ��" 2MgOðsÞ ð1:42Þ

Conversely, if a metal oxide reacts with dihydrogen and is converted to the

metal, then the oxide is reduced (equation 1.43).

CuOðsÞ þH2ðgÞ ���"
heat

CuðsÞ þH2OðgÞ ð1:43Þ

In reaction 1.42, O2 is the oxidizing agent and in reaction 1.43, H2 is the

reducing agent.

Although we often think of oxidation in terms of gaining oxygen and

reduction in terms of losing oxygen, we should consider other definitions of

these processes. A reduction may involve gaining hydrogen; in equation 1.44,

chlorine is reduced and hydrogen is oxidized.

Cl2ðgÞ þH2ðgÞ ��" 2HClðgÞ ð1:44Þ

Loss of hydrogen may correspond to oxidation – for example, chlorine is

oxidized when HCl is converted to Cl2.
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Oxidation and reduction may also be defined in terms of electron transfer –

electrons are gained in reduction processes and are lost in oxidation reactions

(equations 1.45 and 1.46):

Sþ 2e� ��" S2� Reduction ð1:45Þ
Zn��"Zn2þ þ 2e� Oxidation ð1:46Þ

It is, however, sometimes difficult to apply these simple definitions to a

reaction. In order to gain insight into reduction and oxidation processes, it

is useful to use the concept of oxidation states.

Oxidation states

The concept of oxidation states and the changes in oxidation states that

occur during a reaction provide a way of recognizing oxidation and reduc-

tion processes. Oxidation states are assigned to each atom of an element in

a compound and are a formalism, although for ions such as Naþ, we can

associate the charge of 1þ with an oxidation state of þ1.
The oxidation state of an element is zero. This applies to both atomic (e.g.

He) and molecular elements (e.g. H2, P4, S8).

In order to assign oxidation states to atoms in a compound, we must follow

a set of rules, but be careful! The basic rules are as follows:

. The sum of the oxidation states of the atoms in a neutral compound is zero.

. The sum of the oxidation states of the atoms in an ion is equal to the

charge on the ion, e.g. in the sulfate ion [SO4]
2�, the sum of the oxidation

states of S and O must be �2.
. Bonds between two atoms of the same element (e.g. O�O or S�S) have no

influence on the oxidation state of the element (see worked example 1.38).
. The oxidation state of hydrogen is usually þ1 when it combines with a

non-metal and �1 if it combines with a metal.
. The oxidation state of fluorine in a compound is always �1.
. The oxidation state of chlorine, bromine and iodine is usually �1

(exceptions are interhalogen compounds and oxides – see Chapter 22).
. The oxidation state of oxygen in a compound is usually �2.
. The oxidation state of a group 1metal in a compound is usually þ1;

exceptions are a relatively small number of compounds which contain

M�, with the group 1 metal in a �1 oxidation state (see Figure 20.6).
. The oxidation state of a group 2metal in a compound is þ2.
. Metals from the d-block will usually have positive oxidation states

(exceptions are some low oxidation state compounds – see Section 23.14).

Added to these rules are the facts that most elements in groups 13, 14, 15 and 16

can have variable oxidation states. In reality, it is essential to have a full picture

of the structure of a compound before oxidation states can be assigned.

Worked example 1.34 Working out oxidation states

What are the oxidation states of each element in the following: KI, FeCl3,

Na2SO4?

KI: The group 1metal is typically in oxidation state þ1. This is

consistent with the iodine being in oxidation state �1, and
the sum of the oxidation states is 0.
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FeCl3: Chlorine is usually in oxidation state �1, and since there are

3 Cl atoms, the oxidation state of the iron must be þ3 to

give a neutral compound.

Na2SO4: Of the three elements, S can have a variable oxidation state and

so we should deal with this element last. Na is in group 1 and

usually has an oxidation state of þ1. Oxygen is usually in an

oxidation state of �2. The oxidation state of the sulfur atom

is determined by ensuring that the sum of the oxidation states

is 0:

ð2�Oxidation state of NaÞ þ ðOxidation state of SÞ
þ ð4�Oxidation state of OÞ ¼ 0

ðþ2Þ þ ðOxidation state of SÞ þ ð�8Þ ¼ 0

Oxidation state of S ¼ 0þ 8� 2 ¼ þ6

Worked example 1.35 Variable oxidation states of nitrogen

Determine the oxidation state of N in each of the following species: NO,

[NO2]
�
, [NO]

þ
, [NO3]

�
.

Each of the compounds or ions contains oxygen; O is usually in oxidation

state �2.

NO: This is a neutral compound, therefore:

ðOxidation state of NÞ þ ðOxidation state of OÞ ¼ 0

ðOxidation state of NÞ þ ð�2Þ ¼ 0

Oxidation state of N ¼ þ2

[NO2]
�: The overall charge is �1, therefore:

ðOxidation state of NÞ þ ð2�Oxidation state of OÞ ¼ �1

ðOxidation state of NÞ þ ð�4Þ ¼ �1

Oxidation state of N ¼ �1þ 4 ¼ þ3

[NO]þ: The overall charge is +1, therefore:

ðOxidation state of NÞ þ ðOxidation state of OÞ ¼ þ1

ðOxidation state of NÞ þ ð�2Þ ¼ þ1

Oxidation state of N ¼ þ1þ 2 ¼ þ3

[NO3]
�: The overall charge is �1, therefore:

ðOxidation state of NÞ þ ð3�Oxidation state of OÞ ¼ �1

ðOxidation state of NÞ þ ð�6Þ ¼ �1

Oxidation state of N ¼ �1þ 6 ¼ þ5
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Nomenclature for oxidation

states: see Section 1.18

"

Changes in oxidation states and redox reactions

An increase in the oxidation state of an atom of an element corresponds to an

oxidation process; a decrease in the oxidation state of an atom of an element

corresponds to a reduction process.

In equation 1.45, the change in oxidation state of the sulfur from 0 to �2 is

reduction, and in reaction 1.46, the change in oxidation state of the zinc from

0 to þ2 is oxidation.

In a reduction–oxidation (redox) reaction, the change in oxidation number

for the oxidation and reduction steps must balance. In reaction 1.47, iron is

oxidized to iron(III) and chlorine is reduced to chloride ion. The net increase

in oxidation state of the iron for the stoichiometric reaction must balance the

net decrease in oxidation state for the chlorine.

2Fe(s) + 3Cl2(g) 2FeCl3(s)

0
Change = +3

Oxidation

Change = 3 × (−1) = −3
Reduction

Oxidation state: 0 +3 −1
(1.47)

In equation 1.48, Fe2þ ions are oxidized by [MnO4]
�; at the same time,

[MnO4]
� is reduced by Fe2þ ions. The [MnO4]

� ion is the oxidizing agent,

and Fe2þ is the reducing agent. In the reaction, the oxidation states of H

and O remain as þ1 and �2, respectively. The oxidation state of Mn

decreases from þ7 to þ2, and the oxidation state of Fe increases from þ2
to þ3. The balanced equation shows that five Fe2þ ions are involved in the

reaction and therefore the overall changes in oxidation states balance as

shown in equation 1.48.

+7

Change = –5

Reduction

+2 +2 +3
(1.48)[MnO4]– + 5Fe2+ + 8H+ Mn2+ + 5Fe3+ + 4H2O

Change = 5 × (+1) = +5

Oxidation

Worked example 1.36 Reduction of iron(III) oxide

When heated with carbon, Fe2O3 is reduced to Fe metal:

Fe2O3ðsÞ þ 3CðsÞ ���"heat
2FeðsÞ þ 3COðgÞ

Identify the oxidation and reduction processes. Show that the oxidation state

changes in the reaction balance.

The oxidation state of O is �2.
C(s) and Fe(s) are elements in oxidation state 0.

Fe2O3 is a neutral compound:

ð2�Oxidation state of Fe)þ ð3�Oxidation state of OÞ ¼ 0

ð2�Oxidation state of FeÞ � 6 ¼ 0
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Oxidation state of Fe ¼ þ6
2
¼ þ3

In CO, the oxidation state of C ¼ þ2.
The oxidation process is C going to CO; the reduction process is Fe2O3

going to Fe. The oxidation state changes balance as shown below:

+3 0 0 +2
Fe2O3 + 3C

Change = 3 × (+2) = +6
Oxidation

Change = 2 × (–3) = –6

Reduction

2Fe + 3CO
heat

Worked example 1.37 Reaction of sodium with water

When sodium metal is added to water, the following reaction occurs:

2NaðsÞ þ 2H2OðlÞ ��" 2NaOHðaqÞ þH2ðgÞ

State which species is being oxidized and which is being reduced. Show that the

oxidation state changes balance.

In Na(s), Na is in oxidation state 0.

In H2(g), H is in oxidation state 0.

H2O is a neutral compound:

ð2�Oxidation state of HÞ þ ðOxidation state of OÞ ¼ 0

ð2�Oxidation state of HÞ þ ð�2Þ ¼ 0

Oxidation state of H ¼ þ2
2
¼ þ1

NaOH is a neutral compound; the usual oxidation states of Na and O are

þ1 and �2, respectively:
ðOxidation state of NaÞ þ ðOxidation state of OÞ þ ðOxidation state of HÞ ¼ 0

ðþ1Þ þ ð�2Þ þ ðOxidation state of HÞ ¼ 0

Oxidation state of H ¼ 2� 1 ¼ þ1

Using these oxidation states, we can write the following equation and

changes in oxidation states:

0+1 +1 +1
2Na + 2H2O

Change = 2 × (–1) = –2
Reduction

2NaOH + H2

Change = 2 × (+1) = +2

Oxidation
No change

0

The equation shows that Na is oxidized; H is reduced on going from H2O

to H2, but remains in oxidation state þ1 on going from H2O to NaOH.

The changes in oxidation state balance.
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Worked example 1.38 Hydrogen peroxide as an oxidizing agent

Hydrogen peroxide reacts with iodide ions in the presence of acid according to

the following equation:

2I
� þH2O2 þ 2H

þ ��" I2 þ 2H2O

Show that the changes in oxidation states in the equation balance. Confirm that

H2O2 acts as an oxidizing agent.

The structure of H2O2 is shown in the margin. The molecule contains

an O�O bond (i.e. a bond between like atoms – a homonuclear bond).

This bond has no influence on the oxidation state of O. H2O2 is a neutral

compound, therefore:

ð2�Oxidation state of OÞ þ ð2�Oxidation state of HÞ ¼ 0

ð2�Oxidation state of OÞ þ 2ðþ1Þ ¼ 0

Oxidation state of O ¼ �2
2
¼ �1

In H2O, the oxidation states of H and O are þ1 and �2, respectively.
In Hþ, hydrogen is in oxidation state þ1.
In I� and I2, iodine is in oxidation states �1 and 0, respectively.

The oxidation state changes in the reaction are shown below; H remains in

oxidation state +1 and does not undergo a redox reaction.

–1 –1 0 –2
2I– + H2O2 + 2H+

Change = 2 × (–1) = –2
Reduction

Change = 2 × (+1) = +2

Oxidation

I2  +  2H2O

The equation shows that I� is oxidized by H2O2, and therefore H2O2 acts

as an oxidizing agent.

1.17 Empirical, molecular and structural formulae

Empirical and molecular formulae

The empirical formula of a compound gives the ratio of atoms of elements

that combine to make the compound. However, this is not necessarily the

same as the molecular formula, which tells you the number of atoms of the

constituent elements in line with the relative molar mass of the compound.

The relationship between the empirical and molecular formulae of a compound

is illustrated using ethane, in which the ratio of carbon : hydrogen atoms is

1 : 3. This means that the empirical formula of ethane is CH3. The relative

molecular mass of ethane is 30, corresponding to two CH3 units per molecule

– the molecular formula is C2H6. In methane, the empirical formula is CH4

and this corresponds directly to the molecular formula.

The empirical formula of a

compound is the simplest

possible formula (with

integer subscripts) that gives

the composition of the

compound.

The molecular formula of

a compound is the formula

consistent with the relative

molecular mass.
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Worked example 1.39 Empirical and molecular formulae

A compound has the general formula CnH2nþ2. This compound belongs to the

family of alkanes. It contains 83.7% carbon by mass. Suggest the molecular

formula of this compound.

Let the formula of the compound be CxHy. The percentage composition of

the compound is 83.7% C and 16.3% H.

% of C by mass ¼ Mass of C in g

Total mass in g
� 100

% of H by mass ¼ Mass of H in g

Total mass in g
� 100

For a mole of the compound, the total mass in g ¼ relative molecular

mass ¼Mr.

% C ¼ 83:7 ¼ ð12:01� xÞ
Mr

� 100

% H ¼ 16:3 ¼ ð1:008� yÞ
Mr

� 100

You do not know Mr, but you can write down the ratio of moles of

C :H atoms in the compound – this is the empirical formula. From above:

Mr ¼
12:01x

83:7
� 100 ¼ 1:008y

16:3
� 100

y

x
¼ 100� 16:3� 12:01

100� 83:7� 1:008
¼ 2:32

The empirical formula of the compound is CH2:32 or C3H7.

The compound must fit into a family of compounds of general formula

CnH2nþ2, and this suggests that the molecular formula is C6H14.

The working above sets the problem out in full; in practice, the empirical

formula can be found as follows:

% C ¼ 83:7 Ar C ¼ 12:01

% H ¼ 16:3 Ar H ¼ 1:008

Ratio C :H ¼ 83:7

12:01
:
16:3

1:008
� 6:97 :16:2 � 1 :2:32 ¼ 3 :7

Worked example 1.40 Determining the molecular formula of a chromium oxide

A binary oxide of chromium withMr ¼ 152:02 contains 68.43% Cr. Determine

the empirical formula and the molecular formula. [Data: Ar Cr ¼ 52:01;

O ¼ 16:00]

The binary chromium oxide contains only Cr and O. The composition by

mass of the compound is:

68:43% Cr

ð100� 68:43Þ% O ¼ 31:57% O

Ar values are given inside
the front cover of the book

"
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The ratio of moles of Cr :O ¼ %Cr

ArðCrÞ
:

%O

ArðOÞ

¼ 68:43

52:01
:
31:57

16:00

¼ 1:316 : 1:973

¼ 1 :
1:973

1:316

¼ 1 : 1:5 or 2 : 3

The empirical formula of the chromium oxide is therefore Cr2O3.

To find the molecular formula, we need the molecular mass, Mr:

Mr ¼ 152:02

For the empirical formula Cr2O3:

½2� ArðCrÞ� þ ½3� ArðOÞ� ¼ ð2� 52:01Þ þ ð3� 16:00Þ ¼ 152:02

This value matches the value of Mr. Therefore, the molecular formula is

the same as the empirical formula, Cr2O3.

Worked example 1.41 Determining the molecular formula of a sulfur chloride

A binary chloride of sulfur withMr ¼ 135:02 contains 52.51%Cl.What are the

empirical and molecular formulae of the compound? [Data: Ar S¼32.06;
Cl¼35.45]

The binary sulfur chloride contains only S and Cl. The composition by

mass of the compound is:

52:51% Cl

ð100� 52:51Þ% S ¼ 47:49% S

The ratio of moles of S :Cl ¼ %S

ArðSÞ
:

%Cl

ArðClÞ

¼ 47:49

32:06
:
52:51

35:45

¼ 1:481 : 1:481

¼ 1 : 1

The empirical formula of the sulfur chloride is therefore SCl.

The molecular mass, Mr, of the compound is 135.02.

For the empirical formula SCl: ArðSÞ þ ArðClÞ ¼ 32:06þ 35:45 ¼ 67:51.

This mass must be doubled to obtain the value of Mr. Therefore, the

molecular formula is S2Cl2.

Formulae of solvates

Before we leave the topic of molecular formulae, we must highlight the par-

ticular case of solvates. When a compound crystallizes from a solution of

the compound, the crystals that form may contain solvent of crystallization.
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The compound is then called a solvate, and if the solvent is water, the com-

pound is a hydrate. The formula of the solvated compound shows the molar

ratio in which the solvent of crystallization is present. For example, blue

crystals of copper(II) sulfate are actually copper(II) sulfate pentahydrate,

CuSO4 �5H2O. A ‘centred-dot’ is placed between the molecular formula of

the unsolvated compound and the solvate. The use of the dot has no impli-

cation for structure, but conveys only the stoichiometry of the solvate.

Structural formulae and ‘ball-and-stick’ models

Neither the empirical nor the molecular formula provides information about

the way in which the atoms in a molecule are connected. The molecular

formula H2S does not indicate the arrangement of the three atoms in a

molecule of hydrogen sulfide, but structure 1.3 is informative. We could

also have arrived at this structure by considering the number of valence

electrons available for bonding.

For some molecular formulae, it is possible to connect the atoms in more

than one reasonable way and the molecule is said to possess isomers.

An example is C4H10 for which two structural formulae 1.4 and 1.5 can

be drawn. More detailed structural information can be obtained from

‘ball-and-stick’ or ‘tube’ models. Models 1.6–1.8 (‘ball-and-stick’) and

1.9–1.11 (‘tube’) correspond to formulae 1.3–1.5. We expand the discussion

of drawing structural formulae for organic molecules in Section 24.3.

(1.9) (1.10) (1.11)

Covalent bonding and
structure: see Chapters 4–7

Isomers: see Sections 6.11,
23.5 and 24.6–24.8

"

"

(1.6) (1.7) (1.8)

(1.3) (1.4) (1.5)
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1.18 Basic nomenclature

In this section we outline some fundamental nomenclature and set out some

important IUPAC ground rules for organic and inorganic compounds. We

summarize some widely used ‘trivial’ names of compounds and you should

become familiar with these as well as with their IUPAC counterparts.

Detailed nomenclature rules and the specifics of organic chain numbering

are found in Chapters 24–35.

Basic organic classifications: straight chain alkanes

The general formula for an alkane with a straight chain backbone is

CnH2nþ2; the molecule is saturated and contains only C–C and C–H

bonds. The simplest member of the family is methane CH4, 1.12. The name

methane carries with it two pieces of information:

. meth- is the prefix that tells us there is one C atom in the carbon chain;

. the ending -ane denotes that the compound is an alkane.

The names of organic compounds are composite with the stem telling us the

number of carbon atoms in the main chain of the molecule. These are listed

in the middle column of Table 1.8. For a straight chain alkane, the name is

completed by adding -ane to the prefix in the table. Compounds 1.13 (C3H8)

and 1.14 (C7H16) are both alkanes. Using the stems from Table 1.8, 1.13

with a 3-carbon chain is called propane, and 1.14 with a 7-carbon chain is

called heptane.

(1.13) (1.14)

Basic organic classifications: functional groups

A functional group in a molecule imparts a characteristic reactivity to the

compound. The functional group in an alkene is the C¼C double bond

and, in an alcohol, the functional group is the �OH unit. The organic

functional groups that we will describe in this book are listed in Table 1.9.

The presence of most of these groups is recognized by using an instrumental

technique such as infrared, electronic or nuclear magnetic resonance

spectroscopy – see Chapters 12–14.

Basic inorganic nomenclature

The aim of the IUPAC nomenclature is to provide a compound or an ion

with a name that is unambiguous. One problem that we face when dealing

with some inorganic elements is the possibility of a variable oxidation

state. A simple example is that of distinguishing between the two common

oxides of carbon, i.e. carbon monoxide and carbon dioxide. The use of

‘mono-’ and ‘di-’ indicates that the compounds are CO and CO2 respectively.

Trivial names for selected
organic and inorganic

compounds are given in
Appendix 13; this can be
found on the companion

website,
www.pearsoned.co.uk/

housecroft

(1.12)

"
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The accepted numerical prefixes are listed in Table 1.8. Note that ‘di-’ should

be used in preference to ‘bi-’.

Binary compounds 1 A binary compound is composed of only two types of

elements. We deal first with cases where there is no ambiguity over oxidation

states of the elements present, e.g. s-block metal. Examples of such binary

compounds include NaCl, CaO, HCl, Na2S and MgBr2. The formula

should be written with the more electropositive element (often a metal)

placed first. The names follow directly:

NaCl sodium chloride

Na2S sodium sulfide

CaO calcium oxide

MgBr2 magnesium bromide

HCl hydrogen chloride

A binary compound is

composed of two types of

elements.

Table 1.8 Numerical descriptors.

Number Stem used to give the number of

C atoms in an organic carbon chain

Prefix used to describe the

number of groups or substituents

1 meth- mono-

2 eth- di-

3 prop- tri-

4 but- tetra-

5 pent- penta-

6 hex- hexa-

7 hept- hepta-

8 oct- octa-

9 non- nona-

10 dec- deca-

11 undec- undeca-

12 dodec- dodeca-

13 tridec- trideca-

14 tetradec- tetradeca-

15 pentadec- pentadeca-

16 hexadec- hexadeca-

17 heptadec- heptadeca-

18 octadec- octadeca-

19 nonadec- nonadeca-

20 icos- icosa-
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Table 1.9 Selected functional groups for organic molecules.

Name of

functional group

Functional group Example; where it is in common

use, a trivial name is given in pink

Alcohol Ethanol (CH3CH2OH)

Aldehyde Ethanal (CH3CHO)
Acetaldehyde

Ketone Propanone (CH3COCH3)
Acetone

Carboxylic acid Ethanoic acid (CH3CO2H)
Acetic acid

Ester Ethyl ethanoate (CH3CO2C2H5)
Ethyl acetate

Ether R ¼ R’

or R 6¼ R’

Diethyl ether (C2H5OC2H5)

Amine Ethylamine (CH3CH2NH2)

Amide Ethanamide (CH3CONH2)
Acetamide

Halogenoalkane Bromoethane (CH3CH2Br)

Acid chloride Ethanoyl chloride (CH3COCl)
Acetyl chloride

Nitrile Ethanenitrile (CH3CN)
Acetonitrile

Nitro Nitromethane (CH3NO2)

Thiol Ethanethiol (CH3CH2SH)
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Anions The endings ‘-ide’, ‘-ite’ and ‘-ate’ generally signify an anionic species.

Some examples are listed in Table 1.10. The endings ‘-ate’ and ‘-ite’ tend to

indicate the presence of oxygen in the anion (i.e. an oxoanion) and are used

for anions that are derived from oxoacids; e.g. the oxoanion derived from

sulfuric acid is a sulfate.

There is more than one accepted method of distinguishing between the

different oxoanions of elements such as sulfur, nitrogen and phosphorus

Table 1.10 Names of some common anions. In some cases, more than one name is
accepted by the IUPAC.

Formula of anion Name of anion

H� Hydride

[OH]� Hydroxide

F� Fluoride

Cl� Chloride

Br� Bromide

I� Iodide

O2� Oxide

S2� Sulfide

Se2� Selenide

N3� Nitride

[N3]
� Azide or trinitride(1�)

P3� Phosphide

[CN]� Cyanide or nitridocarbonate(1�)

[NH2]
� Amide or azanide

[OCN]� Cyanate or nitridooxidocarbonate(1�)

[SCN]� Thiocyanate or nitridosulfidocarbonate(1�)

[SO4]
2� Sulfate or tetraoxidosulfate(2�)

[SO3]
2� Sulfite or trioxidosulfate(2�)

[NO3]
� Nitrate or trioxidonitrate(1�)

[NO2]
� Nitrite or dioxidonitrate(1�)

[PO4]
3� Phosphate or tetraoxidophosphate(3�)

[PO3]
3� Phosphite or trioxidophosphate(3�)

[ClO4]
� Perchlorate or tetraoxidochlorate(1�)

[CO3]
2� Carbonate or trioxidocarbonate(2�)
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(Table 1.10). Older names such as sulfate, sulfite, nitrate and nitrite are still

accepted within the IUPAC guidelines.§ In Chemistry, we have made every

effort to stay within the IUPAC recommendations while retaining the most

common alternatives, e.g. sulfate.

Oxidation states The oxidation state is very often indicated by using the

Stock system of Roman numerals. The numeral is always an integer and is

placed after the name of the element to which it refers. The oxidation

number can be zero, positive or negative.† An oxidation state is assumed

to be positive unless otherwise indicated by the use of a negative sign.

Thus, (III) is taken to read ‘(þIII)’; but for the negative state, write (�III).
In a formula, the oxidation state is written as a superscript (e.g.

[MnVIIO4]
�) but in a name, it is written on the line (e.g. iron(II) bromide).

Its use is important when the name could be ambiguous (see below).

Binary compounds 2 We look now at binary compounds where there could

be an ambiguity over the oxidation state of the more electropositive element

(often a metal). Examples of such compounds include FeCl3, SO2, SO3, ClF,

ClF3 and SnCl2. Simply writing ‘iron chloride’ does not distinguish between

the chlorides of iron(II) and iron(III), and for FeCl3 it is necessary to write

iron(III) chloride. Another accepted name is iron trichloride.

The oxidation state of sulfur in SO2 can be seen immediately in the name

sulfur(IV) oxide, but also acceptable is the name sulfur dioxide. Similarly,

SO3 can be named sulfur(VI) oxide or sulfur trioxide.

Accepted names for ClF, ClF3 and SnCl2 are:

ClF chlorine(I) fluoride or chlorine monofluoride

ClF3 chlorine(III) fluoride or chlorine trifluoride

SnCl2 tin(II) chloride or tin dichloride

Cations Cations of metals where the oxidation state does not usually vary,

notably the s-block elements, may be named by using the name of the metal

itself (e.g. sodium ion, barium ion), although the charge may be indicated

(e.g. sodium(1þ) ion, barium(2þ) ion).
Where there may be an ambiguity, the charge must be shown (e.g. iron(II) or

iron(2þ) ion, copper(II) or copper(2þ) ion, thallium(I) or thallium(1þ) ion).‡
The names of polyatomic cations are introduced as they appear in the text-

book. Look for the ending ‘-ium’; this often signifies the presence of a cation,

although remember that ‘-ium’ is a common ending in the name of elemental

metals (see Section 1.5).

Three of the most common cations that you will encounter are:
. Hþ hydrogen ion, hydrogen(1þ), hydron;
. [H3O]þ oxonium ion, oxidanium ion;
. [NH4]

þ ammonium ion, azanium ion.

§ Nomenclature of Inorganic Chemistry, IUPAC Recommendations 2005, senior eds N.G.
Connelly and T. Damhus, RSC Publishing, Cambridge, 2005.

† A zero oxidation state is signified by 0, although this is not a Roman numeral.
‡ An older form of nomenclature which is sometimes encountered uses the suffix ‘-ous’ to
describe the lower oxidation state and ‘-ic’ for the higher one. Thus, copper(I) is cuprous
and copper(II) is cupric.
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1.19 Final comments

The aim of this first chapter is to provide a point of reference for basic

chemical definitions, ones that you have probably encountered before beginning

a first year university chemistry course. If you find later in the book that a

concept appears to be ‘assumed’, you should find some revision material to

help you in Chapter 1. Section 1.18 gives some basic guidelines for naming

organic and inorganic compounds, and more detailed nomenclature appears

as the book progresses.

We have deliberately not called Chapter 1 ‘Introduction’. There is often a

tendency to pass through chapters so-labelled without paying attention to

them. In this text, Chapter 1 is designed to help you and to remind you of

basic issues.

PROBLEMS

Use values of Ar from the front inside cover of the book.

1.1 What is 0.0006m in (a) mm, (b) pm, (c) cm, (d) nm?

1.2 A typical C¼O bond distance in an aldehyde is

122 pm. What is this in nm?

1.3 The relative molecular mass of NaCl is 58.44 and its

density is 2.16 g cm�3. What is the volume of 1mole

of NaCl in m3?

1.4 The equation E ¼ h� relates the Planck constant (h)

to energy and frequency. Determine the SI units of

the Planck constant.

1.5 Kinetic energy is given by the equation: E ¼ 1
2
mv 2.

By going back to the base SI units, show that the

units on the left- and right-hand sides of this

equation are compatible.

1.6 Calculate the relative atomic mass of a sample of

naturally occurring boron which contains 19.9%
10
5B and 80.1% 11

5B. Accurate masses of the isotopes

to 3 sig. fig. are 10.0 and 11.0.

1.7 The mass spectrum of molecular bromine shows

three lines for the parent ion, Br2
þ. The isotopes for

bromine are 79
35Br (50%) and 81

35Br (50%). Explain

why there are three lines and predict their mass

values and relative intensities. Predict what the mass

spectrum of HBr would look like; isotopes of

hydrogen are given in Section 1.7. (Ignore

fragmentation; see Chapter 10.)

1.8 Convert the volume of each of the following to

conditions of standard temperature (273K) and

pressure (1 bar ¼ 1:00� 105 Pa) and give your

answer in m3 in each case:

(a) 30.0 cm3 of CO2 at 290K and 101 325Pa (1 atm)

(b) 5.30 dm3 of H2 at 298K and 100 kPa (1 bar)

(c) 0.300m3 of N2 at 263K and 102 kPa

(d) 222m3 of CH4 at 298K and 200 000Pa (2 bar)

1.9 The partial pressure of helium in a 50.0 dm3 gas

mixture at 285K and 105 Pa is 4:0� 104 Pa. How

many moles of helium are present?

1.10 A 20.0 dm3 sample of gas at 273K and 2.0 bar

pressure contains 0.50moles N2 and 0.70moles Ar.

What is the partial pressure of each gas, and are

there any other gases in the sample? (Volume of one

mole of ideal gas at 273K, 1:00� 105 Pa (1 bar) ¼
22.7 dm3.)

1.11 Determine the amount (in moles) present in each of

the following: (a) 0.44 g PF3; (b) 1.00 dm
3 gaseous

PF3 at 293K and 2:00� 105 Pa; (c) 3.480 gMnO2;

(d) 0.0420 gMgCO3. (Volume of 1 mole of ideal gas

at 273K, 105 Pa ¼ 22.7 dm3.)

1.12 What mass of solid is required to prepare 100.0 cm3

of each of the following solutions:

(a) 0.0100mol dm�3 KI; (b) 0.200mol dm�3 NaCl;

(c) 0.0500mol dm�3 Na2SO4?

1.13 With reference to the periodic table, write down

the likely formulae of compounds formed between:

(a) sodium and iodine; (b) magnesium and chlorine;

(c) magnesium and oxygen; (d) calcium and fluorine;

(e) lithium and nitrogen; (f ) calcium and phosphorus;

(g) sodium and sulfur; and (h) hydrogen and sulfur.

1.14 Use the information in the periodic table to predict

the likely formulae of the oxide, chloride, fluoride

and hydride formed by aluminium.

1.15 Give balanced equations for the formation of each

of the compounds in problems 1.13 and 1.14 from

their constituent elements.

1.16 What do you understand by each of the following

terms: proton, electron, neutron, nucleus, atom,

radical, ion, cation, anion, molecule, covalent bond,

compound, isotope, allotrope?
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1.17 Suggest whether you think each of the following

species will exhibit covalent or ionic bonding.Which

of the species are compounds and which are

molecular: (a) NaCl; (b) N2; (c) SO3; (d) KI;

(e) NO2; (f ) Na2SO4; (g) [MnO4]
�; (h) CH3OH;

(i) CO2; (j) C2H6; (k) HCl; (l) [SO4]
2�?

1.18 Determine the oxidation state of nitrogen in each

of the following oxides: (a) NO; (b) NO2; (c) N2O3;

(d) N2O4; (e) N2O5.

1.19 In each reaction below, assign the oxidation and

reduction steps, and, for (b)–(g), show that the

changes in oxidation states for the oxidation and

reduction processes balance:

(a) Cu2þðaqÞ þ 2e� ��"CuðsÞ
(b) MgðsÞ þH2SO4ðaqÞ ��"MgSO4ðaqÞ þH2ðgÞ
(c) 2CaðsÞ þO2ðgÞ ��" 2CaOðsÞ
(d) 2FeðsÞ þ 3Cl2ðgÞ ��" 2FeCl3ðsÞ
(e) Cu(s)þ 2AgNO3(aq) ��" Cu(NO3)2(aq)þ 2Ag(s)

(f ) CuOðsÞ þH2ðgÞ ��"CuðsÞ þH2OðgÞ
(g) ½MnO4��ðaqÞ þ 5Fe2þðaqÞ þ 8HþðaqÞ ��"

Mn2þðaqÞ þ 5Fe3þðaqÞ þ 4H2OðlÞ

1.20 (a) In a compound, oxygen is usually assigned an

oxidation state of �2. What is the formal oxidation

state in the allotropes O2 and O3, in the compound

H2O2, and in the ions [O2]
2� and [O2]

þ?
(b) Determine the oxidation and reduction steps

during the decomposition of hydrogen peroxide

which occurs by the following reaction:

2H2O2ðlÞ ��" 2H2OðlÞ þO2ðgÞ

1.21 Give a systematic name for each of the following

compounds: (a) Na2CO3; (b) FeBr3; (c) CoSO4;

(d) BaCl2; (e) Fe2O3; (f ) Fe(OH)2; (g) LiI; (h) KCN;

(i) KSCN; (j) Ca3P2.

1.22 Write down the formula of each of the following

compounds: (a) nickel(II) iodide; (b) ammonium

nitrate; (c) barium hydroxide; (d) iron(III) sulfate;

(e) iron(II) sulfite; (f ) aluminium hydride;

(g) lead(IV) oxide; (h) tin(II) sulfide.

1.23 How many atoms make up the carbon chain in

(a) octane, (b) hexane, (c) propane, (d) decane,

(e) butane?

1.24 Balance the following equations:

(a) C4H10 þO2 ��"CO2 þH2O

(b) SO2 þO2 ��" SO3

(c) HClþ Ca��"H2 þ CaCl2
(d) Na2CO3 þHCl��"NaClþ CO2 þH2O

(e) HNO3 þMg��"MgðNO3Þ2 þH2

(f ) H3PO4 þNaOH��"Na2HPO4 þH2O

1.25 Find x, y and z in the following reactions:

(a) 2COþO2 ��" 2COx

(b) N2 þ xH2 ��" yNH3

(c) Mgþ 2HNO3 ��"MgðNO3Þx þH2

(d) xH2O2 ��" yH2Oþ zO2

(e) xHClþ CaCO3 ��"CaCly þ CO2 þH2O

(f ) xNaOHþH2SO4 ��"NaySO4 þ zH2O

(g) MnO2 þ xHCl��"MnCl2 þ Cl2 þ yH2O

(h) xNa2S2O3 þ I2 ��" yNaIþ zNa2S4O6

1.26 Balance the following equations.

(a) Feþ Cl2 ��" FeCl3
(b) SiCl4 þH2O��" SiO2 þHCl

(c) Al2O3 þNaOHþH2O��"Na3AlðOHÞ6
(d) K2CO3 þHNO3 ��"KNO3 þH2Oþ CO2

(e) Fe2O3 þ CO ��"heat
Feþ CO2

(f ) H2C2O4 þKOH��"K2C2O4 þH2O

1.27 Balance the following equations.

(a) AgNO3 þMgCl2 ��"AgClþMgðNO3Þ2
(b) PbðO2CCH3Þ2 þH2S��" PbSþ CH3CO2H

(c) BaCl2 þK2SO4 ��"BaSO4 þKCl

(d) PbðNO3Þ2 þKI��" PbI2 þKNO3

(e) CaðHCO3Þ2 þ CaðOHÞ2 ��"CaCO3 þH2O

1.28 Balance the following equations.

(a) C3H8 þ Cl2 ��"C3H5Cl3 þHCl

(b) C6H14 þO2 ��"CO2 þH2O

(c) C2H5OHþNa��"C2H5ONaþH2

(d) C2H2 þ Br2 ��"C2H2Br4
(e) CaC2 þH2O��"CaðOHÞ2 þ C2H2

1.29 In each of the following, mixing the aqueous ions

shown will produce a precipitate. Write the formula

of the neutral product, and then balance the

equation.

(a) AgþðaqÞ þ Cl�ðaqÞ ��"
(b) Mg2þðaqÞ þ ½OH��ðaqÞ ��"
(c) Pb2þðaqÞ þ S2�ðaqÞ ��"
(d) Fe3þðaqÞ þ ½OH��ðaqÞ ��"
(e) Ca2þðaqÞ þ ½PO4�3�ðaqÞ ��"
(f ) AgþðaqÞ þ ½SO4�2�ðaqÞ ��"

1.30 Balance each of the following equations:

(a) Fe3þ þH2 ��" Fe2þ þHþ

(b) Cl2 þ Br� ��"Cl� þ Br2
(c) Fe2þ þ ½Cr2O7�2� þHþ ��"

Fe3þ þ Cr3þ þH2O

(d) NH2OHþ Fe3þ ��"N2Oþ Fe2þ þH2OþHþ

(e) ½S2O3�2� þ I2 ��" ½S4O6�2� þ I�

(f ) ½MoO4�2� þ ½PO4�3� þHþ ��"
½PMo12O40�3� þH2O

(g) HNO3 þH2SO4 ��"
½H3O�þ þ ½NO2�þ þ ½HSO4��

1.31 Balance the following equation for the reaction of

magnesium with dilute nitric acid:

MgðsÞ þHNO3ðaqÞ ��"MgðNO3Þ2ðaqÞ þH2ðgÞ

Use the balanced equation to determine the mass of

Mg that will completely react with 100.0 cm3 0.50M

nitric acid.
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1.32 Balance the following equation for the reaction of

aqueous phosphoric acid with sodium hydroxide:

H3PO4ðaqÞ þNaOHðaqÞ ��"
Na3PO4ðaqÞ þH2OðlÞ

15.0 cm3 aqueous phosphoric acid of concentration

0.200mol dm�3 is added to 50.0 cm3 aqueous NaOH

of concentration 2.00mol dm�3. Which reagent is in

excess, and how many moles of this reagent remain

unreacted?

1.33 Balance the following equation for the precipitation

of silver chromate:

AgNO3ðaqÞ þK2CrO4ðaqÞ ��"
Ag2CrO4ðsÞ þKNO3ðaqÞ

5.00 g of K2CrO4 is dissolved in water and the

volume of the solution is made up to 100.0 cm3.

25.0 cm3 of a 0.100mol dm�3 solution of AgNO3 is

added to the solution of K2CrO4. Determine the

mass of Ag2CrO4 that is formed.

1.34 Balance the following equation:

½C2O4�2�ðaqÞ þ ½MnO4��ðaqÞ þHþðaqÞ ��"

Mn2þðaqÞ þ CO2ðgÞ þH2OðlÞ
What volume of 0.200M aqueous KMnO4 will react

completely with 25.0 cm3 0.200M aqueous K2C2O4

in the presence of excess acid?

1.35 5.00 g of solid CaCO3 is thermally decomposed in

the following reaction:

CaCO3ðsÞ ��"
heat

CaOðsÞ þ CO2ðgÞ
What mass of CaO is formed? This oxide reacts with

water to give Ca(OH)2. Write a balanced equation

for this process.

1.36 Balance the following equation for the reaction of

sodium thiosulfate with diiodine:

Na2S2O3 þ I2 ��"Na2S4O6 þNaI

Diiodine is insoluble in water, but dissolves in

aqueous potassium iodide solution. 0.0250 dm3 of a

solution of I2 in aqueous KI reacts exactly with

0.0213 dm3 0.120M sodium thiosulfate solution.

What is the concentration of the diiodine solution?

1.37 An organic compound A contains 40.66% C,

23.72% N and 8.53% H. The compound also

contains oxygen. Determine the empirical formula

of the compound. The molecular mass of A is 59.07.

What is its molecular formula?

1.38 (a) A chloride of platinum, PtClx, contains 26.6%

Cl. What is the oxidation state of the platinum

in this compound?

(b) Two oxides of iron, A and B, contain 69.94 and

72.36% Fe, respectively. For A, Mr ¼ 159:70;
for B, Mr ¼ 231:55. What are the empirical

formulae of A and B?

1.39 Crystalline copper(II) sulfate contains water. The

formula of the crystalline solid is CuSO4
:xH2O.

Determine x if the crystals contain 12.84% S and

4.04% H.

1.40 (a) Glucose, CxHyOz, contains 40.00% C and

6.71% H. What is the empirical formula of

glucose? If the molecular mass of glucose is

180.16, determine its molecular formula.

(b) A fluoride of tungsten, WFx, contains 38.27%

F. What is the oxidation state of tungsten in this

compound?

CHEMISTRY IN DAILY USE

1.41 The Avogadro Project aims to define the kilogram

with respect to a precise value of the Avogadro

constant, L. For this task, spheres of ultrapure

silicon are being made. Let the mass of a sphere be

M, and its volume be V. (a) Write down an

expression for the density of silicon. (b) What is the

mass of one atom of silicon if the molar mass isMr?

(c) The structure of elemental silicon is described in

terms of a repeating unit called the unit cell. If the

volume of the unit cell is Vc and it contains n atoms,

how many atoms are present in the entire sphere?

(d) What is the mass of the sphere of silicon in terms

of Mr, L, V, Vc and n? (e) Rearrange the equation

from part (d) to show how a value of the Avogadro

constant can be determined.

1.42 Atmospheric pressure, Patm, decreases with altitude.

The composition of the atmospheric air is the same

at sea level as it is on Mount Everest (8850m), and

comprises 20.9% O2. The partial pressure of O2 in

air taken into the lungs is given by the equation:

PðO2Þ ¼ 0:209 ðPatm � PvapÞ
where Pvap is the saturated water vapour pressure in

the lungs.

(a) If Pvap ¼ 6300 Pa, determine PðO2Þ at sea level,

with Patm ¼ 101 kPa.

(b) The summit of the Matterhorn is at 4480m.

What is the atmospheric pressure at this altitude

if PðO2Þ ¼ 10 700 Pa? Comment on any

assumptions that you have made.

1.43 Although it is not common to administer

anaesthetics at very high altitudes, the Kunde

Hospital in Nepal is at 3900m. Isoflurane is a
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general anaesthetic that is administered by

inhalation. Figure 1.12 shows a typical isoflurane

vaporizer. (a) At sea level, where atmospheric

pressure (Patm) is 101 kPa, what percentage of

isoflurane will the vaporizer deliver in the outgoing

air stream shown in Figure 1.12? (b) In Kunde

Hospital, Patm ¼ 59 kPa. If the same vaporizer is

used to administer a general anaesthetic, how does

the reduction in atmospheric pressure at high

altitude affect the delivery of isoflurane?

1.44 UF6 is a colourless, volatile solid with a vapour

pressure of 1 bar at 329K. Uranium possesses

several isotopes, and during the reprocessing of

uranium fuel in the nuclear power industry, it is

necessary to separate 235
92UF6 and

238
92UF6 in order to

produce 235
92U-enriched UF6. Why can a centrifuge

be used for the separation of 235
92UF6 and

238
92UF6?

1.45 Mount Etna in Italy is a continuously degassing

volcano. It releases about 1.5 Tg of SO2 per year.

(a) How many moles of SO2 are emitted per year by

Mount Etna? (b) Determine the approximate daily

emission rate of SO2. (c) Among the techniques used

to sample for SO2 emissions is a Giggenbach bottle

in which the gas stream is passed through aqueous

NaOH. The products of the reaction of SO2 with

hydroxide ions are [SO4]
2�, [HS]� and H2O. Write a

balanced equation for this reaction.

1.46 The structure of aspirin is shown below. Aspirin

is hydrolysed in the body to give salicylic acid

or salicylate ion. For an average adult human,

concentrations of salicylate in body plasma

exceeding 5.1mmol dm�3 are likely to be fatal.

(a) What mass of salicylic acid corresponds to

5.1mmol dm�3? (b) Prophylactic aspirin therapy

may involve a dose of 160mg day�1. If complete

hydrolysis of the aspirin occurs, how many mmol of

salicylic acid are produced per dose?

1.47 Ammonium nitrate, NH4NO3, is an important

agricultural fertilizer. What mass of NH4NO3

would you need to dissolve in water to produce a

2.00 dm3 solution that contained 200.0mgdm�3 of
nitrogen-content by weight?

1.48 Current interest in hydrogen as a ‘clean fuel’ leads to

active research in hydrogen storage materials. Metal

hydrides such as NaBH4, MgH2 and LiAlH4 release

H2 when they react with water, and have relatively

high hydrogen storage capacities because hydrogen

is released both from the metal hydride and from the

water.

(a) Balance the following equations:

NaBH4 þH2O��"NaOHþH3BO3 þH2

MgH2 þH2O��"MgðOHÞ2 þH2

LiAlH4 þH2O��"LiOHþAlðOHÞ3 þH2

(b) Use the balanced equations to determine the

hydrogen storage capacity of each system in

terms of a percentage weight.

Fig. 1.12 A schematic representation of an isoflurane vaporizer, and the structure of isoflurane. Colour code: C, grey; O, red; F,
green; H, white; Cl, large green. [The left-hand scheme is reprinted from Anaesthesia and Intensive Care Medicine, 8(3), Mike
Eales and Robin Cooper, Principles of anaesthetic vaporizers, pp.111–115, # 2007 with permission from Elsevier.]
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2
Thermochemistry

2.1 Factors that control reactions

Much of chemistry is concerned with chemical reactions. The factors that

control whether a reaction will or will not take place fall into two categories:

thermodynamic and kinetic. Thermodynamic concepts relate to the energetics

of a system, while kinetics deal with the speed at which a reaction occurs.

Observations of reaction kinetics are related to the mechanism of the

reaction, and this describes the way in which we believe that the atoms and

molecules behave during a reaction. We look in detail at kinetics in Chapter

15. We often write equations for chemical reactions with a forward arrow

(e.g. equation 2.1) in order to indicate that the reactants take part in a

reaction that leads to products, and that the process goes to completion.

ZnðsÞ þH2SO4ðaqÞ ��" ZnSO4ðaqÞ þH2ðgÞ ð2:1Þ

However, many reactions do not reach completion. Instead, reactants

and products lie in a state of equilibrium in which both forward and back

reactions take place. Actually, all reactions are equilibria and no reaction

under equilibrium conditions goes completely to the right-hand side. We

consider equilibria in detail in Chapter 16. The position of an equilibrium is

governed by thermodynamic factors. Whether a reaction is favourable, and

to what extent it will reach completion, can be assessed from the sign and

magnitude of the change in Gibbs energy, �G, for the overall reaction.

Chemical thermodynamics is the topic of Chapter 17. Although, strictly, it is

the change in Gibbs energy that gives us information about the favourability

of a reaction, we can also gain some insight from thermochemical data, i.e. the

changes in heat that accompany chemical reactions. The study of heat

changes for chemical reactions is called thermochemistry. The heat change

that accompanies a reaction can be readily determined experimentally
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by measuring the associated change in temperature. As a consequence,

thermochemistry is usually the first introduction that a student has to the

more detailed subject of thermodynamics. In this chapter, we look at

changes in heat (enthalpy), not only for chemical reactions, but also for

phase transitions. We also give a brief introduction to the enthalpy terms

that are associated with interactions between molecules.

2.2 Change in enthalpy of a reaction

When most chemical reactions occur, heat is either taken in from the

surroundings, causing the temperature of the reaction mixture to rise, or is

given out to the surroundings. Many common chemical reactions are carried

out at constant pressure (e.g. in an open beaker or flask) and under these

conditions, the heat transfer, q, is equal to the enthalpy change, �H. The

terms heat and enthalpy are often used interchangeably although, strictly,

this is only true under conditions of constant pressure.

The enthalpy change, �H, that accompanies a reaction is the amount of heat

liberated or absorbed as a reaction proceeds at a given temperature, T , at

constant pressure.

The SI units of enthalpy, H, are joules, J. Usually, we work with molar

quantities and then the units of H and �H are Jmol�1 or kJmol�1.

Standard enthalpy change

The standard enthalpy change of a reaction refers to the enthalpy change when

all the reactants and products are in their standard states. The notation for

this thermochemical quantity is �rH
oðTÞ where the subscript ‘r’ stands for

‘reaction’, the superscript ‘o’ means ‘standard state conditions’, and ðTÞ
means ‘at temperature T ’. This type of notation is found for other thermo-

dynamic functions that we meet later on.

The standard state of a substance is its most thermodynamically stable state

under a pressure of 1 bar (1:00� 105 Pa) and at a specified temperature, T .

Most commonly, T ¼ 298:15K, and the notation for the standard enthalpy

change of a reaction at 298.15K is then �rH
o(298.15K). It is usually

sufficient to write �rH
o(298K). Do not confuse standard thermodynamic

temperature with the temperature used for the standard temperature and

pressure conditions of a gas (Section 1.9). We return to standard states in

Section 2.4.

Exothermic and endothermic processes

When reactions occur, they may release heat to the surroundings or may

absorb heat from the surroundings. By definition, a negative value of �H

corresponds to heat given out during a reaction (equation 2.2). Such a

The symbol � is used to

signify the ‘change in’ a

quantity, e.g. �H means

‘change in enthalpy’.

The standard state of a

substance is its most stable

state under a pressure of

1 bar (1:00� 105 Pa) and at

a specified temperature, T .
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reaction is said to be exothermic. Whenever a fuel is burnt, an exothermic

reaction occurs.

MgðsÞ þ 1
2
O2ðgÞ ��"MgOðsÞ �rH

oð298KÞ ¼ �602 kJmol�1 ð2:2Þ

Although we avoided the use of fractional coefficients when balancing

equations in Chapter 1, we now need to use 1
2
O2 on the left-hand side of

equation 2.2 because we are considering the enthalpy change for the for-

mation of one mole of MgO. The notation kJmol�1 refers to the equation

as it is written. If we had written equation 2.3 instead of equation 2.2, then

�rH
oð298KÞ ¼ �1204 kJmol�1.

2MgðsÞ þO2ðgÞ ��" 2MgOðsÞ ð2:3Þ

A positive value of �H corresponds to heat being absorbed from the

surroundings and the reaction is said to be endothermic. For example, when

NaCl dissolves in water, a small amount of heat is absorbed (equation 2.4).

NaClðsÞ ���"
H2O

NaClðaqÞ �rH
oð298KÞ ¼ þ3:9 kJmol�1 ð2:4Þ

Consider a general reaction in which reactants combine to give products,

and for which the standard enthalpy change is �rH
o(298K). If the heat

content of the reactants is greater than the heat content of the products,

heat must be released and the reaction is exothermic. On the other hand,

if the heat content of the products is greater than that of the reactants, heat

must be absorbed and the reaction is endothermic. Each of these situations

is represented schematically in the enthalpy level diagrams in Figure 2.1.

2.3 Measuring changes in enthalpy: calorimetry

The heat that is given out or taken in when a chemical reaction occurs can be

measured using a calorimeter. A simple, constant-pressure calorimeter for

measuring heat changes for reactions in solution is shown in Figure 2.2.

The container is an expanded polystyrene cup with a lid. This material

provides insulation which ensures that heat loss to, or gain from, the

surroundings is minimized; the outer cup in Figure 2.2 provides additional

insulation. As the reaction takes place, the thermometer records any

change in temperature. The relationship between the temperature change

and the heat change is given in equation 2.5 where C is the specific heat

capacity of the solution. Since the reaction is carried out at constant pressure,

Heat is given out (liberated)

in an exothermic reaction

(�H is negative).

Heat is taken in (absorbed)

in an endothermic reaction

(�H is positive).

A calorimeter is used to

measure the heat transfer

that accompanies a

chemical reaction. The

technique is called

calorimetry.

Fig. 2.1 Enthalpy level diagrams for exothermic and endothermic reactions.
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the heat change is equal to the enthalpy change. For dilute aqueous solutions,

it is usually sufficient to assume that the specific heat capacity of the solution

is the same as for water: Cwater ¼ 4:18 JK�1 g�1. Worked examples 2.1–2.3

illustrate the use of a simple calorimeter to measure enthalpy changes of

reaction. In each worked example, we assume that changes in enthalpy of

the reaction affect only the temperature of the solution. We assume that no

heat is used to change the temperature of the calorimeter itself. Where a calori-

meter is made from expanded polystyrene cups, this is a reasonable assump-

tion. However, the approximation is not valid for many types of calorimeter

and such pieces of apparatus must be calibrated before use. Measurements

made in the crude apparatus shown in Figure 2.2 are not accurate, and

more specialized calorimeters must be used if accurate results are required.

Heat change in J ¼ (Mass in g)

� (Specific heat capacity in JK�1 g�1Þ

� (Change in temperature in K)

Heat change in J ¼ ðm gÞ � ðC JK�1 g�1Þ � ð�T KÞ ð2:5Þ

Before using equation 2.5, we must emphasize that a rise in temperature

occurs in an exothermic reaction and corresponds to a negative value of

�H; a fall in temperature occurs in an endothermic reaction and corresponds

to a positive value of �H.

Worked example 2.1 Heating a known mass of water

Calculate the heat required to raise the temperature of 85.0 g of water from

298.0K to 303.0K. [Data: Cwater ¼ 4:18 JK�1 g�1]

The rise in temperature ¼ 303:0K� 298:0K ¼ 5:0K

The specific heat capacity,

C, of a substance is the heat

required to raise the

temperature of unit mass of

the substance by one kelvin.

SI units of C are JK�1 kg�1,
but units of JK�1 g�1 are

often more convenient.

For water,

C ¼ 4:18 JK�1 g�1.

Fig. 2.2 A simple, constant-pressure calorimeter used for measuring heat changes for
reactions in solution. The outer container provides additional insulation.
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The heat required is given by:

Heat in J ¼ ðm gÞ � ðC JK�1 g�1Þ � ð�T KÞ

¼ ð85:0 gÞ � ð4:18 JK�1 g�1Þ � ð5:0KÞ

¼ 1800 J or 1.8 kJ (to 2 sig. fig.)

Worked example 2.2 Estimation of the enthalpy of a reaction

When 100.0 cm
3
of an aqueous solution of nitric acid, HNO3 (1.0mol dm

�3
), is

mixed with 100.0 cm
3
of an aqueous solution of sodium hydroxide, NaOH

(1.0mol dm
�3
), in a calorimeter of the type shown in Figure 2.2, a temperature

rise of 6.9K is recorded. (a) Is the reaction exothermic or endothermic? (b)

What is the value of �H for this reaction in kJ per mole of HNO3?

[Data: density of water ¼ 1:00 g cm�3; Cwater ¼ 4:18 JK�1 g�1]

(a) A rise in temperature is observed. Therefore, the reaction is exothermic.

(b) Total volume of solution ¼ 100:0þ 100:0 ¼ 200:0 cm3:

Assume that the density of the aqueous solution � density of water.

Mass of solution in g ¼ ðVolume in cm3Þ � ðDensity in g cm�3Þ

¼ ð200:0 cm3Þ � ð1:00 g cm�3Þ

¼ 200 g (to 3 sig. fig.)

The heat change can now be found:

Heat change ¼ ðm gÞ � ðC JK�1 g�1Þ � ð�T KÞ

¼ ð200 gÞ � ð4:18 JK�1 g�1Þ � ð6:9KÞ

¼ 5800 J (to 2 sig. fig.)

To find �H per mole of HNO3, first determine how many moles of HNO3

are involved in the reaction:

Amount of HNO3 in moles ¼ ðVolume in dm3Þ

� ðConcentration in mol dm�3Þ

¼ ð100:0� 10�3 dm3Þ � ð1:0mol dm�3Þ

¼ 0:10mol

When 0.10 moles of HNO3 react, the heat released is 5800 J.

Therefore when 1.0 mole of HNO3 reacts:

Heat released ¼ 5800

0:10
¼ 58 000 J

The reaction is carried out at constant pressure, and therefore the heat

change equals the enthalpy change. The reaction is exothermic and �H

is negative.

�H ¼ �58 000 Jmol�1 ¼ �58 kJmol�1 (to 2 sig. fig.)
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Worked example 2.3 Estimation of the enthalpy of dissolution of NH4NO3

When 2.0 g of ammonium nitrate, NH4NO3, dissolves in 100.0 g of water

contained in a simple, constant-pressure calorimeter, a fall in temperature of

1.5K is recorded. (a) Is the process exothermic or endothermic? (b) Determine

the enthalpy change for the dissolution of 1 mole of NH4NO3.

[Data: Cwater ¼ 4:18 JK�1 g�1; values of Ar are in the inside cover of the book]

(a) The temperature falls. Therefore, heat is absorbed by the solution. The

dissolution of NH4NO3 is endothermic.

(b) When 2.0 g NH4NO3 dissolves in 100.0 g of water, we can approximate

the heat capacity of the solution to that of 100.0 g of pure water.

Heat change ¼ ðm gÞ � ðC JK�1 g�1Þ � ð�T KÞ

¼ ð100:0 gÞ � ð4:18 JK�1 g�1Þ � ð1:5KÞ

¼ 627 J

¼ 630 J (to 2 sig. fig.)

For the number of moles of NH4NO3, we need to find Mr for NH4NO3:

Mr ¼ ð2� 14:01Þ þ ð4� 1:008Þ þ ð3� 16:00Þ ¼ 80:052 gmol�1

¼ 80:05 gmol�1 (to 2 dec. pl.)

The amount of NH4NO3 ¼
2:0 g

80:05 gmol�1
¼ 0:025mol (to 2 sig. fig.)

630 J of heat are absorbed when 0.025 moles of NH4NO3 dissolve.

Therefore
630

0:025
J of heat are absorbed when 1.0 mole of NH4NO3

dissolves.

Heat absorbed ¼ 630

0:025
Jmol�1

¼ 25 200 Jmol�1

¼ 25 kJmol�1 (to 2 sig. fig.)

The calorimeter is at constant pressure: heat change¼enthalpy change.

The dissolution is endothermic, and so �H is positive.

�H ¼ þ25 kJmol�1

Calorimeters are also used to measure the specific heat capacity of solid

materials. The solid is heated to a temperature above room temperature.

The heated material is then dropped into a known mass of water contained

in a well-insulated calorimeter at constant pressure. Assuming that there is

no heat loss to the surroundings, all the heat lost by the solid is gained by

the water. As a result, the temperature of the water rises. The method

shown in worked example 2.4 can be used provided that the solid does not

react with or dissolve in water. Table 2.1 lists the specific heat capacities, C,

of selected elements and solvents. The high value of C for water is

significant for life on Earth: large lakes or seas freeze only slowly because

freezing such a large mass of water requires the removal of a huge amount

of heat.
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Worked example 2.4 Determining the specific heat capacity of copper

100.0 cm
3
of water was placed in a constant-pressure calorimeter of the type

shown in Figure 2.2. The temperature of the water was recorded as 293.0K.

A 20.0 g block of copper metal was heated to 353.0K and then dropped into

the water in the calorimeter. The temperature of the water rose and the

maximum temperature attained was 294.1K. (a) Why must the water be

constantly stirred during the experiment? (b) Determine the specific heat capacity

of copper, CCu.

[Data: density of water ¼ 1:00 g cm�3; Cwater ¼ 4:18 JK�1 g�1]

(a) Constant stirring ensures that the heat lost by the copper is evenly

distributed throughout the water. Therefore, the measured tempera-

ture rise reflects the true rise for the bulk water and can justifiably be

related to the heat loss from the copper.

(b) The heat lost by the copper equals the heat gained by the water.

This assumes that the calorimeter is well insulated and that the spe-

cific heat capacity of the calorimeter is so small that it can be

neglected.

The temperature rise of the water ¼ 294:1� 293:0 ¼ 1:1K

The temperature fall of the copper ¼ 353:0� 294:1 ¼ 58:9K

Table 2.1 Specific heat capacities, C, of selected elements and solvents at 298 K and
constant pressure.

Element C / J K
�1

g
�1

Solvent C / J K
�1

g
�1

Aluminium 0.897 Acetone 2.17

Carbon (graphite) 0.709 Acetonitrile 2.23

Chromium 0.449 Chloroform 0.96

Copper 0.385 Dichloromethane 1.19

Gold 0.129 Diethyl ether 2.37

Iron 0.449 Ethanol 2.44

Lead 0.129 Heptane 2.25

Magnesium 1.02 Hexane 2.26

Mercury 0.140 Methanol 2.53

Silver 0.235 Pentane 2.32

Sodium 1.228 Tetrahydrofuran 1.72

Sulfur (rhombic) 0.710 Toluene 1.71

Zinc 0.388 Water 4.18
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The mass of water ¼ ðVolume in cm3Þ � ðDensity in g cm�3Þ

¼ ð100:0 cm3Þ � ð1:00 g cm�3Þ

¼ 100 g

Heat lost by copper ¼ ðm gÞ � ðCCu JK
�1 g�1Þ � ð�T KÞ

¼ ð20:0 gÞ � ðCCu JK
�1 g�1Þ � ð58:9KÞ

Heat gained by water ¼ ðm gÞ � ðCwater JK
�1 g�1Þ � ð�T KÞ

¼ ð100 gÞ � ð4:18 JK�1 g�1Þ � ð1:1KÞ

Heat lost by copper ¼ Heat gained by water

ð20:0 gÞ � ðCCu JK
�1 g�1Þ � ð58:9KÞ ¼ ð100 gÞ � ð4:18 JK�1 g�1Þ � ð1:1KÞ

CCu ¼
ð100 gÞ � ð4:18 JK�1 g�1Þ � ð1:1KÞ

ð20:0 gÞ � ð58:9KÞ

¼ 0:39 JK�1 g�1 (to 2 sig. fig.)

This value compares with 0.385 JK�1 g�1 listed in Table 2.1.

2.4 Standard enthalpy of formation

The standard enthalpy of formation of a compound, �fH
o(298K), is the

enthalpy change at 298K that accompanies the formation of a compound

in its standard state from its constituent elements in their standard states.

The standard state of an element at 298K is the thermodynamically most

stable form of the element at 298K and 1:00� 105 Pa. Some examples of

the standard states of elements under these conditions are:

. hydrogen: H2(g)

. oxygen: O2(g)

. nitrogen: N2(g)

. bromine: Br2(l)

. iron: Fe(s)

. copper: Cu(s)

. mercury: Hg(l)

. carbon: C(graphite)

. sulfur: S8(s, a-form)

The one exception to the definition of standard state of an element given

above is phosphorus. The standard state of phosphorus is defined§ as being

white phosphorus, P4(white), rather than the thermodynamically more

stable red and black allotropes. By definition, the standard enthalpy of forma-

tion of an element in its standard state is 0 kJmol�1.
Equations 2.6 and 2.7 describe the formation of carbon monoxide and

iron(II) chloride from their constituent elements in their standard states.

The values of �fH
o are given ‘per mole of compound’. In equation 2.6,

the notation ‘�fH
o(CO, g, 298K)’ indicates that the standard enthalpy of

�fH
o(298K) is the enthalpy

change of formation of a

compound in its standard

state from its constituent

elements in their standard

states, all at 298K.

�fH
o(298K) for an element

in its standard state is

defined to be 0 kJmol�1.

§ The definition of standard state and the exceptional case of phosphorus have been laid down by
the National Bureau of Standards.
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formation refers to gaseous CO at 298K. In equation 2.7, ‘�fH
o(FeCl2, s,

298K)’ means ‘the standard enthalpy of formation of solid FeCl2 at 298K’.

CðgraphiteÞ þ 1
2
O2ðgÞ ��"COðgÞ �fH

oðCO; g; 298KÞ ¼ �110:5 kJmol�1

ð2:6Þ
FeðsÞ þ Cl2ðgÞ ��"FeCl2ðsÞ �fH

oðFeCl2; s; 298KÞ ¼ �342 kJmol�1 ð2:7Þ

The values of �fH
o for CO(g) and FeCl2(s) show that a significant amount of

heat is liberated when these compounds are formed from their constituent

elements at 298K and 1:00� 105 Pa. Such compounds are described as

being exothermic. Under these conditions, CO(g) and FeCl2(s) are both

thermodynamically stable with respect to their constituent elements.

Not all compounds are formed from their constituent elements in exothermic

reactions. Equation 2.8 shows the formation of ClO2. The relatively large,

positive value of �fH
o(298K) indicates that, at 298K, ClO2 is not stable

with respect to its elements. Indeed, ClO2 is explosive, decomposing to Cl2
and O2.

1
2Cl2ðgÞ þO2ðgÞ ��"ClO2ðgÞ

�fH
oðClO2; g; 298KÞ ¼ þ102:5 kJmol�1 ð2:8Þ

Appendix 11 at the end of the book lists values of �fH
o(298K) for selected

organic and inorganic compounds.

2.5 Calculating standard enthalpies of reaction

Figure 2.1 showed enthalpy level diagrams for general exothermic and

endothermic reactions. The value of the standard enthalpy change for a

reaction, �rH
o(298K), is the difference between the sum of the standard

enthalpies of formation of the products and the sum of the standard

enthalpies of formation of the reactants (equation 2.9).

�rH
oð298KÞ ¼

X
�fH

oðproducts; 298KÞ �
X

�fH
oðreactants; 298KÞ

ð2:9Þ

If we apply this equation to reaction 2.6, then:

�rH
oð298KÞ ¼ �fH

oðCO; g; 298KÞ

�½�fH
oðC; graphite; 298KÞ þ 1

2
�fH

oðO2; g; 298KÞ�

Since both of the reactants are elements in their standard states, their

standard enthalpies of formation are zero. In the special case where a

reaction represents the formation of a compound in its standard state,

�rH
oð298KÞ ¼ �fH

oðproduct; 298KÞ:

Worked example 2.5 Determination of �rH
o(298 K) for the formation of HBr

Using appropriate values of �fH
o
(298K) from Appendix 11, calculate the

value of �rH
o
(298K) for the following reaction:

H2ðgÞ þ Br2ðlÞ ��" 2HBrðgÞ

The reaction:

H2ðgÞ þ Br2ðlÞ ��" 2HBrðgÞ ðat 298KÞ

The true guide to
thermodynamic stability is

the change in Gibbs energy,
rather than the change in
enthalpy: see Chapter 17

P
means ‘summation of’

"

"
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refers to the formation of two moles of HBr(g) from its constituent

elements in their standard states.

�rH
oð298KÞ ¼ 2�fH

oðHBr; g; 298KÞ

�½�fH
oðH2; g; 298KÞ þ�fH

oðBr2; l; 298KÞ�
" "
¼ 0 kJmol�1 ¼ 0 kJmol�1

¼ 2�fH
oðHBr; g; 298KÞ

From Appendix 11, �fH
oðHBr; g; 298KÞ ¼ �36 kJmol�1

�rH
oð298KÞ ¼ 2ð�36Þ ¼ �72 kJ per mole of reaction

Worked example 2.6 Determination of �rH
o(298 K) for the decomposition of NH3 to N2 and H2

Use data in Appendix 11 to determine �rH
o
(298K) for the following reaction:

NH3ðgÞ ��" 1
2
N2ðgÞ þ 3

2
H2ðgÞ

The reaction:

NH3ðgÞ ��" 1
2
N2ðgÞ þ 3

2
H2ðgÞ

is the reverse of the formation of one mole of NH3.

From Appendix 11, �fH
oðNH3; g; 298KÞ ¼ �45:9 kJmol�1

�rH
oð298KÞ ¼

X
�fH

oðproducts; 298KÞ �
X

�fH
oðreactants; 298KÞ

¼ ½1
2
�fH

oðN2; g; 298KÞ þ 3
2
�fH

oðH2; g; 298KÞ�

��fH
oðNH3; g; 298KÞ

¼ ��fH
oðNH3; g; 298KÞ

¼ �ð�45:9ÞkJmol�1

¼ þ45:9 kJmol�1

Equation 2.9 can be applied to any reaction in which the standard

enthalpies of formation of reactants and products are known. In contrast

to worked examples 2.5 and 2.6, the next two worked examples show the

application of equation 2.9 to reactions that do not simply have elements

in their standard states on one side of the equation.

Worked example 2.7 Chlorination of ethene

Determine the standard enthalpy change for the following reaction at 298K:

C2H4ðgÞ
Ethene

þ Cl2ðgÞ ��" 1;2-C2H4Cl2ðlÞ
1;2-Dichloroethane

[Data: �fH
oð1;2-C2H4Cl2, l, 298KÞ ¼ �167 kJmol

�1
; �fH

oðC2H4, g,

298KÞ ¼ þ53 kJmol
�1
]

For a reaction in which one

mole of a compound in its

standard state decomposes

into its constituent elements

in their standard states:

�rH
oð298KÞ
¼ ��fH

oð298KÞ
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�rH
oð298KÞ ¼

X
�fH

oðproducts; 298KÞ �
X

�fH
oðreactants; 298KÞ

¼ �fH
oð1;2-C2H4Cl2; l; 298KÞ � ½�fH

oðC2H4; g; 298KÞ

þ�fH
oðCl2; g; 298KÞ�
"
¼ 0 kJmol�1

Substitute the values of �fH
oð1;2-C2H4Cl2; l; 298KÞ and �fH

oðC2H4, g,

298K) into the above equation:

�rH
oð298KÞ ¼ �167� ðþ53Þ

¼ �220 kJmol�1

Worked example 2.8 The reaction between gaseous NH3 and HCl

Use data in Appendix 11 to find the standard enthalpy change for the following

reaction at 298K:

NH3ðgÞ þHClðgÞ ��"NH4ClðsÞ

The data needed from Appendix 11 are:

�fH
oðNH3; g; 298KÞ ¼ �45:9 kJmol�1

�fH
oðHCl; g; 298KÞ ¼ �92 kJmol�1

�fH
oðNH4Cl; s; 298KÞ ¼ �314 kJmol�1

�rH
oð298KÞ ¼

X
�fH

oðproducts; 298KÞ �
X

�fH
oðreactants; 298KÞ

¼ �fH
oðNH4Cl; s; 298KÞ

� ½�fH
oðNH3; g; 298KÞ þ�fH

oðHCl; g; 298KÞ�

¼ �314� ð�45:9� 92Þ

¼ �176:1 kJmol�1

¼ �176 kJmol�1 (rounding to 0 dec. pl.)

2.6 Enthalpies of combustion

Combustion of fuels

An everyday example of an exothermic reaction is the burning (combustion)

of a fuel such as butane, C4H10. Butane is an example of a hydrocarbon and,

under standard conditions, complete combustion in O2 gives CO2(g) and

H2O(l). Reaction 2.10 shows the combustion of one mole of butane.

C4H10ðgÞ þ 13
2
O2ðgÞ ��" 4CO2ðgÞ þ 5H2OðlÞ ð2:10Þ

For the combustion of a substance in O2, the enthalpy change is called

the standard enthalpy of combustion, �cH
o(298K). The value of

�cH
o(298K) for reaction 2.10 can be found from values of �fH

o(298K)

See Figure 1.8

Hydrocarbons: see
Section 24.4

"

"
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of the products and reactants:

�cH
oð298KÞ ¼

X
�fH

oðproducts; 298KÞ �
X

�fH
oðreactants; 298KÞ

¼ ½4�fH
oðCO2; g; 298KÞ þ 5�fH

oðH2O; l; 298KÞ�

�½�fH
oðC4H10; g; 298KÞ þ 13

2 �fH
oðO2; g; 298KÞ�

¼ 4ð�393:5Þ þ 5ð�286Þ � ð�126Þ � 0

¼ �2878 kJmol�1

The reaction is highly exothermic, consistent with the use of butane as a fuel.

If a compound contains C, H and O, the products (under standard

conditions) of complete combustion are taken to be CO2(g) and H2O(l)

(e.g. reaction 2.10). If the compound contains C, H and N, the products of

complete combustion under standard conditions are CO2(g), H2O(l) and

N2(g) (e.g. reaction 2.11).

2CH3CH2NH2ðgÞ þ 15
2
O2ðgÞ ��" 4CO2ðgÞ þ 7H2OðlÞ þN2ðgÞ ð2:11Þ

When the supply of O2 is limited, partial combustion may result in the

formation of CO rather than CO2: compare reactions 2.12 and 2.13.

CH4ðgÞ þ 2O2ðgÞ ��"CO2ðgÞ þ 2H2OðlÞ Complete combustion ð2:12Þ
CH4ðgÞ þ 3

2
O2ðgÞ ��"COðgÞ þ 2H2OðlÞ Partial combustion ð2:13Þ

Enthalpies of combustion can be measured experimentally by using a bomb

calorimeter as described in Section 17.3.

Worked example 2.9 Standard enthalpy of combustion of ethane

Write a balanced equation for the complete combustion of one mole of ethane,

C2H6. Use data from Appendix 11 to determine the value of �cH
o
(C2H6, g,

298K).

The complete combustion of one mole of C2H6 is given by:

C2H6ðgÞ þ 3 1
2
O2ðgÞ ��" 2CO2ðgÞ þ 3H2OðlÞ

Data needed from Appendix 11 are:

�fH
oðCO2; g; 298KÞ ¼ �393:5 kJmol�1

�fH
oðH2O; l; 298KÞ ¼ �286 kJmol�1

�fH
oðC2H6; g; 298KÞ ¼ �84 kJmol�1

Since O2 is an element in its standard state, �fH
oðO2; g; 298KÞ ¼

0 kJmol�1.

�cH
oð298KÞ ¼

X
�fH

oðproducts; 298KÞ �
X

�fH
oðreactants; 298KÞ

¼ ½2�fH
oðCO2; g; 298KÞ þ 3�fH

oðH2O; l; 298KÞ�

��fH
oðC2H6; g; 298KÞ

¼ 2ð�393:5Þ þ 3ð�286Þ � ð�84Þ

¼ �1561 kJmol�1
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BIOLOGY AND MEDICINE

Box 2.1 Energy content of foods: calorific values

In Chapter 35, we look in detail at the structures and

properties of biological molecules including carbo-

hydrates, fats and proteins. Carbohydrates constitute

a family of compounds consisting of sugars: mono-

saccharides (e.g. glucose), disaccharides (e.g. lactose)

and polysaccharides (e.g. starch). These compounds

(along with fats and proteins) are the body’s fuels.

Examples of natural sugars are glucose, sucrose and

lactose. When the body metabolizes glucose, the overall

reaction is the same as combustion:

C6H12O6ðsÞ
Glucose

þ 6O2ðgÞ ��" 6CO2ðgÞ þ 6H2OðlÞ

However, whereas burning glucose in oxygen is rapid,

‘burning’ glucose in the body is a much slower process

and is carried out in a series of steps involving enzymes

(enzymes are proteins that act as biological catalysts,

see Section 15.15). Nonetheless, metabolizing glucose

results in the production of energy in just the same

way that the combustion of glucose does. Fats consist

of mixtures of molecules with the general structure

shown below, in which the R groups are hydrocarbon

chains of varying lengths (see Section 35.4):

O

O

O

R

O

R''

O

O

R'

When a fat is metabolized by the body, the reaction

(represented here for R = R = R = C16H33) is:

C54H104O6 þ 77O2 ��" 54CO2 þ 52H2O

The amount of energy that is liberated when a

particular food is metabolized is called its calorific

value. This term is used, not just for foods, but for

fuels (e.g. natural gas) more generally. Its origins are

in the pre-SI unit calorie which is a unit of energy. In

the SI system, the calorie is replaced by the joule:

1 calorie (1 cal) ¼ 4.184 joules (4.184 J)

1 kcal ¼ 1000 cal ¼ 4184 J ¼ 4:184 kJ

In the context of foods and nutrition, calorific values

are typically given in units of Calories (with an

upper-case C) where:

1Calorie ¼ 1000 cal ¼ 1 kcal ¼ 4:184 kJ

The table below lists the calorific values of selected foods,

and the percentage of the calories in the food that are

obtained from the carbohydrate, fat and protein content.

Food Calorific value per

100 g / Calories

% Calories from

carbohydrates

% Calories

from fats

% Calories

from proteins

Olive oil 884 0 100 0
Milk (3.25% milk fat) 60 29 48 23
Butter (unsalted) 499 0 99 1
Egg (poached) 147 2 61 37
Salmon (cooked, dry heat) 116 0 27 73
Rice (white, cooked) 130 90 2 8
Potato (boiled, unsalted) 78 89 1 10
Carrot (boiled, unsalted) 35 90 4 6
Carrot (raw) 35 92 3 5
Broccoli (boiled, unsalted) 35 73 10 17
Broccoli (raw) 28 64 10 26
Spinach (raw) 23 56 14 30
Apple (raw) 52 95 3 2
Orange (raw) 46 91 4 5

[Data: Nutritional information provided by NutritionData.com]
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2.7 Hess’s Law of Constant Heat Summation

Calculations using equation 2.9 make use of Hess’s Law of Constant Heat

Summation. This states that the enthalpy change on going from reactants

to products is independent of the reaction path taken. Consider the reaction

of PCl3 and Cl2:

PCl3ðlÞ þ Cl2ðgÞ ��" PCl5ðsÞ

We can consider this reaction as part of a cycle involving the elements P andCl:

Reaction (3) shows the formation of PCl5(s) from its constituent elements in

their standard states. Reactions (2) and (1) describe the formation of PCl3(l)

from its constituent elements, followed by the reaction of PCl3(l) with Cl2(g)

to give PCl5(s). Thus, reaction (3) gives a direct route to PCl5(s) from its

constituent elements, while reactions (2) and (1) provide an indirect route.

Now consider the enthalpy change for each step:

The three enthalpy changes make up a thermochemical cycle. By Hess’s Law

of Constant Heat Summation, the enthalpy change on going from reactants

to products is independent of the reaction path taken. In the thermochemical

cycle above, the reactants are P4 and Cl2 and the final product is PCl5.

There are two routes to PCl5 depending on whether we follow the arrows

anticlockwise or clockwise from reactants to product. Application of

Hess’s Law to this thermochemical cycle leads to equation 2.14.

�rH
o
3 ¼ �rH

o
1 þ�rH

o
2 ðat 298KÞ ð2:14Þ

�rH
o
1(298K) is the standard enthalpy change for the reaction of PCl3(l)

with Cl2(g), while �rH
o
2(298K) and �rH

o
3(298K) are the standard

enthalpies of formation of PCl3(l) and PCl5(s), respectively. We can therefore

write an expression for the standard enthalpy change for the reaction of

PCl3(l) with Cl2(g) in terms of the values of �Hf
o(298K) for PCl3(l) and

PCl5(s):

�rH
o
1 ¼ �rH

o
3 ��rH

o
2

¼ �fH
oðPCl5; s; 298KÞ ��fH

oðPCl3; l; 298KÞ

¼ �444� ð�320Þ

¼ �124 kJmol�1

Hess’s Law of Constant

Heat Summation states that

the enthalpy change on

going from reactants to

products is independent of

the reaction path taken.
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Hess’s Law is particularly useful when we have more complex situations to

consider, for example the determination of lattice energies (see Section 8.16)

or enthalpy changes associated with the dissolution of salts (see Section 17.11).

Worked example 2.10 Use of Hess’s Law: oxides of phosphorus

Construct a thermochemical cycle that links the following processes: (i) the

combustion of P4(white) to give P4O6(s), (ii) the combustion of P4(white) to

give P4O10(s) and (iii) the conversion of P4O6(s) to P4O10(s). Use the cycle

to find the standard enthalpy change for the conversion of P4O6(s) to

P4O10(s) if values of �fH
o
(298K) for P4O6(s) and P4O10(s) are �1640 and

�2984 kJmol
�1
, respectively.

The thermochemical cycle can be drawn as follows:

Now apply Hess’s Law: the left-hand arrow links P4 to P4O10 directly,

while the top and right-hand arrows form an indirect route from P4 to

P4O10. Therefore:

�fH
oðP4O10; s; 298KÞ ¼ �fH

oðP4O6; s; 298KÞ þ�rH
oð298KÞ

Rearranging the equation gives:

�rH
oð298KÞ ¼ �fH

oðP4O10; s; 298KÞ ��fH
oðP4O6; s; 298KÞ

¼ �2984� ð�1640Þ

¼ �1344 kJmol�1

Worked example 2.11 Use of Hess’s Law: oxides of nitrogen

(a) Use data in Appendix 11 to determine a value of �rH
o
(298K) for the fol-

lowing reaction:

2NO2ðgÞ ��"N2O4ðlÞ

(b) Consider the following thermochemical cycle at 298K:

Using data from Appendix 11 and the answer to part (a), determine a value for

�rH
o
1(298K). (The answer can be checked using values of �fH

o
for NO(g)

and NO2(g) from Appendix 11.)
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(a) To determine the standard enthalpy change for the reaction:

2NO2ðgÞ ��"N2O4ðlÞ

look up the standard enthalpies of formation of N2O4(l) and NO2(g).

These are �20 and þ33 kJmol�1, respectively. The standard enthalpy

change for the reaction is:

�rH
oð298KÞ ¼ �fH

oðN2O4; l; 298KÞ � 2�fH
oðNO2; g; 298KÞ

¼ �20� 2ðþ33Þ

¼ �86 kJmol�1

(b) Draw out the thermochemical cycle in the question and identify known

and unknown values of �rH
o(298K):

�rH
o
2 was found in part (a) of the question. From Appendix 11, values (at

298K) of �fH
o(NO, g) and �fH

oðN2O4; lÞ are þ90 and �20 kJmol�1,
respectively.

Apply Hess’s Law to the thermochemical cycle, noting that three arrows in

the cycle follow a clockwise path, while one arrow follows an anticlockwise

path:

�rH
o
3 þ�rH

o
1 þ�rH

o
2 ¼ �rH

o
4

�rH
o
1 ¼ �rH

o
4 ��rH

o
3 ��rH

o
2

¼ �fH
oðN2O4; l; 298KÞ � 2�fH

oðNO; g; 298KÞ

��rH
o
2

¼ �20� 2ðþ90Þ � ð�86Þ

¼ �114 kJmol�1

2.8 Thermodynamic and kinetic stability

A term that is commonly (and often inconsistently) used is ‘stable’. It is

meaningless to say that something is stable or unstable unless you specify

‘stable or unstable with respect to . . .’. Consider hydrogen peroxide, H2O2.

This compound is a liquid at room temperature and a solution can be

purchased in a bottle as a hair bleach. Because of this, you may think that

H2O2 is a ‘stable’ compound. However, the conditions under which the

H2O2 solution is stored are critical. It can decompose to H2O and O2

(equation 2.15), and the standard enthalpy change for this reaction is

�98.2 kJmol�1. The process is slow, but in the presence of some surfaces

or alkali, decomposition is rapid, and can even be explosive. Thus, we

describe hydrogen peroxide as being unstable with respect to the formation

of H2O and O2.

H2O2ðlÞ ��"H2OðlÞ þ 1
2
O2ðgÞ ð2:15Þ
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Hydrogen peroxide is thermodynamically unstable with respect to reaction

2.15, but the speed with which the reaction occurs is controlled by kinetic

factors. Because the decomposition of H2O2 is slow, we say that hydrogen

peroxide is kinetically stable with respect to the formation of H2O and O2.

We return to the kinetics of reactions in Chapter 15.

A notable example of a thermodynamically favourable reaction is the

conversion of diamond into graphite (equation 2.16): diamond is

thermodynamically unstable with respect to graphite. Fortunately for all

owners of diamonds, the transformation takes places extremely slowly at

room temperature and pressure.

CðdiamondÞ ��"CðgraphiteÞ �rH
oð298KÞ ¼ �1:9 kJmol�1 ð2:16Þ

2.9 Phase changes: enthalpies of fusion and vaporization

Melting solids and vaporizing liquids

When a solid melts, energy is needed for the phase change from solid to

liquid. In a crystalline solid, the atoms or molecules are arranged in a rigid

framework and energy is needed to make the structure collapse as the solid

transforms to a liquid. In a liquid, the atoms or molecules are not completely

separated from one another (see Figure 1.2). If the liquid is heated, heat is

initially used to raise the temperature to the boiling point of the liquid.

At the boiling point, heat is used to separate the atoms or molecules as the

liquid transforms into a vapour. Figure 2.3 illustrates what happens as a

constant heat supply provides heat to a sample of H2O which is initially in

the solid phase (ice). The temperature of the solid rises until the melting

point is reached. During the process of melting the solid, the temperature

remains constant. Once melting is complete, liquid water is heated from

the melting point (273K) to the boiling point (373K). Heat continues to

be supplied to the sample, but at the boiling point, the heat is used to

Phases: see Section 1.6

"

Fig. 2.3 A heating curve for a constant mass of H2O, initially in the solid state. Heat is sup-
plied at a constant rate. The graph shows both the melting and vaporization of the sample.
During phase changes, the temperature remains constant even though heat continues to be
supplied to the sample.
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vaporize the sample and the temperature remains constant. After vaporization

is complete, the heat supplied is used to raise the temperature of the water

vapour. In Figure 2.3, the gradients of the lines representing the heating of

solid ice, liquid water and water vapour are different because the specific

heat capacity of H2O in the three phases is different. The specific heat capacity

of liquid water (4.18 JK�1 g�1) is greater than that of ice (2.03 JK�1 g�1) and
water vapour (1.97 JK�1 g�1); see end-of-chapter problem 2.15.

The enthalpy change associated with melting one mole of a solid is called

the molar enthalpy of fusion, and the value refers to the melting point (mp) of

the solid. The enthalpy change is written as �fusH(mp). The enthalpy change

associated with vaporizing one mole of a liquid is the molar enthalpy of

vaporization and the value is quoted at the boiling point (bp) of the liquid

under specified pressure conditions. The notation is �vapH(bp). Melting a

solid and vaporizing a liquid are endothermic processes. For H2O, the

enthalpy changes for melting and vaporizing are given in equation 2.17.

ð2:17Þ

Table 2.2 lists values of �fusH(mp) and �vapH(bp) for selected elements and

compounds.

Solidifying liquids and condensing vapours

When a liquid is cooled to the melting point of the substance, the liquid soli-

difies. This process is also referred to as freezing, and, when the temperature

is being lowered rather than raised, the melting point is often called the

freezing point. When a vapour is cooled to its condensation point (the same

temperature as the boiling point), the vapour condenses to a liquid. As a

solid forms from a liquid, heat is released as the atoms or molecules pack

more closely together and the system becomes more ordered. The process

is exothermic. Similarly, condensing a vapour to form a liquid liberates

heat. Suppose we allow a sample of H2O to cool from 405K to 253K.

A cooling curve for this process is the mirror image of Figure 2.3. The

stages in cooling water vapour to eventually form ice are:

. the temperature of the vapour falls until the condensation point (the same

temperature as the boiling point) is reached;
. the temperature remains constant as water vapour condenses to liquid

water;
. the temperature of the liquid falls until the freezing point (the same

temperature as the melting point) is reached;
. the temperature remains constant as liquid water freezes (solidifies) to ice;
. the temperature of the ice falls.

The enthalpy change associated with condensation is equal to ��vapH(bp),

and the enthalpy change associated with solidification is ��fusH(mp). For

H2O, the enthalpy changes are shown in equation 2.18; compare this with

equation 2.17.

ð2:18Þ

The molar enthalpy of fusion

of a substance at its melting

point, �fusH(mp), is the

enthalpy change for the

conversion of one mole of

solid to liquid.

The molar enthalpy of

vaporization of a substance

at its boiling point,

�vapH(bp), is the enthalpy

change for the conversion

of one mole of liquid to

vapour.
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Worked example 2.12 Solid and molten copper

A piece of copper metal of mass 7.94 g was heated to its melting point

(1358K). What is the enthalpy change at 1358K as the copper melts if

�fusHðmpÞ ¼ 13 kJmol
�1
?

First, look up Ar for Cu in the inside cover of the book: Ar ¼ 63:54.

Amount of Cu ¼ 7:94 g

63:54 gmol�1
¼ 0:125mol

Melting copper requires heat and is an endothermic process.

Therefore, the enthalpy change as the copper melts

¼ ðþ13 kJmol�1Þ � ð0:125molÞ

¼ þ1:6 kJ (to 2 sig. fig.)

Table 2.2 Values of melting and boiling points (see also Appendix 11), and enthalpies of
fusion, �fusH(mp), and vaporization, �vapH(bp), for selected elements and compounds;
see also Table 3.6.

Melting

point / K

Boiling

point / K

�fusH(mp) /

kJmol
�1

�vapH(bp) /

kJmol
�1

Element

Aluminium (Al) 933 2793 10.7 294

Bromine (Br2) 266 332 10.6 30.0

Chlorine (Cl2) 172 239 6.4 20.4

Fluorine (F2) 53 85 0.51 6.6

Gold (Au) 1064 2857 12.6 324

Hydrogen (H2) 13.7 20.1 0.12 0.90

Iodine (I2) 387 458 15.5 41.6

Lead (Pb) 600 2022 4.8 180

Nitrogen (N2) 63 77 0.71 5.6

Oxygen (O2) 54 90 0.44 6.8

Compound

Acetone (CH3COCH3) 178 329 5.7 29.1

Ethane (C2H6) 90 184 2.9 14.7

Ethanol (C2H5OH) 159 351 5.0 38.6

Hydrogen chloride (HCl) 159 188 2.0 16.2

Water (H2O) 273 373 6.0 40.7
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Worked example 2.13 Liquid acetone and its vapour

The boiling point of acetone is 329K. Use data from Table 2.2 to determine the

enthalpy change at 329K when 14.52 g of acetone, CH3COCH3, condenses

from its vapour.

Using values of Ar from the inside cover of the book, find Mr for

CH3COCH3: Mr ¼ 58:08 gmol�1.

Amount of acetone condensed ¼ 14:52 g

58:08 gmol�1
¼ 0:2500mol

From Table 2.2: �vapHðbpÞ ¼ 29:1 kJmol�1.
Condensation is an exothermic process. Therefore, the enthalpy change

when 0.2500 moles of acetone condenses

¼ ð�29:1 kJmol�1Þ � ð0:2500molÞ
¼ �7:28 kJ (to 3 sig. fig.)

In the next section, we look at the types of interactions that exist between

molecules and the relative strengths of these interactions.

2.10 An introduction to intermolecular interactions

In a molecular compound such as methane, CH4 (2.1), or dihydrogen, H2

(2.2), the atoms in the molecule are held together by covalent bonds. These

covalent bonds are present in all phases, i.e. in the solid, the liquid and

the vapour states. In the vapour states of compounds such as methane, the

molecules are well separated and can be regarded as having little effect on

one another. This is consistent with one of the postulates of the kinetic

theory of gases (Section 1.9), but in reality, the behaviour of a gas is not

ideal because the molecules do interact with one another. In Section 1.9,

we considered gas laws and ideal gases. Equation 2.19 holds for n moles of

an ideal gas.

PV ¼ nRT R ¼ molar gas constant ¼ 8:314 JK�1 mol
�1 ð2:19Þ

For a real gas at a given temperature, PV is not a constant because, in con-

trast to the postulates of the kinetic theory of ideal gases (Section 1.9):

. real gas molecules occupy a volume that cannot be ignored; the effective

volume of the gas can be corrected from V to (V � nb), where n is the

number of moles of the gas and b is a constant;
. real gas molecules interact with one another; the pressure has to be

corrected from P to

�
Pþ an2

V2

�
, where n is the number of moles of the

gas and a is a constant.

These corrections were first proposed by Johannes van der Waals in 1873,

and equation 2.20 gives the van der Waals equation for n moles of a real

gas. Values of the constants a and b depend on the compound.

(2.1) (2.2)

See also equation 1.23 and
related discussion

"
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�
Pþ an2

V2

�
ðV � nbÞ ¼ nRT van der Waals equation ð2:20Þ

Values of the constants a and b for selected gases are given in Table 2.3. For

1 mole of a real gas at temperature T , the pressure of a given volume, V , can

be calculated as follows:

P ¼ nRT

ðV � nbÞ �
an2

V2

The strengths of intermolecular interactions (van der Waals forces or inter-

actions) vary depending upon their precise nature. The vapour ��" liquid

and liquid ��" solid phase changes are exothermic and this, in part, reflects

the enthalpy changes associated with the formation of intermolecular inter-

actions. Conversely, solid ��" liquid and liquid ��" vapour phase changes

are endothermic because intermolecular interactions must be overcome

before the phase change can occur. When methane gas, for example, is

liquefied, the molecules come closer together, and when the liquid is

solidified, an ordered structure is formed in which there are intermolecular

interactions between the CH4 molecules. In the case of methane, the enthalpy

changes associated with fusion and vaporization are small:

indicating that the interactions between CH4 molecules in the solid and in the

liquid are weak. The interactions between CH4 molecules are called London

dispersion forces (named after Fritz London) and are the weakest type of

intermolecular interactions. They arise from interactions between the

electron clouds of adjacent molecules. We will look more closely at the

origins of these forces in Section 3.21. Table 2.4 lists four important classes

of intermolecular interactions and indicates their relative strengths. We shall

have more to say about the origins of these interactions and their effects on

physical properties of compounds later in the book. For now, the important

point to remember is that values of �fusH(mp) and �vapH(bp), as well as the

melting and boiling points of atomic species (e.g. He, Ar) and molecular

species (e.g. CH4, H2O, N2 and C2H5OH), reflect the extent of intermolecu-

lar interactions. In an ionic solid (e.g. NaCl) in which ions interact with one

another through electrostatic forces, the amount of energy needed to

Johannes Diderik van der Waals
(1837–1923).

Important! During phase
changes, the covalent bonds

in CH4 are not broken

"

Table 2.3 Values of van der Waals constants for selected compounds in the vapour phase.

Molecular

formula

a / Pam6

mol
�2

b / m3mol�1 Molecular

formula

a / Pam6

mol
�2

b / m3mol�1

He 3.46 � 10�8 2.38 � 10�5 HCl 3.70 � 10�6 5.06 � 10�5

Ar 1.36 � 10�6 3.20 � 10�5 HBr 4.50 � 10�6 4.42 � 10�5

H2 2.45 � 10�7 2.65 � 10�5 H2O 5.54 � 10�6 3.05 � 10�5

Cl2 6.34 � 10�6 5.42 � 10�5 NH3 4.23 � 10�6 3.71 � 10�5

N2 1.37 � 10�6 3.87 � 10�5 CO2 3.66 � 10�6 4.29 � 10�5

O2 1.38 � 10�6 3.18 � 10�5 CH2Cl2 1.24 � 10�5 8.69 � 10�5
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separate the ions is often far greater than that needed to separate covalent

molecules. Enthalpies of fusion of ionic solids are significantly higher than

those of molecular solids.

Table 2.4 Types of intermolecular forces.a

Interaction Acts between: Typical energy / kJmol
�1

London dispersion forces Most molecules �2

Dipole–dipole interactions Polar molecules 2

Ion–dipole interactions Ions and polar molecules 15

Hydrogen bonds An electronegative atom
(usually N, O or F) and an
H atom attached to another
electronegative atom

5–30b

a For more detailed discussion, see Sections 3.21 (dispersion forces), 5.11 (dipole moments), 8.6
(electrostatic interactions between ions) and 21.8 (hydrogen bonds).

b In ½HF2��, the H---F hydrogen bond is particularly strong, 165 kJmol�1.

SUMMARY

This chapter has been concerned with the changes in enthalpy that occur during reactions and during
phase changes. We have also introduced different types in intermolecular interactions, and have seen
how their differing strengths influence the magnitudes of the enthalpies of fusion and vaporization
of elements and compounds.

Do you know what the following terms mean?

. thermochemistry

. enthalpy change for a
reaction

. standard enthalpy change

. standard state of a substance

. exothermic

. endothermic

. calorimetry

. calorimeter

. specific heat capacity

. standard enthalpy of formation

. combustion

. standard enthalpy of
combustion

. Hess’s Law of Constant Heat
Summation

. thermochemical cycle

. molar enthalpy of fusion

. molar enthalpy of vaporization

. van der Waals forces

. intermolecular interactions

Do you know what the following notations mean?

. �rH
o(298 K) . �fH

o(298 K) . �cH
o(298 K) . �fusH(mp) . �vapH(bp)

You should now be able:

. to define the conditions under which the heat
transfer in a reaction is equal to the enthalpy
change

. to define what the standard state of an element
or compound is, and give examples

. to distinguish between exothermic and endo-
thermic processes, and give an example of each

. to describe the features and operation of a
simple, constant-pressure calorimeter

. to describe how to use a constant-pressure
calorimeter to measure the specific heat capacity
of, for example, copper metal

. to determine the enthalpy of a reaction carried
out in a constant-pressure calorimeter, given
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PROBLEMS

2.1 From the statements below, say whether the

following processes are exothermic or endothermic.

(a) The addition of caesium to water is explosive.

(b) The evaporation of a few drops of diethyl ether

from the palm of your hand makes your hand

feel colder.

(c) Burning propane gas in O2; this reaction is the

basis for the use of propane as a fuel.

(d) Mixing aqueous solutions of NaOH and HCl

causes the temperature of the solution to

increase.

2.2 What are the standard states of the following

elements at 298K: (a) chlorine; (b) nitrogen;

(c) phosphorus; (d) carbon; (e) bromine; (f ) sodium;

(g) fluorine?

2.3 The standard enthalpy of reaction for the combustion

of 1 mole of Ca is �635kJmol�1. Write a balanced

equation for the process to which this value refers.

Does the reaction give out or absorb heat?

2.4 100.0 cm3 of aqueous hydrochloric acid, HCl

(2.0mol dm�3) were mixed with 100.0 cm3 of

aqueous NaOH (2.0mol dm�3) in a simple,

constant-pressure calorimeter. A temperature rise of

13.9K was recorded. Determine the value of �H for

the reaction in kJ per mole of HCl.

(Cwater ¼ 4:18 JK�1 g�1; density of water ¼
1:00 g cm�3)

2.5 Comment on the fact that the values of �H (quoted

per mole of NaOH) for the following reactions are

all approximately equal:

NaOHðaqÞ þHClðaqÞ ��"NaClðaqÞ þH2OðlÞ
NaOHðaqÞ þHBrðaqÞ ��"NaBrðaqÞ þH2OðlÞ
NaOHðaqÞ þHNO3ðaqÞ ��"NaNO3ðaqÞ þH2OðlÞ

2.6 When 2.3 g of NaI dissolves in 100.0 g of water

contained in a simple, constant-pressure

calorimeter, the temperature of the solution rises by

0.28K. State whether dissolving NaI is an

endothermic or exothermic process. Find the

enthalpy change for the dissolution of 1 mole of

NaI. (Cwater ¼ 4:18 JK�1 g�1)

2.7 The specific heat capacity of copper is

0:385 JK�1 g�1. A lump of copper weighing 25.00 g

is heated to 360.0K. It is then dropped into

100.0 cm3 of water contained in a constant-pressure

calorimeter equipped with a stirrer. If the

temperature of the water is initially 295.0K,

determine the maximum temperature attained after

the copper has been dropped into the water. What

assumptions do you have to make in your

calculation? (Cwater ¼ 4:18 JK�1 g�1; density of

water ¼ 1:00 g cm�3)

2.8 Determine �rH
o(298K) for each of the following

reactions. Data required can be found in

Appendix 11.

(a) H2ðgÞ þ F2ðgÞ ��" 2HFðgÞ
(b) 4NaðsÞ þO2ðgÞ ��" 2Na2OðsÞ
(c) 2Cl2OðgÞ ��" 2Cl2ðgÞ þO2ðgÞ
(d) O2F2ðgÞ ��"O2ðgÞ þ F2ðgÞ
(e) 3H2ðgÞ þ 2AsðgreyÞ ��" 2AsH3ðgÞ
(f ) AsðyellowÞ ��"AsðgreyÞ
(g) 3O2ðgÞ ��" 2O3ðgÞ

2.9 Write a balanced equation for the complete

combustion of octane, C8H18(l). Determine

the value for �cH
o(298K) using data from

Appendix 11.

2.10 Using data from Appendix 11, determine the

standard enthalpy of combustion of propane, C3H8.

2.11 Write a balanced equation for the complete

combustion of one mole of liquid propan-1-ol,

C3H7OH. Use data from Appendix 11 to find the

amount of heat liberated when 3.00 g of propan-1-ol

is fully combusted.

2.12 (a) Sulfur has a number of allotropes. What do you

understand by the term allotrope? Use data in

Appendix 11 to deduce the standard state of sulfur.

(b) Determine �rH
o(298K) for the conversion of

2.56 g of the orthorhombic form of sulfur to the

monoclinic form.

2.13 Using data from Appendix 11, show by use of an

appropriate thermochemical cycle how Hess’s Law

of Constant Heat Summation can be applied to

the change in temperature during the
reaction

. to use values of �fH
o(298 K) to determine

standard enthalpies of reactions including
combustion reactions

. to construct thermochemical cycles for given
situations, and apply Hess’s Law of Constant
Heat Summation to them

. to distinguish between the thermodynamic and
kinetic stability of a compound

. to sketch a heating and a cooling curve for a
substance (e.g. H2O) undergoing solid/liquid/
vapour phase changes

. to explain the origin of the enthalpy changes that
accompany phase changes, and to state if a given
phase change is exothermic or endothermic
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determine the standard enthalpy change (at 298K)

for the reaction:

4LiNO3ðsÞ ��" 2Li2OðsÞ þ 4NO2ðgÞ þO2ðgÞ

Comment on the fact that LiNO3 does not

decompose to Li2O, NO2 and O2 at 298K.

2.14 Determine �rH
o(298K) for each of the following

reactions. For data, see Appendix 11.

(a) SO2ðgÞ þ 1
2
O2ðgÞ ��" SO3ðsÞ

(b) PCl5ðsÞ ��" PCl3ðlÞ þ Cl2ðgÞ
(c) 4FeS2ðsÞ þ 11O2ðgÞ ��" 2Fe2O3ðsÞ þ 8SO2ðgÞ
(d) SF6ðgÞ þ 3H2OðgÞ ��" SO3ðgÞ þ 6HFðgÞ

2.15 Figure 2.3 illustrates a heating curve for H2O. Heat

is supplied at a constant rate in the experiment.

Explain why it takes longer to heat a given mass of

liquid water through 1K than the samemass of solid

ice through 1K.

2.16 Use data in Table 2.2 to determine the following:

(a) the enthalpy change when 1.60 g of liquid Br2
vaporizes;

(b) the change in enthalpy for the solidification of

2.07 g of molten lead;

(c) the enthalpy change for the condensation of

0.36 g of water.

2.17 x g of Cl2 are liquefied at 239K. �H for the process

is �1020 J. Use data from Table 2.2 to find x.

2.18 Using data in Table 2.2, determine the enthalpy

change for each of the following: (a) melting 4.92 g

of gold; (b) liquefying 0.25 moles of N2 gas; (c)

vaporizing 150.0 cm3 of water (density of water

¼ 1:00 g cm�3).

2.19 Determine values of �rH
o(298K) for the following

reactions. For data, see Appendix 11.

(a) 2H2ðgÞ þ COðgÞ ��"CH3OHðlÞ
methanol

(b) CuOðsÞ þH2ðgÞ ��"CuðsÞ þH2OðgÞ
(c) 4NH3ðgÞ þ 3O2ðgÞ ��" 2N2ðgÞ þ 6H2OðlÞ

2.20 Determine values of �cH
o(298K) for (a) the

complete combustion of one mole of butane, C4H10,

and (b) the partial combustion of one mole of butane

in which CO is the only carbon-containing product.

ADDITIONAL PROBLEMS

Data for these problems can be found in Table 2.2

or Appendix 11.

2.21 (a) Under standard conditions, what products will

be formed in the complete combustion of N2H4?

(b) Determine �rH
o(298K) for the decomposition

of 2.5 g of stibane (SbH3) to its constituent

elements.

(c) Find �rH
o(298K) for the following reaction:

BCl3ðlÞ þ 3H2OðlÞ ��"BðOHÞ3ðsÞ þ 3HClðgÞ

2.22 (a) Write an equation that describes the fusion of

silver. Is the process exothermic or endothermic?

(b) Draw out a thermochemical cycle that connects

the following interconversions: red to black

phosphorus, white to red phosphorus, and white

to black phosphorus. Determine �rH
o(298K)

for P4(red) ��" P4(black).

2.23 The conversion of NO2(g) to N2O4(l) is an example

of a dimerization process. Write a balanced equation

for the dimerization of NO2 and determine

�rH
o(298K) per mole of NO2. Does the value you

have calculated indicate that the process is

thermodynamically favourable?

2.24 (a) For crystalline KMnO4,

�fH
oð298KÞ ¼ �837 kJmol�1. Write an

equation that describes the process to which this

value refers.

(b) Cyclohexane, C6H12, is a liquid at 298K;

�cH
oðC6H12; l; 298KÞ ¼ �3920 kJmol�1.

Determine the value of �fH
oðC6H12; l; 298KÞ.

(c) Use your answer to part (b), and the fact that

�fH
oðC6H12; g; 298KÞ ¼ �123 kJmol�1, to

determine �vapH
oðC6H12; 298KÞ. Why does

this value differ from

�vapHðC6H12; bpÞ ¼ 30 kJmol�1?

2.25 (a) Hydrogen peroxide decomposes according to

the equation:

2H2O2ðlÞ ��" 2H2OðlÞ þO2ðgÞ

Determine �rH
o(298K) per mole of H2O2.

(b) Write an equation to represent the formation of

calcium phosphate, Ca3ðPO4Þ2, from its

constituent elements under standard conditions.

(c) Find �rH
o(298K) for the dehydration of

ethanol to give ethene:

C2H5OHðlÞ ��"C2H4ðgÞ þH2OðlÞ

CHEMISTRY IN DAILY USE

2.26 Instant cold compress packs are commonly used in

accident and emergency units, e.g. to relieve

swellings associated with minor injuries. The pack

contains solid ammonium nitrate (NH4NO3) and

water, initially not in contact. To activate the pack,

you must squeeze and shake it, and then place the

sealed plastic pack on the injury. Suggest how the

compress pack works.

2.27 Solutions containing hydrogen peroxide are sold for

cleaning contact lenses. The standard enthalpy of

reaction for the decomposition of H2O2 to
1
2
O2 and

H2O is �99 kJ mol�1. Why is it possible to store

solutions of hydrogen peroxide without fear of

decomposition?
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2.28 Biodiesel fuels may be produced by the reactions of

vegetable oils with methanol in the presence of

NaOH:

The R groups are long hydrocarbon chains.

Soybean is one crop for the production of biodiesel,

and the R groups in soybean-based biodiesel

contain between 14 and 20 C atoms. The three most

abundant R groups are C16H33, C18H33 and C18H35.

(a) Write a balanced equation for the complete

combustion of C18H33CO2Me. (b) Given that

�fH
o(C16H33CO2Me, 298K) = �770 kJ mol�1,

determine �cH
o(298 K) in kJ g�1 for this

component of soybean-based biodiesel. See

Appendix 11 for additional data. (c) A typical value

of �cH
o(298 K) for biodiesel is �37 kJ g�1,

compared with �42 kJ g�1 for diesel fuel derived

from petroleum. The densities of biodiesel and

petroleum diesel are approximately 0.88 and

0.83 g cm�3. Compare the energy content per unit

mass and per unit volume of the two fuels.

(d) Petroleum-based diesel typically contains

0.2% sulfur, whereas the sulfur content of biodiesel

is �0.0001%. Why is this an advantage of the latter

fuel?

2.29 Liquid hydrazine, N2H4, is routinely used as a fuel

for low-thrust satellite propulsion. It decomposes

exothermically according to the equation:

3N2H4(l) ��" 4NH3(g) + N2(g)

Under the catalytic conditions required to initiate

this decomposition, about 40% of the NH3 also

decomposes. (a) If �fH
o(298K) for N2H4(l) and

NH3(g) are þ50.4 and �45.9 kJ mol�1, respectively,

calculate the standard enthalpy change that

accompanies the decomposition of one mole of

hydrazine. (b) Write a balanced equation for the

decomposition of NH3(g) into its constituent

elements, and determine �rH
o(298K). (c) How does

the decomposition of 40% of the NH3 produced in

the reaction:

3N2H4(l) ��" 4NH3(g) + N2(g)

affect the performance of the N2H4 fuel?

2.30 The metabolic rate (i.e. the energy expended) when

a human is cycling at 15 kmh�1 is approximately

1650 kJ h�1. (a) If the heat capacity of the human

body is 3.47 kJ K�1 kg�1, what would be the

temperature rise of the body of a 53 kg woman

cycling for 1 h at 15 kmh�1 if there were no heat

exchange to the surroundings? (b) Given that the

human body must maintain a temperature of

37 � 1 oC, what physiological mechanisms are in

place for the cyclist not to suffer from hyperthermia?

(c) The heat capacity of water and of fat are 4.18 and

1.88 kJ K�1 kg�1, respectively. What effect does

obesity have on the change in body temperature and

the need for the body to control the latter during a

30 min cycle ride at 15 kmh�1? [Data: J. N. Spencer

(1985) J. Chem. Educ., vol. 62, p. 571.]

Problems 85



 

3
Atoms and atomic
structure

3.1 The importance of electrons

We saw in Chapter 1 that chemistry is concerned with atoms and the species

that are formed by their combination. In this chapter, we are concerned with

some details of atomic structure. You will learn about a description of atomic

structure that is pervasive throughout modern chemistry, and we will extend

this description to give an understanding of the structure of multi-atomic ions

and molecules.

Atoms consist of nuclei and electrons. The electrons surround the central

nucleus which is in turn composed of protons and neutrons. Only in the

case of protium (1H) is the nucleus devoid of neutrons.

Most chemistry is concerned with the behaviour of electrons. The behaviour of

nuclei is more properly the realm of the nuclear chemist or physicist. Ions are

formed by the gain or loss of electrons; covalent bonds are formed by the shar-

ing of electrons. The number of electrons in an atom of an element controls

the chemical properties of the element.

Empirical observations led to the grouping together of sets of elements with

similar chemical characteristics and to the construction of the periodic table.

A periodic table is presented inside the front cover of this book.

We now come to the critical question. If the chemical properties of elements

are governed by the electrons of the atoms of the elements, why do elements in

the same group of the periodic table but with different total numbers of elec-

trons behave in a similar manner? This question leads to the concept of elec-

tronic structure and a need to understand the organization of electrons in

atoms.

Topics

Atomic theory

Uncertainty principle

Schrödinger wave

equation

Probability density

Radial distribution

functions

Quantum numbers

Atomic orbitals

Hydrogen-like species

Atomic spectra

Multi-electron atoms

The aufbau principle

Electronic

configurations

Valence electrons

Monatomic gases

Nucleus, proton, electron:
see Section 1.4

"



 

3.2 The classical approach to atomic structure

The road to the present atomic theory has developed from classical mechanics

to quantum mechanics. The transition was associated with a crisis in relating

theory to experimental observations and with fundamental changes in the

understanding of science in the late 19th and early 20th centuries.

The simplest models of atomic structure incorporate no detailed descrip-

tion of the organization of the positively charged nuclei and the negatively

charged electrons. The structure merely involves electrostatic attractions

between oppositely charged particles. A series of experiments established a

model of the atom in which a central positively charged nucleus was

surrounded by negatively charged electrons. Consider the consequences of

having a positively charged nucleus with static electrons held some distance

away. The opposite charges of the electrons and the protons mean that

the electrons will be attracted to the nucleus and will be pulled towards it.

The only forces opposing this will be the electrostatic repulsions between the

similarly charged electrons. This model is therefore not consistent with the

idea that electrons are found in a region of space distant from the nucleus.

This led to attempts to describe the atom in terms of electrons in motion

about a nucleus. In 1911, Ernest Rutherford proposed an atom consisting of

a positively charged nucleus around which electrons move in circular orbits.

In a classical model of such an atom, the electrons obey Newton’s Laws of

Motion (see Box 3.1), and Rutherford’s proposals were flawed because the

electron would be attracted towards the nucleus and would plunge towards

it. The orbits could not be maintained. Additionally, this classical picture

can only describe completely the relative positions and motions of the nucleus

and the electron in the hydrogen atom. In atoms withmore than one electron it

is impossible to solve algebraically the equations describing their motion. Even

for hydrogen, however, the Rutherford description was not able to account for

some experimentally observed spectroscopic properties.

3.3 The Bohr atom – still a classical picture

In 1913, Niels Bohr developed a quantized model for the atom. In the Bohr

atom, electrons move in planetary-like orbits about the nucleus. The basic

assumption that made the Bohr atom different from previous models was

that the energy of an electron in a particular orbit remains constant and that

Atomic spectrum of
hydrogen: see Section 3.16

"

THEORY

Box 3.1 Newton’s Laws of Motion

The First Law

A body continues in its state of rest or of uniform

motion in a straight line unless acted upon by an

external force.

The Second Law

The rate of change of momentum of a body is

proportional to the applied force and takes place in

the direction in which the force acts.

The Third Law

For every action, there is an equal and opposite

reaction.
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only certain energies are allowed. By classical theory, an electron cannot move

in a circular orbit unless there is a force holding it on this path – if there is no

attractive force acting on the electron, it will escape from the orbit (think what

happens if you swing a ball tied on the end of a string in circles and then let go

of the string). Figure 3.1 shows an electron moving with a velocity v in a

THEORY

Box 3.2 Atomic theory as a sequence in history

1801 Young demonstrates the wave properties of

light.

1888 Hertz discovers that radio waves are produced

by accelerated electrical charges; this indicates

that light is electromagnetic radiation.

1897 J. J. Thomson discovers the electron.

1900 Rayleigh and Jeans attempt to calculate the

energy distribution for black-body radiation,

but their equation leads to the ‘ultraviolet cata-

strophe’ (see Box 3.3).

1900 Planck states that electromagnetic radiation is

quantized, i.e. the radiation is emitted or

absorbed only in discrete amounts (E ¼ h�).
1905 Einstein considers that light waves also exhibit

particle-like behaviour; the particles are called

photons and have energies h�. (The name

photon did not appear until 1926.)

1909 Rutherford, Geiger andMarsden show that when

a-particles strike a piece of gold foil, a small

number are deflected (an a-particle is an He2þ

ion). Rutherford suggests that an atom contains

a small positively charged nucleus surrounded

by negatively charged electrons.

1911 Rutherford proposes an atom consisting of a posi-

tively charged nucleus around which the electron

moves in a circular orbit; the model is flawed

because the orbit would collapse as the electron

was attracted towards the nucleus (see Section

3.2).

1913 Bohr proposes a model for the hydrogen atom in

which an electron moves around the nucleus in an

orbit with a discrete energy. Other orbits are possi-

ble, also with discrete energies (see Section 3.3).

1924 de Broglie suggests that all particles, including

electrons, exhibit both particle and wave proper-

ties; this iswave–particle duality (see Section 3.5).

1926 The Schrödinger wave equation is developed (see

Section 3.7).

1927 Davisson and Germer experimentally confirm

de Broglie’s theory.

1927 Heisenberg states that, because of wave–particle

duality, it is impossible to determine simul-

taneously both the position and momentum of

a microscopic particle; this includes an electron.

The statement is the uncertainty principle (see

Section 3.6).

Lord Rayleigh (John William Strutt)

(1842–1919) was awarded the Nobel

Prize in Physics in 1904 ‘for his investiga-

tions of the densities of the most impor-

tant gases and for his discovery of argon

in connection with these studies’.

Prince Louis-Victor Pierre Raymond de

Broglie (1892–1987) was awarded the

Nobel Prize in Physics in 1929 ‘for his

discovery of the wave nature of elec-

trons’.

Ernest Rutherford (1871–1937) was

awarded the Nobel Prize in Chemistry

in 1908 ‘for his investigations into the

disintegration of the elements, and the

chemistry of radioactive substances’.
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circular path about the fixed nucleus. Velocity is a vector quantity and for any

given point in the path of the electron, the velocity will have a direction tangen-

tial to the circle.

In the Bohr atom, the outward force exerted on the electron as it tries to

escape from the circular orbit is exactly balanced by the inward force of

attraction between the negatively charged electron and the positively charged

nucleus. Thus, the electron can remain away from the nucleus. Bohr built

into his atomic model the idea that different orbits were possible and that

the orbits could only be of certain energies. This was a very important

advance in the development of atomic theory. By allowing the electrons to

move only in particular orbits, Bohr had quantized his model. The model

was successful in terms of being consistent with some atomic spectroscopic

observations (see Section 3.16) but the Bohr atom fails for other reasons.

A scalar quantity possesses

magnitude only, e.g. mass.

A vector quantity possesses

both magnitude and

direction, e.g. velocity.

Quantization is the

packaging of a quantity into

units of a discrete size.

Fig. 3.1 The Bohr atom. The
negatively charged electron is
involved in circular motion about
a fixed positively charged
nucleus. There is an attractive
force, but also an outward force
due to the electron trying to
escape from the orbit.

THEORY

Box 3.3 Black-body radiation and the ‘ultraviolet catastrophe’

An ideal black-body absorbs all radiation of all wave-

lengths that falls upon it. When heated, a black-body

emits radiation.

If one applies the laws of classical physics to this situa-

tion (as was done by Rayleigh and Jeans), the results are

rather surprising. One finds that oscillators of very short

wavelength, �, should radiate strongly at room tempera-

ture. The intensity of radiation is predicted to increase

continuously, never passing through a maximum. This

result disagrees with experimental observations which

show a maximum with decreasing intensity to higher or

lower wavelengths. Very short wavelengths correspond

to ultraviolet light, X-rays and �-rays. Hence the term

the ‘ultraviolet catastrophe’.

The situation can only be rectified if one moves

away from classical ideas. This was the approach taken

by Max Planck. He proposed that the electromagnetic

radiation had associated with it only discrete energies.

The all-important equation arising from this is:

E ¼ h�

where E is the energy, � is the frequency and h is the

Planck constant. This equation means that the energy

of the emitted or absorbed electromagnetic radiation

must have an energy which is a multiple of h�.

Remember that frequency, �, and wavelength, �, of
electromagnetic reaction are related by the equation:

c ¼ ��

where c is the speed of light (see Appendix 4).

Max Karl Ernst Ludwig Planck (1858–1947).
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3.4 Quanta

In the preceding paragraphs we have considered the organization of the

electrons in an atom in terms of classical mechanics and of ‘classical’

quantum mechanics. In the late 19th century, an important (historical)

failure of the classical approach was recognized – the so-called ‘ultraviolet

catastrophe’ (see Box 3.3). This failure led Max Planck to develop the idea

of discrete energies for electromagnetic radiation, i.e. the energy is

quantized.

Equation 3.1 gives the relationship between energy E and frequency �. The

proportionality constant is h, the Planck constant (h ¼ 6:626� 10�34 J s).

E ¼ h� ð3:1Þ

3.5 Wave--particle duality

Planck’s model assumed that light was an electromagnetic wave. In 1905,

Albert Einstein proposed that electromagnetic radiation could exhibit

particle-like behaviour. However, it became apparent that while electro-

magnetic radiation possessed some properties that were fully explicable in

terms of classical particles, other properties could only be explained in

terms of waves. These ‘particle-like’ entities became known as photons and

from equation 3.1, we see that each photon of light of a given frequency �

has an energy h�.

Now let us return to the electrons in an atom. In 1924, Louis de Broglie

argued that if radiation could exhibit the properties of both particles and

waves (something that defeats the laws of classical mechanics), then so

too could electrons, and indeed so too could every moving particle. This

phenomenon is known as wave–particle duality.

The de Broglie relationship (equation 3.2) shows that a particle (and

this includes an electron) with momentum mv (m ¼ mass and v ¼ velocity

of the particle) has an associated wave of wavelength �. Thus, equation 3.2

combines the concepts of classical momentum with the idea of wave-like

properties.

� ¼ h

mv
where h ¼ the Planck constant ð3:2Þ

And so, we have begun to move towards quantum (or wave) mechanics and

away from classical mechanics. Let us see what this means for the behaviour

of electrons in atoms.

3.6 The uncertainty principle

For a particle with a relatively large mass, wave properties are unimportant

and the position and motion of the particle can be defined and measured

almost exactly. However, for an electron with a tiny mass, this is not the

case. Treated in a classical sense, an electron can move along a defined

path in the same way that a ball moves when it is thrown. However, once

we give the electron wave-like properties, it becomes impossible to know

E ¼ h�
The units of energy E are

joules (J), of frequency � are
s�1 or Hz, and h is the

Planck constant,

6:626� 10�34 J s.

Albert Einstein (1879–1955).
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exactly both the position and the momentum of the electron at the same

instant in time. This is Heisenberg’s uncertainty principle.

We must now think of the electron in a new and different way and consider

the probability of finding the electron in a given volume of space, rather than

trying to define its exact position and momentum. The probability of finding

an electron at a given point in space is determined from the function  2 where

 is the wavefunction. A wavefunction is a mathematical function which tells

us in detail about the behaviour of an electron-wave.

Now we must look for ways of saying something about values of  and  2,

and this leads us on to the Schrödinger wave equation.

The probability of finding an electron at a given point in space is determined

from the function  2 where  is the wavefunction.

3.7 The Schrödinger wave equation

The equation

One form of the Schrödinger wave equation is shown in equation 3.3.

h ¼ E ð3:3Þ

When first looking at equation 3.3, you might ask: ‘Can one divide through

by  and say thath ¼ E?’ This seems a reasonable question, but in order to

answer it (and the answer is ‘no’), we need to understand what the various

components of equation 3.3 mean.

Look first at the right-hand side of equation 3.3. We have already stated

that  is a wavefunction. E is the total energy associated with the wave-

function  . The left-hand side of equation 3.3 represents a mathematical

operation upon the function  . h is called the Hamiltonian operator

(Box 3.4).

Werner Karl Heisenberg
(1901–1976).

Erwin Schrödinger (1887–1961).

THEORY

Box 3.4 The Hamiltonian operator

Just as the name suggests, a mathematical operator

performs a mathematical operation on a mathematical

function.

Differentiation is one type of mathematical operation

and is reviewed at a basic level in theMathematics Tutor

(on the website accompanying this book; see

www.pearsoned.co.uk/housecroft). For example:
d

dx
instructs you to differentiate a variable with respect to x.

Equation 3.3 introduces the Hamiltonian operator,

h, in the Schrödinger wave equation. The Hamiltonian

operator is a differential operator and takes the form:

� h2

8�2m

�
@2

@x2
þ @2

@y2
þ @2

@z2

�
þ Vðx; y; zÞ

in which
@2

@x2
,
@2

@y2
and

@2

@z2
are partial differentials (see

Box 17.1) and Vðx; y; zÞ is a potential energy term. The

complicated nature of h arises from the need to

describe the position of the electron in three-dimensional

space.
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Eigenvalues and eigenvectors

Equation 3.3 can be expressed more generally as in equation 3.4. The equa-

tion is set up so that, having ‘operated’ on the function (in our case,  ) the

answer comes out in the form of a scalar quantity (in our case, E) multiplied

by the same function (in our case,  ). For such a relationship, the function is

called an eigenfunction and the scalar quantity is called the eigenvalue.

Applied to equation 3.3, this means that  is an eigenfunction and E is an

eigenvalue, while h is the operator.

Operator working on a function ¼ (scalar quantity)� (the original function)

ð3:4Þ

What information is available from the Schrödinger equation?

It is difficult to grasp the physical meaning of the Schrödinger equation.

However, the aim of this discussion is not to study this equation in detail

but merely to illustrate that the equation can be set up for a given system

and can be solved (either exactly or approximately) to give values of  and

hence  2. From the Schrödinger equation, we can find energy values that

are associated with particular wavefunctions. The quantization of the

energies is built into the mathematics of the Schrödinger equation.

A very important point to remember is that the Schrödinger equation

can only be solved exactly for a two-body problem, i.e. for a species that

contains a nucleus and only one electron, e.g. H, Heþ or Li2þ ; these are

all hydrogen-like species.

The wavefunction  is a solution of the Schrödinger equation and

describes the behaviour of an electron in the region in space of the atom

called the atomic orbital. This result can be extended to give information

about a molecular orbital in a molecular species.

An atomic orbital is usually described in terms of three integral quantum

numbers. The principal quantum number, n, is a positive integer with values

lying between limits 1 and1. For most chemical purposes, we are within the

limits of n ¼ 1–7. Two further quantum numbers, l and ml, may be derived

(see Section 3.10) and a combination of these three quantum numbers defines

a unique orbital.

A wavefunction  is a mathematical function that contains detailed information

about the behaviour of an electron (electron-wave).

The region of space defined by such a wavefunction is termed an atomic orbital.

Each atomic orbital may be uniquely defined by a set of three quantum numbers:

n, l and ml .

Radial and angular parts of the wavefunction

So far, we have described the position of the electron by Cartesian coordi-

nates (x; y; z) with the nucleus at (0; 0; 0). It is very often convenient to use

a different coordinate system which separates a radial distance coordinate

(r) from the angular components (� and �) (Figure 3.2). These are called

spherical polar coordinates. We will not be concerned with the mathematical

manipulations used to transform a set of Cartesian coordinates into spherical

One form of the Schrödinger

wave equation is:

h ¼ E 

h is the Hamiltonian

operator, the wavefunction

 is an eigenfunction and

the energy E is an

eigenvalue.

A hydrogen-like species

contains one electron.

Quantum numbers: see
Section 3.10

"
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polar coordinates. However, it is useful to be able to define separate wave-

functions for the radial (r) and angular (�; �) components of  . This is

represented in equation 3.5 where RðrÞ and Að�; �Þ are new radial and

angular wavefunctions respectively.

 Cartesianðx; y; zÞ �  radialðrÞ angularð�; �Þ ¼ RðrÞAð�; �Þ ð3:5Þ

The radial component in equation 3.5 is dependent upon the quantum

numbers n and l, whereas the angular component depends on l and ml.

Hence the components should really be written as Rn;lðrÞ and Al;ml
ð�; �Þ. In

this book we shall simplify these expressions. The notation RðrÞ refers to

the radial part of the wavefunction, and Að�; �Þ refers to the angular part

of the wavefunction. It follows that RðrÞ will give distance information,

whereas Að�; �Þ will give information about shape.

3.8 Probability density

The functions  2, RðrÞ2 and Að�;�Þ2

The function  2§ is proportional to the probability density of the electron at a

point in space. By considering values of  2 at points in the volume of space

about the nucleus, it is possible to define a surface boundary that encloses the

region of space in which the probability of finding the electron is, say, 95%.

By doing this, we are effectively drawing out the boundaries of an atomic

orbital. Remember that  2 may be described in terms of the radial and angular

An atomic wavefunction  
consists of a radial, RðrÞ,
and an angular, Að�; �Þ,
component.

§ Although here we use  2, we ought really to write   � where  � is the complex conjugate of  .
In one dimension (say x), the probability of finding the electron between the limits of x and
(xþ dx) (where dx is an extremely small change in x) is proportional to the function
 ðxÞ �ðxÞ dx. In three dimensions this leads to the use of   � d� in which we are considering
the probability of finding the electron in a volume element d� . Using only the radial part of the
wavefunction, the function becomes RðrÞR�ðrÞ.

Fig. 3.2 Definition of the polar
coordinates ðr; �; �Þ for a point
shown here in red; r is the radial
coordinate and � and � are
angular coordinates. Cartesian
axes (x, y and z) are also shown.
The point at the centre of the
diagram is the origin.
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components RðrÞ2 and Að�; �Þ2. Remember, also, that these boundaries are

only approximations; in principle, all orbitals are infinitely large.

The 1s atomic orbital

The lowest energy solution to the Schrödinger equation for the hydrogen

atom leads to the 1s orbital. The 1s orbital is spherical in shape; it is

spherically symmetric about the nucleus. If we are interested only in the

probability of finding the electron as a function of distance from the nucleus,

we can consider only the radial part of the wavefunction RðrÞ. Values of

RðrÞ2 are largest near to the nucleus and then become smaller on moving

along a radius centred on the nucleus. Since the chance of the electron

being far out from the nucleus is minutely small, we draw the boundary

surface for the orbital so as to enclose 95% of the probability density of

the total wavefunction  2. Figure 3.3 gives a plot of RðrÞ2 against the

distance, r, from the nucleus. The curve for RðrÞ2 approaches zero only as

the radius approaches 1.

Normalization

Wavefunctions are usually normalized to unity. This means that the

probability of finding the electron somewhere in space is taken to be unity,

i.e. 1. In other words, the electron has to be somewhere!

Mathematically, the normalization is represented by equation 3.6. This effec-

tively states that we are integrating ð
Ð
Þ over all space (d�) and that the total

integral of  2 (which is a measure of the probability density) must be unity.§ð
 2 d� ¼ 1 ð3:6Þ

3.9 The radial distribution function, 4�r2RðrÞ2

Another way of representing information about the probability density is to

plot a radial distribution function. The relationship between RðrÞ2 and the

radial distribution function is given in equation 3.7.

Radial distribution function ¼ 4�r2RðrÞ2 ð3:7Þ

Atomic orbitals:
see Section 3.11

"

§ Strictly we should write equation 3.6 as
Ð
  �d� ¼ 1 where  � is the complex conjugate of  .

Fig. 3.3 A plot of RðrÞ2, as a
function of distance, r, from the
atomic nucleus. This plot refers
to the case of a spherically
symmetrical 1s orbital of the
hydrogen atom.
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The advantage of using this new function is that it represents the probability of

finding the electron in a spherical shellof radius r and thickness dr, where ðrþ drÞ
may be defined as ðrþ a small increment of radial distance) (Figure 3.4). Thus,

instead of considering the probability of finding the electron as a function of dis-

tance from the nucleus as illustrated inFigure 3.3,we are nowable to consider the

complete region in space in which the electron resides.

Figure 3.5 shows the radial distribution function for the 1s orbital.

Notice that it is zero at the nucleus; this contrasts with the situation for

RðrÞ2 (Figure 3.3). The difference arises from the dependence of the radial

distribution function upon r; at the nucleus, r is zero, and so 4�r2RðrÞ2
must equal zero.

The radial distribution function is given by the expression 4�r2RðrÞ2. It gives the
probability of finding an electron in a spherical shell of radius r and thickness

dr. The radius r is measured from the nucleus.

3.10 Quantum numbers

In several parts of the preceding discussion, we have mentioned quantum

numbers. Now we look more closely at these important numbers.

As we have seen, the effects of quantization are that only certain electronic

energies, and hence orbital energies, are permitted. Each orbital is described

We return to radial
distribution functions in

Section 3.13

"

Fig. 3.5 The radial distribution
function 4�r2RðrÞ2 for the 1s
atomic orbital of the hydrogen
atom. This function describes the
probability of finding the
electron at a distance r from the
nucleus. The maximum value of
4�r2RðrÞ2 corresponds to the
distance from the nucleus where
there is the maximum probability
of finding the electron.

Fig. 3.4 A view into a spherical
shell of inner radius r (centred on
the nucleus) and thickness dr,
where dr is a very small
increment of the radial distance r.
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by a set of quantum numbers n, l and ml. A fourth quantum number, ms,

gives information about the spin of an electron in an orbital. Every orbital

in an atom has a unique set of three quantum numbers and each electron

in an atom has a unique set of four quantum numbers.

The principal quantum number n

The principal quantum number nmay have any positive integer value between

1 and1. The number n corresponds to the orbital energy level or ‘shell’. For a

particular energy level there may be sub-shells, the number of which is defined

by the quantum number l. For hydrogen-like species, all orbitals with the same

principal quantum number have the same energy. This is not the case for other

species where the sub-shells have different energies.

The orbital quantum number l

The quantum number l is called the orbital quantum number. For a given

value of the principal quantum number, the allowed values of l are positive

integers lying between 0 and ðn� 1Þ. Thus, if n ¼ 3, the permitted values of l

are 0, 1 and 2. Each value of l corresponds to a particular type of atomic

orbital.

Knowing the value of l provides detailed information about the region of

space in which an electron may move. It describes the shape of the orbital.

The value of l also determines the angular momentum of the electron

within the orbital, i.e. its orbital angular momentum (see Box 3.5).

The magnetic quantum number ml

The magnetic quantum number ml relates to the directionality of an orbital

and has values which are integers between þl and �l. If l ¼ 1, the allowed

values of ml are �1, 0 and þ1.

Worked example 3.1 Deriving quantum numbers and what they mean

Derive possible sets of quantum numbers for n ¼ 2, and explain what these sets

of numbers mean.

Let n ¼ 2.

The value of n defines an energy (or principal) level.

Possible values of l lie in the range 0 to ðn� 1Þ.
Therefore, for n ¼ 2, l ¼ 0 and 1.

This means that the n ¼ 2 level gives rise to two sub-levels, one with l ¼ 0

and one with l ¼ 1.

Now determine the possible values of the quantum number ml: values of

ml lie in the range �l . . . 0 . . .þl.
The sub-level l ¼ 0 has associated with it one value of ml :

ml ¼ 0 for l ¼ 0

An atomic orbital is defined

by a unique set of three

quantum numbers (n, l and

ml).

An electron in an atom is

defined by a unique set

of four quantum numbers

(n, l, ml and ms).

Principal quantum number,

n ¼ 1; 2; 3; 4; 5 � � �1

The quantum number l is
also known as the azimuthal

quantum number

Orbital quantum number,

l ¼ 0; 1; 2; 3; 4 . . . ðn� 1Þ.

n ¼ 1 l ¼ 0

n ¼ 2 l ¼ 0; 1

n ¼ 3 l ¼ 0; 1; 2

n ¼ 4 l ¼ 0; 1; 2; 3

Magnetic quantum number

ml ¼ �l, ð�l þ 1Þ, . . . 0,

. . . ðl � 1Þ, l

"
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The sub-level l ¼ 1 has associated with it three values of ml:

ml ¼ �1; 0 or þ1 for l ¼ 1

The possible sets of quantum numbers for n ¼ 2 are:

n l ml

2 0 0

2 1 �1
2 1 0

2 1 þ1

The physical meaning of these sets of quantum numbers is that for the level

n ¼ 2, there will be two types of orbital (because there are two values of l).

For l ¼ 1, there will be three orbitals all of a similar type but with different

directionalities. (Details of the orbitals are given in Section 3.11.)

THEORY

Box 3.5 Angular momentum

Angular momentum ¼Mass�Angular velocity

Angular velocity is the angle, 	, turned through per

second by a particle travelling on a circular path. The

SI units of angular velocity are radians per second.

Consider an electron that is moving in an orbital about

the nucleus. The electron has spin and orbital angular

momenta, both of which are quantized. The orbital

angular momentum is determined by the quantum

number l. The amount of orbital angular momentum

that an electron possesses is given by:

h

2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lðl þ 1Þ

p
where h ¼ Planck constant.

The axis through the nucleus about which the elec-

tron (considered classically) can be thought to rotate

defines the direction of the orbital angular momentum.

This gives rise to a magnetic moment as shown below:

An electron in an s orbital (where l ¼ 0) has no angu-

lar momentum. An electron in a p orbital (where l ¼ 1)

has orbital angular momentum of:

h

2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lðl þ 1Þ

p
¼

ffiffiffi
2
p �

h

2�

�

Remember that momentum is a vector property. There

are (2l þ 1) possible directions for the orbital angular

momentum vector, corresponding to the (2l þ 1) pos-

sible values of ml for a given value of l. Thus, for an

electron in a p orbital (l ¼ 1), there are three possible

directions for the orbital angular momentum vector.

Exercise

For an electron in a d orbital, show that the orbital

angular momentum is
ffiffiffi
6
p �

h

2�

�
and that there are five

possible directions for the orbital angular momentum

vector.
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The spin quantum number s and the magnetic spin quantum
number ms

In a mechanical picture, an electron may be considered to spin about an axis

passing through it and so possesses spin angular momentum in addition to

the orbital angular momentum discussed above. The spin quantum

number s determines the magnitude of the spin angular momentum of an

electron and can only have a value of 1
2
. The magnetic spin quantum

number ms determines the direction of the spin angular momentum of an

electron and has values of þ 1
2 or � 1

2.

An atomic orbital can contain a maximum of two electrons. The two

values of ms correspond to labels for the two electrons that can be accom-

modated in any one orbital. When two electrons occupy the same orbital,

one possesses a value of ms ¼ þ 1
2
and the other ms ¼ � 1

2
. We say that this

corresponds to the two electrons having opposite spins.

Worked example 3.2 Deriving a set of quantum numbers that uniquely defines a particular electron

Derive a set of quantum numbers that describes an electron in an atomic orbital

with n ¼ 1.

First, determine how many orbitals are possible for n ¼ 1.

For n ¼ 1, possible values for l lie between 0 and ðn� 1Þ.
Therefore, for n ¼ 1, only l ¼ 0 is possible.

Now determine possible values of ml.

Possible values of ml lie in the range �l . . . 0 . . .þl.
Therefore for l ¼ 0, the only possible value of ml is 0.

The orbital that has been defined has the quantum numbers:

n ¼ 1; l ¼ 0; ml ¼ 0

This orbital can contain up to two electrons.

Therefore, each electron is uniquely defined by one of the two following

sets of quantum numbers:

n ¼ 1; l ¼ 0; ml ¼ 0; ms ¼ þ 1
2

or

n ¼ 1; l ¼ 0; ml ¼ 0; ms ¼ � 1
2

3.11 Atomic orbitals

Types of atomic orbital

In the previous section we saw that the quantum number l defines a particular

type of atomic orbital. The four types of atomic orbital most commonly

encountered are the s, p, d and f orbitals. A value of l ¼ 0 corresponds to

an s orbital, l ¼ 1 refers to a p orbital, l ¼ 2 refers to a d orbital and l ¼ 3

corresponds to an f orbital. The labels s, p, d and f originate from the words

‘sharp’, ‘principal’, diffuse’ and ‘fundamental’. These originally referred to

the characteristics of the lines observed in the atomic spectrum of hydrogen

An atomic orbital can

contain a maximum of two

electrons.

Magnetic spin quantum

number ms ¼ � 1
2

We return to quantum
numbers in Section 3.18

For an s orbital, l ¼ 0

For a p orbital, l ¼ 1

For a d orbital, l ¼ 2

For an f orbital, l ¼ 3

"
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(see Section 3.16), but are best thought of simply as labels. Further types of

atomic orbital are labelled g ðl ¼ 4Þ, h ðl ¼ 5Þ, etc.
The distinction between different types of atomic orbital comes from their

shapes and symmetries, and the shape of the orbital is governed by the quan-

tum number l.

An s orbital is spherically symmetric about the nucleus and the boundary

surface of the orbital has a constant phase. That is, the amplitude of the

wavefunction associated with the boundary surface of the s orbital is

always either positive or negative (Figure 3.6a).

For a p orbital, there is one phase change with respect to the surface

boundary of the orbital, and this occurs at the so-called nodal plane

(Figure 3.7). Each part of the orbital is called a lobe. The phase of a wave-

function is designated as having either a positive or negative amplitude, or

by shading an appropriate lobe as indicated in Figure 3.6b. A nodal plane

in an orbital corresponds to a node in a transverse wave (Figure 3.8).

The amplitude of the wavefunction associated with an s orbital is either positive

or negative. The surface boundary of an s orbital has no change of phase, and

the orbital has no nodal plane.

The surface boundary of a p orbital has one change of phase, and the orbital

possesses one nodal plane.

The numbers and shapes of orbitals of a given type

For an s orbital, the orbital quantum number, l, is 0. This corresponds to

only one value of ml: l ¼ 0, ml ¼ 0. For a given principal quantum

number, n, there is only one s orbital, and the s orbital is said to be singly

degenerate. The s orbital is spherically symmetric (Figure 3.9).

For a p orbital, the orbital quantum number l has a value of 1. This leads

to three possible values of ml, since, for l ¼ 1, ml ¼ þ1; 0;�1. The physical

Fig. 3.6 Two ways of
representing the phase of a
wavefunction. The examples
shown are (a) a 1s orbital for
which there is no phase change
across the orbital, and (b) a 2p
orbital (here the 2pz) for which
there is one phase change.

Fig. 3.7 The phase change in an
atomic p orbital. In this case, the
orbital is the py orbital and the
nodal plane lies in the xz plane.
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meaning of this statement is that the Schrödinger equation gives three

solutions for p orbitals for a given value of n when n � 2. (Exercise Why

does n have to be greater than 1?) The three solutions are conventionally

drawn as shown in Figure 3.9. The surface boundaries of the three np orbitals

are identical but the orbitals are mutually orthogonal. A set of p orbitals is

said to be triply or three-fold degenerate. By normal convention, one p orbital

points along the x axis and is called the px orbital, while the py and pz orbitals

point along the y and z axes respectively. This, in effect, defines the x, y and

z axes!

For a d orbital, the orbital quantum number l is 2. This leads to five

possible values of ml (for l ¼ 2, ml ¼ þ2;þ1; 0;�1;�2). The Schrödinger

equation gives five real solutions for d orbitals for a given value of n when

Degenerate orbitals possess

the same energy.

The shapes of d orbitals are
described in Section 23.1

"

Fig. 3.9 For a given value of the
principal quantum number n
there is one s orbital. For a given
value of n when n � 2, there
are three p orbitals. The figure
shows ‘cartoon’ diagrams of the
orbitals alongside more realistic
representations generated
using the program Orbital
Viewer (David Manthey,
www.orbitals.com/orb/
index.html).

Fig. 3.8 The definition of a node
in a transverse wave. At a node,
the amplitude of the wave is zero.
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n � 3. (Exercise Whymust n be greater than 2?) A set of d orbitals is said to

be five-fold degenerate.

Sizes of orbitals

Orbitals that have identical values of l and ml (e.g. 2s and 4s, or 2pz and

3pz) possess the same orbital symmetry. A series of orbitals of the same

symmetry but with different values of the principal quantum number (e.g.

1s; 2s; 3s; 4s . . .) differ in their relative sizes (volumes or spatial extent). The

larger the value of n, the larger the orbital. This is shown in Figure 3.10

for a series of ns atomic orbitals. The relationship between n and orbital

size is not linear. The increase in size corresponds to the orbital being

more diffuse. In general, the further the maximum electron density is from

the nucleus, the higher the energy of the orbital.

3.12 Relating orbital types to the principal quantum number

For a given value of the principal quantum number n, an allowed series of

values of l and ml can be determined as described in Section 3.10. It follows

that the number of orbitals and types allowed for a given value of n can there-

fore be determined. We distinguish between orbitals of the same type but

with different principal quantum numbers by writing ns; np; nd . . . orbitals.

Consider the case for n ¼ 1

If n ¼ 1, then l ¼ 0 and ml ¼ 0.

The value of l ¼ 0 corresponds to an s orbital which is singly degenerate.

There is only one allowed value of ml (ml ¼ 0).

Thus, for n ¼ 1, the allowed atomic orbital is the 1s.

Consider the case for n ¼ 2

If n ¼ 2, then l ¼ 1 or 0.

Take each value of l separately.

For l ¼ 0, there is a single s orbital, designated as the 2s orbital.

For l ¼ 1, the allowed values of ml are þ1, 0 and�1, and this corresponds to

a set of three p orbitals.

Thus, for n ¼ 2, the allowed atomic orbitals are the 2s, 2px, 2py and 2pz.

Consider the case for n ¼ 3

If n ¼ 3, then l ¼ 2, 1 or 0.

Take each value of l separately.

For l ¼ 0, there is a single s orbital, designated as the 3s orbital.

For a given value of n, the

total number of atomic

orbitals is n2.

Fig. 3.10 The increase in size of
hydrogen ns atomic orbitals
exemplified for n ¼ 1, 2, 3 and 4.
The 4s orbital ismore diffuse than
the 3s, and this in turn is more
diffuse than the 2s or the 1s
orbitals.
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For l ¼ 1, the allowed values of ml are þ1, 0 and �1, and this corresponds to

a set of three p orbitals.

For l ¼ 2, the allowed values of ml are þ2, þ1, 0, �1 and �2, and this cor-

responds to a set of five d orbitals.

Thus, for n ¼ 3, the allowed atomic orbitals are the 3s, 3px, 3py, 3pz and five

3d orbitals.

3.13 More about radial distribution functions

So far, we have focused on the differences between different types of atomic

orbitals in terms of their different quantum numbers, and have stated that

the shape of an atomic orbital is governed by the quantum number l. For

the specific case of the 1s orbital, we have also considered the radial part

of the wavefunction (Figures 3.3 and 3.5). Now we look at how the radial

distribution function, 4�r2RðrÞ2 (see Section 3.9), varies as a function of r

for atomic orbitals other than the 1s orbital.

First, we consider the 2s orbital. Figure 3.10 showed that the surface bound-

aries of the 1s and 2s orbitals are similar. However, a comparison of the radial

distribution functions for the two orbitals (Figure 3.11) shows these to be

The labels for the five 3d
atomic orbitals are given in

Section 23.1

"

Fig. 3.11 (a) Radial distribution functions, 4�r2RðrÞ2, for the 1s, 2s and 3s atomic orbitals of hydrogen. Compare the number
of radial nodes in these diagrams with the data in Table 3.1. (b) Cutaway views of the 1s, 2s and 3s atomic orbitals showing
the presence of zero, one and two radial nodes, respectively. Orbitals were generated using the program Orbital Viewer
(David Manthey, www.orbitals.com/orb/index.html).

n Atomic orbitals Total number Total number

allowed of orbitals, n2 of electrons

1 one s 1 2

2 one s, three p 4 8

3 one s, three p, five d 9 18
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dissimilar. Whereas the radial distribution function, 4�r2RðrÞ2, for the 1s

orbital has one maximum, that for the 2s orbital has two maxima and the

function falls to zero between them. The point at which 4�r2RðrÞ2 ¼ 0 is

called a radial node. Notice that the value of zero at the radial node is due to

the function RðrÞ equalling zero, and not r ¼ 0 as was true at the nucleus.

As we are dealing with a function containing RðrÞ2, the graph can never have

negative values. The wavefunction RðrÞ can have both positive and negative

amplitudes.

Figure 3.11 also shows the radial distribution function for the 3s orbital.

The number of radial nodes increases on going from the 2s to the 3s orbital.

The trend continues, and thus the 4s and 5s orbitals have three and four

radial nodes respectively. The presence of the radial nodes in s orbitals

with n > 1 means that these orbitals are made up, rather like an onion,

with concentric layers (Figure 3.11b).

Radial distribution functions for the 3s, 3p and 3d orbitals are shown in

Figure 3.12. Patterns in numbers of radial nodes as a function of n and l

are given in Table 3.1.

At a radial node, the radial

distribution function

4�r2RðrÞ2 ¼ 0.

Table 3.1 Number of radial nodes as a function of orbital type and principal quantum
number, n. The pattern continues for n > 4.

n s (l ¼ 0) p (l ¼ 1) d (l ¼ 2) f (l ¼ 3)

1 0

2 1 0

3 2 1 0

4 3 2 1 0

Fig. 3.12 Radial distribution
functions, 4�r2RðrÞ2, for the 3s,
3p and 3d atomic orbitals of
hydrogen. Compare these
diagrams with the data in
Table 3.1.
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3.14 Applying the Schrödinger equation to the hydrogen atom

In this section we look in more detail at the solutions of the Schrödinger

equation relating to the hydrogen atom. This is one of the few systems for

which the Schrödinger equation can be solved exactly. You may think that

this is restrictive, given that there are over 100 elements in addition to vast

numbers of molecules and ions. However, approximations can be made in

order to apply quantum mechanical equations to systems larger than

hydrogen-like systems.

It is not necessary for us to work through the mathematics of solving the

Schrödinger equation. We simply consider the solutions. After all, it is the

results of this equation that a chemist uses.

The wavefunctions

Solving the Schrödinger equation for  gives information that allows the

orbitals for the hydrogen atom to be constructed. Each solution of  is in the

form of a complicated mathematical expression which contains components

that describe the radial part,RðrÞ, and the angular part, Að�; �Þ. Each solution

corresponds to a particular set of n, l and ml quantum numbers.

Some of the solutions for values of  are given in Table 3.2. These will

give you some idea of the mathematical forms taken by solutions of the

Schrödinger equation.

Schrödinger equation:
see equation 3.3

"

Table 3.2 Solutions of the Schrödinger equation for the hydrogen atom that define the 1s,
2s and 2p atomic orbitals. For these forms of the solutions, the distance r from the nucleus
is measured in atomic units.

Atomic

orbital n l ml

Radial part of the

wavefunction, RðrÞ††
Angular part of

wavefunction, Að�;�Þ

1s 1 0 0 2e�r
1

2
ffiffiffi
�
p

2s 2 0 0
1

2
ffiffiffi
2
p ð2� rÞ e�ðr=2Þ 1

2
ffiffiffi
�
p

2px 2 1 þ1 1

2
ffiffiffi
6
p r e�ðr=2Þ

ffiffiffi
3
p
ðsin � cos�Þ
2
ffiffiffi
�
p

2pz 2 1 0
1

2
ffiffiffi
6
p r e�ðr=2Þ

ffiffiffi
3
p
ðcos �Þ
2
ffiffiffi
�
p

2py 2 1 �1 1

2
ffiffiffi
6
p r e�ðr=2Þ

ffiffiffi
3
p
ðsin � sin�Þ
2
ffiffiffi
�
p

yFor the 1s atomic orbitals, the formulaR(r) is actually 2ðZ
a0
Þ3=2e�Zr=a0 , but for the hydrogen atom,

Z ¼ 1 and a0 ¼ 1 atomic unit. Other functions are similarly simplified.
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Energies

The energies for the hydrogen atom that come from the Schrödinger

equation represent energies of orbitals (energy levels) and can be expressed

according to equation 3.8.

E ¼ � k

n2
ð3:8Þ

where: E ¼ energy

n ¼ principal quantum number

k ¼ a constant

The constant k has a value of 1:312� 103 kJmol�1. Thus, we can

determine the energy of the 1s orbital from equation 3.8 by substituting in

a value of n ¼ 1. Similarly for n ¼ 2; 3; 4 . . . . (see end-of-chapter problem 3.9).

Note that, in this case, only one energy solution will be forthcoming from

equation 3.8 for each value of n. This means that for the hydrogen atom,

electrons with a particular principal quantum number n have the same

energy regardless of the l and ml values. Such orbitals are degenerate. For

example, the energy is the same when the single electron of a hydrogen

atom is in a 2s or 2p orbital. Similarly, equal energy states are observed

when the electron is in any of the 3s, 3p and 3d atomic orbitals of the

hydrogen atom. (Note that the electron in the hydrogen atom can only

occupy an orbital other than the 1s orbital when the atom is in an excited

state; see below.)

Figure 3.13 shows a representation of the energy solutions of the

Schrödinger equation for the hydrogen atom. These solutions are peculiar to

the hydrogen atom. The energy levels get closer together as the value of n

increases, and this result is a general one for all other atoms.

Where does the electron reside in the hydrogen atom?

Once the orbitals and their energies have been determined for the hydrogen

atom, the electron can be accommodated in the orbital in which it has the

lowest energy. This corresponds to the ground state for the hydrogen atom

and is the most stable state.

Hence, the single electron in the hydrogen atom resides in the 1s orbital.

This is represented in the notational form 1s1. We say that the ground state

electronic configuration of the hydrogen atom is 1s1.

Other ‘hydrogen-like’ systems include Heþ and Li2þ . Their electronic

configurations are equivalent to that of the H atom, although the nuclear

charges of these ‘hydrogen-like’ systems differ from each other.

The type and occupancy of an atomic orbital are represented in the form:

nsx or npx or ndx, etc:

where n ¼ principal quantum number and x ¼ number of electrons in the

orbital or orbital set.

1s1 means that there is one electron in a 1s atomic orbital.

Fig. 3.13 A schematic (not
to scale) representation of the
energy solutions of the
Schrödinger equation for the
hydrogen atom. The energy levels
between n ¼ 6 and infinity
(the continuum) are not shown.
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Occupying atomic orbitals
with electrons:

see Section 3.18
For clarification of notation,

see Box 3.6

An atom or ion with one

electron is called a

‘hydrogen-like’ species.

An atom or ion with more

than one electron is called a

‘many-electron’ species.

" The electron in hydrogen can be promoted (raised in energy) to an atomic

orbital of higher energy than the 1s orbital. For example, it might occupy

the 2p orbital. Such a state is called an excited state. This process is denoted

2p 3��1s.

Worked example 3.3 Hydrogen-like species

Explain why Li
2þ

is termed a ‘hydrogen-like’ species.

A hydrogen atom has one electron and a ground state electronic

configuration of 1s1.

The atomic number of Li ¼ 3.

Therefore, Li has three electrons.

Li2þ has ð3� 2Þ ¼ 1 electron.

The ground state electronic configuration of Li2þ is therefore 1s1, and this

is the same as that of a hydrogen atom.

3.15 Penetration and shielding

What effects do electrons in an atom have on one another?

So far, we have considered only interactions between a single electron and

the nucleus. As we go from the hydrogen atom to atoms with more than

one electron, it is necessary to consider the effects that the electrons have

on each other.

In Section 3.13 we looked at the radial properties of different atomic

orbitals. Now let us consider what happens when we place electrons into

these orbitals. There are two types of electrostatic interaction at work:

. electrostatic attraction between the nucleus and an electron;

. electrostatic repulsion between electrons.

In the hydrogen-like atom, the 2s and 2p orbitals are degenerate, as are all

orbitals with the same principal quantum number. The electron can only

ever be in one orbital at once. An orbital that is empty is a virtual orbital

and has no physical significance.

Now take the case of an atom containing two electrons with one electron in

each of the 2s and 2p orbitals. In order to get an idea about the regions of

space that these two electrons occupy, we need to consider the radial distri-

bution functions for the two orbitals. These are drawn in Figure 3.14. The

presence of the radial node in the 2s orbital means that there is a region of

space relatively close to the nucleus in which the 2s electron is likely to be

found. In effect, an electron in the 2s orbital will spend more time nearer

to the nucleus than an electron in a 2p orbital. This is described as penetration.

The 2s orbital penetrates more than the 2p orbital.

In the hydrogen atom, with only one electron, the energy is identical

whether the electron is in the 2s or the 2p orbital. The slightly greater average

distance of the electron in the 2s orbital from the nucleus than the 2p orbital

is compensated by the radial node in the 2s orbital.

What happens when we have electrons in both of the 2s and 2p orbitals?

The presence of the radial node in the 2s orbital means that there is a
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region of negative charge (due to the electron in the 2s orbital) between

the nucleus and the average position of the electron in the 2p orbital. The

potential energy of the electron is given by equation 3.9. It is related to

the electrostatic attraction between the positively charged nucleus and the

negatively charged electron.

E / 1

r
ð3:9Þ

where E is the Coulombic (potential) energy and r is the distance

between two point charges

However, the positive charge (of the nucleus) experienced by the electron

in the 2p orbital is ‘diluted’ by the presence of the 2s electron density close to

the nucleus. The 2s electron screens or shields the 2p electron. The nuclear

charge experienced by the electron in the 2p orbital is less than that experi-

enced by the electron in the 2s orbital. Taking into account these effects, it

becomes necessary in many-electron atoms to replace the nuclear charge Z

by the effective nuclear charge Zeff . The value of Zeff for a given atom

varies for different orbitals and depends on how many electrons there are

and in which orbitals they reside. Values of Zeff can be estimated on an

empirical basis using Slater’s rules.§

The 2s orbitals are more penetrating and they shield the 2p orbitals. Elec-

trons in the 2p orbitals experience a lower electrostatic attraction and are

therefore higher in energy (less stabilized) than electrons in 2s orbitals.

Similar arguments place the 3d orbitals higher in energy than the 3p which

in turn are higher than the 3s (Figure 3.15). An extension of this argument

leads to a picture in which all electrons in lower energy orbitals shield

those in higher energy orbitals. For example, in a boron atom ð1s22s22p1Þ,
the 2s electrons are shielded by the 1s pair, whereas the 2p electron is shielded

by both the 1s and 2s electron pairs.

Changes in the energy of an atomic orbital with atomic number

In this section, we briefly consider how the energy of a particular atomic

orbital changes as the atomic number increases. For example, the 2s atomic

orbital is of a different energy in lithium from that in other elements.

The effective nuclear charge,

Zeff , is a measure of the

positive charge experienced

by an electron taking into

account the shielding of the

other electrons.

Fig. 3.14 Radial distribution
functions, 4�r2RðrÞ2, for the 2s
and 2p atomic orbitals of the
hydrogen atom.

§ We shall not elaborate further on Slater’s rules; for further details see: C. E. Housecroft and
A. G. Sharpe (2008) Inorganic Chemistry, 3rd edn, Prentice Hall, Harlow, Chapter 1.
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As atomic number increases, the nuclear charge must increase, and for an

electron in a given ns or np orbital, the effective nuclear charge also increases.

This results in a decrease in atomic orbital energy. The trend is relatively

smooth, although the relationship between ns or np atomic orbital energy

and atomic number is non-linear (Figure 3.16). Although the energies of nd

and nf atomic orbitals generally decrease with increasing atomic number,

the situation is rather complex, and we shall not discuss it further here.§

3.16 The atomic spectrum of hydrogen and selection rules

Spectral lines

When the single electron in the 1s orbital of the hydrogen atom is excited (that

is, it is given energy), it may be promoted to a higher energy state. The new state

is transient and the electron will fall back to a lower energy state, emitting

§ For a detailed discussion see: K. M. Mackay, R. A. Mackay and W. Henderson (2002) An
Introduction toModern Inorganic Chemistry, 6th edn, Nelson Thornes, Cheltenham, Chapter 8.

Fig. 3.15 A schematic (not
to scale) representation of the
energy solutions (for n ¼ 1, 2
and 3) of the Schrödinger
equation for a many-electron
atom.

Fig. 3.16 In crossing the period
from Li to F, the energies of the
2s and 2p atomic orbitals
decrease because the effective
nuclear charge increases.
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energy as it does so. Evidence for the discrete nature of orbital energy levels

comes from an observation of spectral lines in the emission spectrum of

hydrogen (Figure 3.17). The emphasis here is on the fact that single lines are

observed; the emission is not continuous over a range of frequencies. Similar

single frequencies are also observed in the absorption spectrum.

Some of the electronic transitions which give rise to frequencies observed

in the emission spectrum of atomic hydrogen are shown in Figure 3.18.

Notice that some transitions are not allowed. The selection rules given in

equations 3.10 and 3.11 must be obeyed.

In equation 3.10, �n is the change in the value of the principal quantum

number n, and this selection rule means that there is no restriction on

transitions between different principal quantum levels. In equation 3.11,

�l is a change in the value of the orbital quantum number l and this selection

rule places a restriction on this transition: l can change by only one unit.

Equation 3.11 is known as the Laporte selection rule, and corresponds to a

change of angular momentum by one unit.

�n ¼ 0;�1;�2;�3;�4 . . . ð3:10Þ
�l ¼ þ1 or �1 Laporte selection rule ð3:11Þ

Basic selection rules for electronic spectra:

�n ¼ 0;�1;�2;�3;�4 . . .

�l ¼ þ1 or �1 Laporte selection rule

For example, a transition from a level with n ¼ 3 to one with n ¼ 2 is only

allowed if, at the same time, there is a change in l of �1. In terms of

atomic orbitals this corresponds to a transition from the 3p��" 2s or

3d ��" 2p orbitals but not 3s��" 2s or 3d ��" 2s (see Box 3.6 for notation).

The latter are disallowed because they do not obey equation 3.11;

Selection rules tell us
which spectroscopic

transitions are allowed:
see also Section 12.3

"

Fig. 3.17 A schematic representation of part of the emission spectrum of hydrogen showing the Lyman, Balmer and Paschen
series of emission lines. The photograph shows the predominant lines in the observed, visible part of the spectrum of hydrogen
which appear at 656 (red), 486 (pale blue) and 434 nm (blue). Other, less intense lines are not visible in this photograph.
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�l values for each of these last transitions are 0 and 2 respectively. In the

hydrogen atom, atomic levels with the same value of n are degenerate and

so a transition in which �n ¼ 0 (say, 2p��" 2s) does not give rise to a

change in energy, and cannot give rise to an observed spectral line.

Degenerate energy levels in
the H atom: see Section 3.14

"

THEORY

Box 3.6 Absorption and emission spectra

The ground state of an atom (or other species) is

one in which the electrons are in the lowest energy

arrangement.

When an atom (or other species) absorbs electro-

magnetic radiation, discrete electronic transitions occur

and an absorption spectrum is observed.

When energy is provided (e.g. as heat or light) one

or more electrons in an atom or other species may be

promoted from its ground state level to a higher

energy state. This excited state is transient and the

electron falls back to the ground state. An emission

spectrum is thereby produced (see Figure 3.17).

Absorption and emission transitions can be distin-

guished by using the following notation:

Emission: (high energy level) ��" (low energy level)

Absorption: (high energy level) 3�� (low energy level)

Spectral lines in both absorption and emission spectra

may be designated in terms of frequency �:

Two useful relationships are: E ¼ h� and � ¼ c

�
where E ¼ energy, � ¼ frequency, � ¼ wavelength,

c ¼ speed of light and h ¼ Planck constant.

Fig. 3.18 Some of the allowed
transitions that make up the
Lyman (shown in blue) and
Balmer (shown in pink) series in
the emission spectrum of atomic
hydrogen. The selection rules in
equations 3.10 and 3.11 must be
obeyed.
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The lines in the emission spectrum of atomic hydrogen fall into several dis-

crete series, two of which are illustrated (in part) in Figure 3.18. The series are

defined in Table 3.3. The relative energies of the transitions mean that each set

of spectral lines appears in a different part of the electromagnetic spectrum (see

Appendix 4). The Lyman series with lines of type n’��" 1 (2��" 1;

3��" 1; 4��" 1 . . .) contains energy transitions that correspond to frequencies

in the ultraviolet region. The Balmer series with lines of type n’��" 2

(3��" 2; 4��" 2; 5��" 2 . . .) contains transitions that correspond to frequen-

cies in the visible region. Of course, in the hydrogen atom, the nd, np and ns

orbitals possess the same energy and the transitions np��" ðn� 1Þs and

nd ��" ðn� 1Þp occur at the same frequency for the same value of n.

The Rydberg equation

The frequencies of the lines arising from n’��" n transitions where n’ > n in

the Lyman, Balmer, Paschen and other series obey the general equation 3.12.

� ¼ R

�
1

n2
� 1

n’2

�
ð3:12Þ

where: � ¼ frequency in Hz (Hz ¼ s�1)
R ¼ Rydberg constant for hydrogen ¼ 3:289� 1015 Hz

The frequencies of lines in the atomic spectrum of hydrogen can be calculated

using equation 3.12. However, their positions in the spectrum are often

quoted in terms of wavenumbers instead of frequencies. Wavenumber is

the reciprocal of wavelength (equation 3.13) and the units are ‘reciprocal

metres’ (m�1), although ‘reciprocal centimetres’ (cm�1) are often more

convenient. The relationship between wavenumber (��) and frequency (�)

follows from the equation relating frequency, wavelength and the speed of

light (c ¼ 2:998� 1010 cm s�1) as shown in equation 3.13.

Wavenumber ð�� in cm�1Þ ¼ 1

Wavelength ð� in cmÞ

c ¼ �� � ¼ c

�
�� ðin cm�1Þ ¼ 1

�
¼ � ðin s�1Þ

c ðin cm s�1Þ

9>>>=
>>>;

ð3:13Þ

We return to the relationships between frequency, wavelength, wave-

number and energy in Chapter 11, but for now we note that equation 3.12

R is used for the Rydberg
constant and for the molar

gas constant, but the context
of its use should be clear

"

Table 3.3 Series of lines observed in the emission spectrum of the hydrogen atom.

Name of series n’��" n Region in which transitions are observed

Lyman 2��" 1, 3��" 1, 4��" 1, etc. Ultraviolet

Balmer 3��" 2, 4��" 2, 5��" 2, etc. Visible

Paschen 4��" 3, 5��" 3, 6��" 3, etc. Infrared

Brackett 5��" 4, 6��" 4, 7��" 4, etc. Far infrared

Pfund 6��" 5, 7��" 5, 8��" 5, etc. Far infrared
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may be written in the form of equation 3.14 in which the units of the Rydberg

constant are cm�1.

�� ¼ 1

�
¼ R

�
1

n2
� 1

n’2

�
ð3:14Þ

where: �� ¼ wavenumber in cm�1

R ¼ Rydberg constant for hydrogen ¼ 1:097� 105 cm
�1

Worked example 3.4 The Rydberg equation

Determine the frequency of the 7��" 3 transition in the Paschen series in the

emission spectrum of atomic hydrogen.

The notation 7��" 3 refers to n’ ¼ 7 and n ¼ 3. Use the Rydberg equation

in the form:

� ¼ R

�
1

n2
� 1

n’2

�
where R ¼ 3:289� 1015 Hz

�¼ð3:289�1015Þ
�
1

32
� 1

72

�
¼ð3:289�1015Þ

�
1

9
� 1

49

�
¼ 2:983�1014Hz

Determining the ionization energy of hydrogen

The Lyman series of spectral lines is of particular significance because it may

be used to determine the ionization energy of hydrogen. This is the energy

required to remove the 1s electron completely from the atom. The frequencies

of lines in the Lyman series give values of n corresponding to the spectral

transitions n’��" n ¼ 2��" 1; 3��" 1; 4��" 1. The series can be extrapolated

to find a value of � corresponding to the transition 1��" 1. The method is

shown in worked example 3.5.

The first ionization energy of an atom is the energy required to completely

remove the most easily separated electron from the atom in the gaseous state.

For an atom X, it is defined for the process:

XðgÞ ��"XþðgÞ þ e�

Worked example 3.5 Determination of the ionization energy of hydrogen

The frequencies of some of the spectral lines in the Lyman series of atomic

hydrogen are 2.466, 2.923, 3.083, 3.157, 3.197, 3.221 and 3:237� 10
15
Hz.

Using these data, calculate the ionization energy of atomic hydrogen.

The data correspond to spectral transitions, �. The aim of the question is

to find the ionization energy of atomic hydrogen and this is associated with

a value of � for the transition n’��" n ¼ 1��" 1.

The relationship
between energy and
frequency is: E ¼ h�

"
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The level n’ ¼ 1 (the continuum, see Figure 3.13) corresponds to the elec-

tron being completely removed from the atom. As we approach the level

n ¼ 1, differences between successive energy levels become progressively

smaller until, at the continuum, the difference between levels is zero. At

this point, the energy of the electron is independent of the nucleus and it

is no longer quantized. Spectral transitions to the level n ¼ 1 from levels

approaching n ¼ 1 will have virtually identical energies.

In order to determine the ionization energy of the hydrogen atom, we need

first to find the point at which the difference in energies between successive

spectral transitions approaches zero. This corresponds to the convergence

limit of the frequencies.

First, calculate the differences, ��, between successive values of � for the

data given. These are:

ð2:923� 2:466Þ � 1015 ¼ 0:457� 1015 Hz

ð3:083� 2:923Þ � 1015 ¼ 0:160� 1015 Hz

ð3:157� 3:083Þ � 1015 ¼ 0:074� 1015 Hz

ð3:197� 3:157Þ � 1015 ¼ 0:040� 1015 Hz

ð3:221� 3:197Þ � 1015 ¼ 0:024� 1015 Hz

ð3:237� 3:221Þ � 1015 ¼ 0:016� 1015 Hz

Now, plot these differences against either the higher or the lower value

of ��. Here we use the lower values, and the curve is shown below.

The curve converges at a value of � ¼ 3:275� 1015 Hz. Therefore, the

value of E which corresponds to this value of � is:

E ¼ h� ¼ ð6:626� 10�34 J sÞ � ð3:275� 1015 s�1Þ
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But this value is per atom.

The ionization energy should be given in units of energy per mole, which

means we need to multiply by the Avogadro number (the number of atoms

per mole).

Ionization energy of hydrogen

¼ ð6:626� 10�34 J sÞ � ð3:275� 1015 s�1Þ � ð6:022� 1023 mol�1Þ

¼ 1:307� 106 Jmol�1

¼ 1307 kJmol�1

Bohr’s theory of the spectrum of atomic hydrogen

In Section 3.3, we introduced the Bohr model of the atom. The model is

quantized, and for the hydrogen atom, the electron can be in one of an infi-

nite number of circular orbits. Lines in the emission or absorption spectrum

of atomic hydrogen then arise as energy is emitted or absorbed when the elec-

tron moves from one orbit to another. The orbits can be considered to be

energy levels having principal quantum numbers n1; n2; . . . and energies

E1;E2 . . . . The change in energy, �E, when the electron changes orbit is

given by equation 3.15.

�E ¼ E2 � E1 ¼ h� ð3:15Þ

where: h ¼ Planck constant ¼ 6:626� 10�34 J s
� ¼ frequency (in Hz ¼ s�1) of the transition

The radius, rn, of each allowed orbit in the Bohr atom is given by equation

3.16. The equation arises from a consideration of the centrifugal force

acting on the electron as it moves on a circular path.

rn ¼
"0h

2n2

pmee
2

ð3:16Þ

where: "0 ¼ permittivity of a vacuum ¼ 8:854� 10�12 Fm�1

h ¼ Planck constant ¼ 6:626� 10�34 J s
n ¼ 1; 2; 3 . . . describing a given orbit

me ¼ electron rest mass ¼ 9:109� 10�31 kg
e ¼ charge on an electron ¼ 1:602� 10�19 C

For the first orbit, n ¼ 1, and an evaluation of equation 3.16 for n ¼ 1 gives a

radius of 5:292� 10�11 m (52.92 pm). This is called the Bohr radius of the

hydrogen atom and has the symbol a0. This corresponds to the maximum

probability in Figure 3.5.

3.17 Many-electron atoms

We have already seen that a neutral atom with more than one electron is

called a many-electron atom and, clearly, all but the hydrogen atom fall

into this category. As we have seen, the electrostatic repulsion between

electrons in a many-electron atom has to be considered, and solving the
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Schrödinger equation exactly for such atoms is impossible. Various approx-

imations have to be made in attempting to generate solutions of E and  for a

many-electron atom, and for atoms, at least, numerical solutions of high

accuracy are possible.

We shall not delve into this problem further, except to stress the important

result from Section 3.15. The effects of penetration and shieldingmean that in

all atoms with more than one electron, orbitals with the same value of n but

different values of l possess different energies (see Figure 3.15).

3.18 The aufbau principle

The word ‘aufbau’ is German and means ‘building up’. The aufbau principle

provides a set of rules for determining the ground state electronic structure of

atoms. We are concerned for the moment only with the occupancies of

atomic (rather than molecular) orbitals.

The aufbau principle is used in conjunction with two other principles –

Hund’s rule and the Pauli exclusion principle. It can be summarized as follows.

. Orbitals are filled in order of energy with the lowest energy orbitals being

filled first.

. If there is a set of degenerate orbitals, pairing of electrons in an orbital

cannot begin until each orbital in the set contains one electron. Electrons

singly occupying orbitals in a degenerate set have the same ( parallel)

spins. This is Hund’s rule.

. No two electrons in an atom can have exactly the same set of n, l, ml and

ms quantum numbers. This is the Pauli exclusion principle. This means

that each orbital can accommodate a maximum of two electrons with

different ms values (different spins).

The first of the above statements needs no further clarification. The second

statement can be exemplified by considering two electrons occupying a

degenerate set of p orbitals. Electrons may be represented by arrows, the

orientation of which indicates the direction of spin (ms ¼ þ 1
2
or � 1

2
).

Figure 3.19a shows the correct way to arrange the two electrons in the

ground state according to Hund’s rule. The other possibilities shown in

Figures 3.19b and 3.19c are disallowed by Hund’s rule (although they

represent excited states of the atom).

The Pauli exclusion principle prevents two electrons with the same spins

from entering a single orbital. If they were to do so, they would have the

same set of four quantum numbers. In Figure 3.20, the allowed and disallowed

arrangements of electrons in a 1s orbital are depicted.

Degenerate = same energy

Wolfgang Pauli (1900–1958).

"

Fig. 3.19 Hund’s rule: two
electrons in a degenerate set of p
orbitals must, in the ground state,
be in separate orbitals and have
parallel (the same) spins.
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The Pauli exclusion principle states that no two electrons in an atom can have

the same set of n, l, ml and ms quantum numbers.

This means that every electron in an atom is uniquely defined by its set of four

quantum numbers.

Hund’s rule states that when filling a degenerate set of orbitals in the ground

state, pairing of electrons cannot begin until each orbital in the set contains

one electron. Electrons singly occupying orbitals in a degenerate set have

parallel spins.

The aufbau principle is a set of rules that must be followed when placing

electrons in atomic or molecular orbitals to obtain ground state electronic

configurations. The aufbau principle combines Hund’s rules and the Pauli

exclusion principle with the following additional facts:

. Orbitals are filled in order of increasing energy.

. An orbital is fully occupied when it contains two electrons.

Worked example 3.6 Using the aufbau principle

Determine the arrangement of the electrons in an atom of nitrogen in its ground

state.

The atomic number of nitrogen is 7, and there are seven electrons to be

considered.

The lowest energy orbital is the 1s (n ¼ 1; l ¼ 0; ml ¼ 0).

The maximum occupancy of the 1s orbital is two electrons.

The next lowest energy orbital is the 2s (n ¼ 2; l ¼ 0; ml ¼ 0).

The maximum occupancy of the 2s orbital is two electrons.

The next lowest energy orbitals are the three making up the degenerate set

of 2p orbitals (n ¼ 2; l ¼ 1, ml ¼ þ1; 0;�1).
The maximum occupancy of the 2p orbitals is six electrons, but only three

remain to be accommodated (seven electrons in total for the nitrogen

atom; four in the 1s and 2s orbitals).

The three electrons will occupy the 2p orbitals so as to obey Hund’s rule.

Each electron enters a separate orbital and the three electrons have parallel

spins.

Fig. 3.20 The Pauli exclusion
principle: two electrons
occupying a 1s atomic orbital can
only have non-identical sets of
the four quantum numbers n, l,
ml and ms if their spins are
different.
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The arrangement of electrons in a nitrogen atom in its ground state is

represented by:

3.19 Electronic configurations

Ground state electronic configurations

The aufbau principle provides us with a method of predicting the order of fill-

ing atomic orbitals with electrons and gives us the ground state arrangement

of the electrons – the ground state electronic configuration – of an atom. The

result may be represented as in Figure 3.21 for the arrangement of electrons

in the ground state of a carbon atom (Z ¼ 6).

Another way to present the electronic configuration is given below. For the

hydrogenatom,we saw inSection3.14 that theoccupancyof the1satomicorbital

bya single electron couldbe indicatedby thenotation1s1.This canbeextended to

give the electronic configurationof anyatom.Thus, for carbon, the configuration

shown in Figure 3.21 can be written as 1s22s22p2. Similarly, for helium and

lithium (Figure 3.22) the configurations are 1s2 and 1s22s1 respectively.

The order of occupying atomic orbitals in the ground state of an atom

usually follows the sequence (lowest energy first):

1s < 2s < 2p < 3s < 3p < 4s < 3d < 4p < 5s < 4d < 5p < 6s < 5d

	 4f < 6p < 7s < 6d 	 5f

We emphasize that this series may vary for some atoms because the energy

of electrons in orbitals is affected by the nuclear charge, the presence of

The ground state electronic

configuration of an atom is

its lowest energy state.

Z ¼ atomic number

"

Fig. 3.21 The arrangement of
electrons in the atomic orbitals of
carbon in the ground state.
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other electrons in the same orbital or in the same sub-level, and the

overall charge. We shall mention this point again when we look at aspects

of d-block metal chemistry in Chapter 23.

By combining the sequence of orbitals shown in the margin with the rules

stated in the aufbau principle, we can write down the ground state electronic

configurations of most atoms. Those for elements with atomic numbers 1 to

20 are given in Table 3.4. As we progress down the table, there is clearly a

repetition corresponding to the lowest energy electrons which occupy filled

quantum levels. Thus, an abbreviated form of the electronic configuration

can be used. Here, only electrons entering new quantum levels (new values

of n) are emphasized, and the inner levels are indicated by the previous

group 18 element (He, Ne or Ar). You should note the relationship between

the pattern of repetition of the electronic configurations and the positions of

the elements in the periodic table (given inside the front cover of the book).

We return to these relationships in Section 3.20.

For the time being we shall leave ground state electronic configurations for

elements with atomic number >20. This is the point at which the sequence of

orbitals given above begins to become less reliable.

Valence and core electrons

Wenow introduce the terms valence electronic configurationand valence electron

which are commonly used and have significant implication. The valence elec-

trons of an atom are those in the outer (highest energy) quantum levels and it

is these electrons that are primarily responsible for determining the chemistry

of an element. Consider sodium (Z ¼ 11) – the ground electronic configuration

is 1s22s22p63s1. The principal quantum shells with n ¼ 1 and 2 are fully occu-

pied and electrons in these shells are referred to as core electrons. Sodium has

one valence electron (the 3s electron) and the chemistry of sodium reflects this.

Worked example 3.7 Determining a ground state electronic configuration

Determine the ground state electronic configuration for sodium (Z ¼ 11).

There are 11 electrons to be accommodated.

The sequence of atomic orbitals to be filled is 1s < 2s < 2p < 3s.

The maximum occupancy of an s level is two electrons.

The maximum occupancy of the p level is six electrons.

Therefore the ground state electronic configuration for sodium is:

1s22s22p63s1 or ½Ne
3s1

The usual ordering (lowest

energy first) of atomic

orbitals is:

1s < 2s < 2p < 3s < 3p <

4s< 3d < 4p< 5s< 4d <

5p < 6s < 5d 	 4f < 6p <

7s < 6d 	 5f

Fig. 3.22 The arrangement of
electrons in the atomic orbitals of
helium and lithium in the ground
state.
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Worked example 3.8 Core and valence electrons

The atomic number of phosphorus is 15. How many core electrons and valence

electrons does a phosphorus atom possess? What is its valence electronic

configuration in the ground state?

An atom of phosphorus (Z ¼ 15) has a total of 15 electrons.

In the ground state, the electronic configuration is 1s22s22p63s23p3.

The core electrons are those in the 1s, 2s and 2p orbitals: a phosphorus

atom has 10 core electrons.

The valence electrons are those in the 3s and 3p orbitals: a phosphorus

atom has five valence electrons.

The valence electronic configuration in the ground state is 3s23p3.

Table 3.4 Ground state electronic configurations for the first 20 elements.

Atomic

number

Element

symbol

Electronic

configuration

Shortened form of the notation for

the electronic configuration

1 H 1s1 1s1

2 He 1s2 1s2 ¼ [He]

3 Li 1s22s1 [He]2s1

4 Be 1s22s2 [He]2s2

5 B 1s22s22p1 [He]2s22p1

6 C 1s22s22p2 [He]2s22p2

7 N 1s22s22p3 [He]2s22p3

8 O 1s22s22p4 [He]2s22p4

9 F 1s22s22p5 [He]2s22p5

10 Ne 1s22s22p6 [He]2s22p6 ¼ [Ne]

11 Na 1s22s22p63s1 [Ne]3s1

12 Mg 1s22s22p63s2 [Ne]3s2

13 Al 1s22s22p63s23p1 [Ne]3s23p1

14 Si 1s22s22p63s23p2 [Ne]3s23p2

15 P 1s22s22p63s23p3 [Ne]3s23p3

16 S 1s22s22p63s23p4 [Ne]3s23p4

17 Cl 1s22s22p63s23p5 [Ne]3s23p5

18 Ar 1s22s22p63s23p6 [Ne]3s23p6 ¼ [Ar]

19 K 1s22s22p63s23p64s1 [Ar]4s1

20 Ca 1s22s22p63s23p64s2 [Ar]4s2
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3.20 The octet rule

Inspection of the ground state electronic configurations listed in Table 3.4

shows a clear pattern, which is emphasized in the right-hand column of the

table. This notation makes use of filled principal quantum shells as ‘building

blocks’ within the ground state configurations of later elements. This trend is

one of periodicity – repetition of the configurations of the outer electrons but

for a different value of the principal quantum number.

We see a repetition of the sequences nsð1 to 2Þ and ns2npð1 to 6Þ. The total

number of electrons that can be accommodated in orbitals with n ¼ 1 is

only two, but for n ¼ 2 this number increases to eight (i.e. 2s22p6). The

number eight is also a feature of the total number of electrons needed to

completely fill the 3s and 3p orbitals. This is the basis of the octet rule. As

the name§ suggests, the octet rule has its origins in the observation that

atoms of the s- and p-blocks have a tendency to lose, gain or share electrons

in order to end up with eight electrons in their outer shell.

The ground state electronic configurationof fluorine is [He]2s22p5. This is one

electron short of the completed configuration [He]2s22p6. Fluorine readily gains

an electron to form the fluoride ion F�, the ground state configuration of which
is [He]2s22p6. An atom of nitrogen ([He]2s22p3) requires three electrons to give

the [He]2s22p6 configuration and N3� may be formed. On the other hand, a

carbon atom ([He]2s22p2) would have to form the C4� ion in order to achieve

the [He]2s22p6 configuration and this is energetically unfavourable. The answer

here is for the carbon atom to share four electrons with other atoms, thereby

completing its octet without the need for ion formation.

Despite its successes, the concept of the octet rule is rather limited. We can

apply it satisfactorily to the principal quantum shell with n ¼ 2. Here the

quantum shell is fully occupied when it contains eight electrons. But there

are exceptions even here: the elements lithium and beryllium which have

outer 2s electrons (see Table 3.4) tend to lose electrons so as to possess

helium-like (1s2) ground state electronic configurations, and molecules

such as BF3 with six electrons in the valence shell are stable.

What about the principal quantum shell with n ¼ 3? Here, Na and Mg

(Table 3.4) tend to lose electrons to possess a neon-like configuration and in

doing so they obey the octet rule. Aluminiumwith a ground state configuration

of [Ne]3s23p1 may lose three electrons to becomeAl3þ (i.e. neon-like) or it may

participate in bond formation so as to achieve an octet through sharing

electrons. Care is needed though! Aluminium also forms compounds in

which it does not formally obey the octet rule, for example AlCl3 in which Al

has six electrons in its valence shell. Atoms of elements with ground state

configurations between [Ne]3s23p2 and [Ne]3s23p6 may also share or gain elec-

trons to achieve octets, but there is a complication. For n � 3, elements in the

later groups of the periodic table form compounds in which the octet of elec-

trons appears to be ‘expanded’. For example, phosphorus forms PCl5 in

which P is in oxidation state þ5 and the P atom appears to have 10 electrons

in its valence shell. We discuss the bonding in such compounds in Section 7.3.

The octet rule is very important, and the idea can be extended to an

18-electron rule which takes into account the filling of ns, np and nd

sub-levels. We return to the 18-electron rule in Chapter 23.

An atom is obeying the octet

rule when it gains, loses or

shares electrons to give an

outer shell containing eight

electrons with the

configuration ns2np6.

Formation of ions:
see Chapter 8

Aluminium halides:
see Section 22.4

"

"

§ The word ‘octet’ is derived from the Latin ‘octo’ meaning eight.
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Worked example 3.9 The octet rule

Suggest why fluorine forms only the fluoride F2 (i.e. molecular difluorine), but

oxygen can form a difluoride OF2. (For F, Z ¼ 9; for O, Z ¼ 8.)

First, write down the ground state electronic configurations of F and

O:

F 1s22s22p5

O 1s22s22p4

An F atom can achieve an octet of electrons by sharing one electron with

another F atom. In this way, the principal quantum level for n ¼ 2 is

completed.

Oxygen can complete an octet of outer electrons by sharing two electrons

with 2 F atoms in the molecule OF2. The octet of each F atom is also

completed by each sharing one electron with the O atom.

3.21 Monatomic gases

The noble gases

In looking at ground state electronic configurations, we saw that configur-

ations with filled principal quantum shells appeared as ‘building blocks’

within the ground state configurations of heavier elements. The elements

that possess these filled principal quantum shells all belong to one group in

the periodic table – group 18. These are the so-called noble gases.§

The ground state electronic configurations of the noble gases are given in

Table 3.5. Note that each configuration (except that for helium) contains

an ns2np6 configuration for the highest value of n – for example, the

configuration for argon ends 3s23p6. The ns2np6 configuration is often referred

§ Although ‘inert gas’ is commonly used, ‘noble gas’ is the IUPAC recommendation; see
Section 1.10.

Table 3.5 Ground state electronic configurations of the noble gases.

Noble

gas

Symbol Atomic

number

Ground state electronic configuration

Helium He 2 1s2

Neon Ne 10 1s22s22p6

Argon Ar 18 1s22s22p63s23p6

Krypton Kr 36 1s22s22p63s23p64s23d104p6

Xenon Xe 54 1s22s22p63s23p64s23d104p65s24d105p6

Radon Rn 86 1s22s22p63s23p64s23d104p65s24d105p66s24f 145d106p6
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to as an ‘inert (noble) gas configuration’. Do not worry that the heaviest

elements possess filled d and f shells in addition to filled s and p orbitals.

The fact that each noble gas has a filled outer np shell (He is the exception)

means that the group 18 elements exist in the elemental state as monatomic

species – there is no driving force for bond formation between atoms.

Forces between atoms

The noble gases (with the exception of helium, see Table 3.6) solidify only at

low temperatures. The melting points of neon and argon are 24.5K and 84K

respectively. These low values indicate that the interatomic forces in the solid

state are very weak indeed and are easily overcome when the solid changes

into a liquid. The very narrow range of temperatures over which the group

18 elements are in the liquid state is significant. The net interatomic forces

in the liquid state are extremely weak and the ease with which vaporization

occurs is apparent from the very low values of the enthalpy changes for this

process (Table 3.6).

What are the nature and form of the forces between atoms? Let us consider

two atoms of argon. Each is spherical with a central positively charged

nucleus surrounded by negatively charged electrons. At large separations,

there will only be very small interactions between the atoms. However, as

two argon atoms come closer together, the electron clouds begin to repel

each other. At very short internuclear distances, there will be strong repulsive

forces as a result of electron–electron repulsions. A good mathematical

approximation of the repulsive force shows that it depends on the

internuclear distance d as stated in equation 3.17. The potential energy is

related to the force and varies according to equation 3.18. This repulsive

potential (defined with a positive energy) between two argon atoms is

shown by the red curve in Figure 3.23.

Repulsive force between atoms / 1

d13
ð3:17Þ

Potential energy due to repulsion between atoms / 1

d12
ð3:18Þ

Interatomic interactions:
see Section 2.10

�vapH: see Section 2.9

"

"

Table 3.6 Some physical properties of the noble gases.

Element Melting

point / K

Boiling

point / K

�fusH /

kJmol
�1

�vapH /

kJmol
�1

Van der

Waals

radius

(rv) / pm

First

ionization

energy /

kJmol
�1

Helium –a 4.2 – 0.1 99 2372

Neon 24.5 27 0.3 2 160 2081

Argon 84 87 1.1 6.5 191 1521

Krypton 116 120 1.4 9 197 1351

Xenon 161 165 1.8 13 214 1170

Radon 202 211 – 18 – 1037

a Helium cannot be solidified under any conditions of temperature and pressure.
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If this repulsive force were the only one operative in the system, then elements

such as the noble gases would never form a solid lattice. We need to recognize

that there is an attractive force between the atoms that opposes the electronic

repulsion.

We may envisage this attractive force as arising in the following way.

Within the argon atom, the positions of the nucleus and the electrons are

not fixed. At any given time, the centre of negative charge density may not

coincide with the centre of the positive charge, i.e. with the nucleus. This

results in a net, instantaneous dipole. This dipole is transient, but it is

sufficient to induce a dipole in a neighbouring atom (Figure 3.24) and electro-

static dipole–dipole interactions between atoms result. Since the dipoles are

transient, each separate interaction will also be transient, but the net result

is an attractive force between the argon atoms.

The attractive force due to the dipole–dipole interactions may be repre-

sented as shown in equation 3.19. This leads to a potential energy which

varies with internuclear distance d (equation 3.20) and this attractive

potential (defined with a negative energy) between atoms of argon is

shown by the blue curve in Figure 3.23.

Attractive force between atoms / 1

d7
ð3:19Þ

Potential energy due to attraction between atoms / 1

d6
ð3:20Þ

In an atom or molecule, an

asymmetrical distribution of

charge leads to the formation

of a dipole. One part of the

atom or molecule has a

greater share of the negative

(or positive) charge than

another. The notation d�

and dþ indicates that there

is a partial separation of

electronic charge.

Dipole moments:
see Section 5.11

"

Fig. 3.23 Potential energy curves
due to repulsion (red line) and
attraction (blue line) between two
atoms of argon as a function of
the internuclear distance, d.

Fig. 3.24 A dipole set up in atom
1 induces a dipole in atom 2

which induces one in 3, and so
on. The distance rv is the van der
Waals radius¼ half the distance
of closest approach of two
non-bonded atoms.
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Finally, in Figure 3.25 we show the overall potential energy (repulsion plus

attraction) between argon atoms as a function of the internuclear separation

d. At infinite separation (d ¼ 1), the argon atoms do not experience any

interatomic interactions. This situation is represented as having zero potential

energy. As the separation between the argon atoms decreases, attractive forces

become dominant. As the two argon atoms come together, the attractive

potential increases to a given point of maximum stabilization (lowest

energy). However, as the atoms come yet closer together, the electronic repul-

sion between them increases. At very short distances, the electron–electron

repulsion is dominant and highly unstable arrangements with positive potential

energies result.

Van der Waals radius

The value of d at the point in Figure 3.25 where the potential is at a minimum

corresponds to the optimum distance, de, between two argon atoms. This is a

non-bonded separation and is the point at which the attractive and repulsive

forces are equal.

It is convenient to consider de in terms of an atomic property – the value

de=2 is defined as the van der Waals radius, rv, of an atom of argon. The

value of rv is half the distance of closest internuclear separation of adjacent

argon atoms. Values of the van der Waals radii for the noble gases are

given in Table 3.6. In the particular case of a monatomic noble gas, these

radii can be used to give a good idea of atomic size. The atomic volume

may be estimated using the van der Waals radius; the volume of the spherical

atom is then 4
3
�rv

3. The increase in atomic volume on descending group 18 is

represented in Figure 3.26.

The van der Waals radius,

rv, of an atom X is

measured as half the

distance of closest approach

of two non-bonded atoms

of X.

Fig. 3.25 The overall potential
energy of two argon atoms as
they are brought together from
infinite separation. The value of
the internuclear distance, d, at
the energy minimum (de)
corresponds to twice the van der
Waals radius of an argon atom.

Fig. 3.26 Atomic volumes for
the noble gases determined using
the van der Waals radius of each
atom. The volume increases as
group 18 is descended.
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SUMMARY

This chapter has dealt with some difficult concepts, but they are essential to an understanding of the
chemistry of the elements. As we introduce other topics in this book, there will be plenty of opportunity
to review these concepts and this should provide you with a feeling as to why we have introduced them
so early.

Do you know what the following terms mean?

. vector

. scalar

. quantized

. photon

. wavefunction

. eigenfunction

. eigenvalue

. quantum numbers n, l, ml

and ms

. radial distribution function

. atomic orbital

. nodal plane

. lobe (of an orbital)

. phase (of an orbital)

. surface boundary of an orbital

. degenerate orbitals

. non-degenerate orbitals

. diffuse (with reference to an
atomic orbital)

. penetration

. shielding

. effective nuclear charge

. hydrogen-like atom or ion

. many-electron atom

. first ionization energy

. aufbau principle

. Hund’s rule

. Pauli exclusion principle

. ground state electronic
configuration

. noble (inert) gas configuration

. octet rule

. core electrons

. valence electrons

. van der Waals radius

. induced dipole moment

You should now be able:

. to describe briefly what is meant by wave--particle
duality

. to describe briefly what is meant by the
uncertainty principle

. to discuss briefly what is meant by a solution of
the Schrödinger wave equation

. to describe the significance of the radial and
angular parts of the wavefunction

. to state what is meant by the principal quantum
number

. to state what is meant by the orbital and spin
quantum numbers and relate their allowed
values to a value of the principal quantum
number

. to describe an atomic orbital and the electron(s)
in it in terms of values of quantum numbers

. to discuss briefly why we tend to use normalized
wavefunctions

. to sketch graphs for the radial distribution
functions of the 1s, 2s, 3s, 4s, 2p, 3p and 3d
atomic orbitals; what do these graphs mean?

. to outline the shielding effects that electrons
have on one another

. to draw the shapes, indicating phases, of ns and
np atomic orbitals

. to distinguish between npx , npy and npz atomic
orbitals

. to explain why in a hydrogen-like atom, atomic
orbitals with the same principal quantum
number are degenerate

. to explain why in a many-electron atom,
occupied orbitals with the same value of n but
different l are non-degenerate

. to estimate the ionization energy of a hydrogen
atom given a series of frequency values from
the Lyman series of spectral lines

. to describe how to use the aufbau principle to
determine the ground state electronic
configuration of an atom

. to write down the usual ordering of the atomic
orbitals from 1s to 4p. Which has the lowest
energy? What factors affect this order?

. given the atomic number of an element (up to
Z ¼ 20), to write down in notational form the
ground state electronic configuration

. given the atomic number of an element (up to
Z ¼ 20), to draw an energy level diagram to
show the ground state electronic configuration

. to explain how a potential energy curve such as
that in Figure 3.25 arises; what is the
significance of the energy minimum?
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PROBLEMS

3.1 Distinguish between a vector and a scalar quantity

and give examples of each.

3.2 Write down a relationship between wavelength,

frequency and speed of light. Calculate the

wavelengths of electromagnetic radiation with

frequencies of (a) 2:0� 1013 Hz, (b) 4:5� 1015 Hz

and (c) 2:1� 1017 Hz. By referring to the spectrum

in Appendix 4, assign each wavelength to a

particular type of radiation (e.g. X-rays).

3.3 Determine the possible values of the quantum

numbers l and ml corresponding to n ¼ 4. From

your answer, deduce the number of possible 4f

orbitals.

3.4 Give the sets of four quantum numbers that

uniquely define each electron in an atom of (a) He

(Z ¼ 2) and (b) B (Z ¼ 5), each in its ground state.

3.5 How many orbitals are there in (a) the shell with

n ¼ 3, (b) the 5f sub-shell, (c) the 2p sub-shell,

(d) the 3d sub-shell and (e) the 4d sub-shell?

3.6 Which atomic orbital has the set of quantum

numbers n ¼ 3, l ¼ 0, ml ¼ 0? How do you

distinguish between the two electrons that may

occupy this orbital?

3.7 What do the terms singly degenerate and triply

degeneratemean? Give examples of orbitals that are

(a) singly and (b) triply degenerate.

3.8 How does an increase in nuclear charge affect the

(a) energy and (b) the spatial extent of an atomic

orbital?

3.9 Determine the energy of the levels of the hydrogen

atom for n ¼ 1, 2 and 3.

3.10 Which of the following are hydrogen-like species?

(a) Hþ, (b) H�, (c) He, (d) Heþ, (e) Liþ, (f ) Li2þ .

3.11 Sketch an energy level diagram showing the

approximate relative energies of the 1s, 2s and 2p

atomic orbitals in lithium. How does this diagram

differ from a corresponding diagram showing these

levels in the hydrogen atom?

3.12 For lithium, Z ¼ 3. Two electrons occupy the 1s

orbital. Is it energetically better for the third

electron to occupy the 2s or 2p atomic orbital?

Rationalize your choice.

3.13 What is the difference between the absolute nuclear

charge of an atom and its effective nuclear charge.

Are these variable or constant quantities?

3.14 (a) Why does the 2p��" 2s transition not give rise to

a spectral line in the emission spectrum of atomic

hydrogen? (b) What is the difference between an

absorption and emission spectrum?

3.15 Identify each of the following n’��" n transitions in

the emission spectrum of atomic hydrogen as

belonging to either the Balmer or Lyman series:

(a) 2��" 1; (b) 3��" 2; (c) 3��" 1; (d) 5��" 1;

(e) 5��" 2.

3.16 The frequencies of some consecutive spectral lines in

the Lyman series of atomic hydrogen are 2.466,

2.923, 3.083, 3.157 and 3:197� 1015 Hz. (a) Use

these values to draw a schematic representation of

this part of the emission spectrum. (b) How does the

spectrum you have drawn relate to the

representation of the transitions shown in the figure

below? (c) Assign each of the lines in the spectrum to

a particular transition.

3.17 Using the frequencies in problem 3.16 and the

assignments you have made, plot an appropriate

graph to estimate a value for the Rydberg constant.

3.18 Starting from the Rydberg equation, determine the

ionization energy of hydrogen. Write an equation to

show to what process this energy refers.

3.19 Determine the ground state electronic

configurations of Be (Z ¼ 4), F (Z ¼ 9), P (Z ¼ 15)

and K (Z ¼ 19), giving your answers in both

notational form and in the form of energy level

diagrams.

3.20 What do you understand by the ‘octet rule’?

3.21 How many electrons are present in the valence shell

of the central atom in each of the following species?

(a) SCl2; (b) H2O; (c) NH3; (d) [NH4]
þ; (e) CCl4; (f)

PF3; (g) BF3; (h) BeCl2. Comment on the answers

obtained.
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ADDITIONAL PROBLEMS

3.22 Use the data in Table 3.2 to sketch a graph showing

the radial wavefunction for a hydrogen 2s atomic

orbital as a function of r. Comment on features of

significance of the plot.

3.23 Use the data in Table 3.4 to organize the elements

from Z ¼ 1–20 into ‘families’ with related ground

state electronic configurations. Compare the result

with the periodic table (see inside the front cover)

and comment on any anomalies. On the basis of the

ground state electronic configurations, say what you

can about the properties of related elements.

CHEMISTRY IN DAILY USE

3.24 Discharge lamps are used worldwide for lighting

and advertising. Each lamp consists of a sealed tube

with a metal electrode at each end, and contains a

gas (e.g. helium, neon, argon) or vapour (sodium,

mercury), the atoms of which are excited by an

electrical discharge. A helium discharge lamp emits

a pale yellow glow, and Figure 3.27 shows the visible

region of the emission spectrum of helium. (a) The

National Institute of Standards and Technology

(NIST) atomic spectra database lists 381 lines in the

emission spectrum of helium. Suggest two reasons

why Figure 3.27 shows only seven lines. (b) The

wavelength of the yellow line in Figure 3.27 is

587 nm. To what frequency does this correspond?

(c) What is the electronic ground state of helium?

(d) The red line in Figure 3.27 is given the notation

‘1s13d1��" 1s12p1’. Explain what this means. (e)

Give a general explanation of how a series of

spectral lines such as those in Figure 3.27 arise.

3.25 NMR spectrometers, including those used in

magnetic resonance imaging (MRI) in hospitals,

contain magnets with superconducting coils that

operate only at extremely low temperatures. The

magnet is surrounded by liquid helium (bp¼ 4.2K).

(a) Why is the boiling point of helium so low?

(b) �vapH(bp) for helium is 0.1 kJmol�1. To what

process does this refer? (c) Suggest why the liquid

helium tank is surrounded by a tank containing

liquid N2 (bp ¼ 77K).

3.26 Low-pressure sodium street lamps emit bright

yellow light of wavelength 589 nm (actually, two

very close emissions at 589.0 and 589.6 nm). In

contrast, the spectrum of sunlight contains two dark

lines at 589.0 and 589.6 nm. These are two of many

such dark lines (called Fraunhofer lines) in the

otherwise continuous solar spectrum. By

considering how the light from the Sun reaches

Earth, suggest how the two dark lines at 589.0 and

589.6 nm arise. How are the observations of

Fraunhofer lines and of the emission of light of

discrete wavelengths by sodium street lights related

to quantum theory?

Fig. 3.27 The visible region of the emission spectrum of helium with lines at 668 (red), 587 (yellow), 501 (green), 492 (pale blue)
and 471, 447 and 439 nm (blue).
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4
Homonuclear
covalent bonds

4.1 Introduction

In Section 1.12 we specified what we mean by a molecule and stated that a

covalent bond is formed when electrons are shared between nuclei. In this

chapter we develop the ideas of covalent bonding.

We shall be concerned for the moment only with homonuclear bonds –

bonds formed between atoms of the same type, for example the C�C bond

in ethane (C2H6), the N�N bond in hydrazine (N2H4) or the O�O bond

in hydrogen peroxide (H2O2) (Figure 4.1). Figure 4.2 shows examples of

homonuclear molecules – molecules in which all of the atoms are the same.

Each of these molecules is a molecular form of a particular element. In

cases where more than one molecular form is known, these are called

allotropes (e.g. O2 and O3) of that element.

We approach the question of covalent bonding by considering some

experimental observables and then look at some of the theoretical models

that have been developed to describe the bonds.

The concept of bonding arises from observations that, within molecules,

the distances between adjacent atoms are usually significantly shorter than

those expected from the van der Waals radii of the atoms involved. Although

we discussed the van der Waals radii of only monatomic elements in Chapter

3, a similar parameter may be defined for most other elements. In practice,

this parameter comes from measurements of the closest intermolecular con-

tacts in a series of molecules.

This suggests that distance is a very important parameter in describing

atomic arrangements. As far as a bond is concerned, the bond length (or

to be strictly accurate, the time-averaged distance between the nuclei) is of

fundamental importance.

Topics

Covalent molecules

Bond length

Bond dissociation

enthalpy

Enthalpy of atomization

Valence bond theory

Molecular orbital

theory

s and p bonds

Bond order

Homonuclear diatomics

Some periodic trends

A molecule is a discrete

neutral species resulting

from the formation of a

covalent bond or bonds

between two or more

atoms.

Allotropes: see Section 1.5
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In the next section, we briefly introduce some of the methods that are used

for the experimental determination of intramolecular and intermolecular

distances. If you do not wish to interrupt the discussion of bonding, move

to Section 4.3 and return to Section 4.2 later.

4.2 Measuring internuclear distances

There are a number of methods available for determining important structural

parameters. These techniques fall broadly into the groups of spectroscopic

and diffraction methods. It is beyond the scope of this book to consider the

details of the methods and we merely introduce them and look at some of

the structural data that can be obtained.

An overview of diffraction methods

For solid state compounds, the two methods most commonly used to

determine structure are X-ray and neutron diffraction. Electron diffraction is

best used to study the structures of gaseous molecules, although the

technique is not strictly confined to use in the gas phase. Whereas electrons

are negatively charged, X-rays and neutrons are neutral. Accordingly,

X-rays and neutrons get ‘deeper’ into a molecule than do electrons because

they do not experience an electrostatic repulsion from the core and valence

electrons of the molecules. X-rays and neutrons are said to be more penetrating

than electrons. Selected comparative details of the three diffraction methods

are listed in Table 4.1.

Vibrational spectroscopy of
diatomics: see Section 12.3

"

Fig. 4.1 Molecules that
contain one homonuclear

bond: ethane (C2H6),
hydrazine (N2H4) and
hydrogen peroxide (H2O2).

Fig. 4.2 Examples of
covalent homonuclear

molecules.
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In devising a method based on diffraction to measure internuclear

distances, it is important to note that the distances between bonded atoms

are typically in the range of 100 to 300 pm. The wavelength of the radiation

that is chosen for the diffraction experiment should be similar in magnitude

to the distances of interest; further details are given in Box 4.1.

At this point we stress some relevant facts that affect the type of

information obtained from the different diffraction techniques:

. Electrons are negatively charged particles and are predominantly

diffracted because they interact with the overall electrostatic field resulting

from the negatively charged electrons and the positively charged nuclei of

a molecule.

. X-rays are electromagnetic radiation. They are scattered mainly by the

electrons in a molecular or ionic array. It is possible to locate the

atomic nuclei approximately because the X-rays are mostly scattered by

the core electrons which are concentrated around each nucleus. The

scattering power of an atom is proportional to the atomic number, Z,

and it is more difficult to locate H atoms (Z ¼ 1) than atoms with

higher atomic numbers (see Box 4.2).

. Neutrons are diffracted by the atomic nuclei, and therefore the positions

of nuclei can be found accurately from the results of a neutron diffraction

study.

Keep in mind that our goal is to measure internuclear distances. Neutron

diffraction would appear to be the method of choice for all solid state studies.

However, neutron diffraction is a very expensive experimental method and it

is not as readily available as an X-ray diffraction facility. Hence, as a routine

method for solid samples, X-ray diffraction usually wins over neutron

diffraction.

Table 4.1 A comparison of electron, X-ray and neutron diffraction techniques.

Electron diffraction X-ray diffraction Neutron diffraction

Approximate wavelength of
beam used / m

10�11 10�10 10�10

Type of sample studied Usually gases; also liquid
or solid surfaces.

Solid (single crystal or
powder); rarely solution.

Usually single crystal or
powder.

What does the method locate? Nuclei. Regions of electron density. Nuclei.

Relative advantages Allows structural data to
be collected for gaseous
molecules; neither X-ray
nor neutron diffraction
methods are suitable for
such samples.

Technique is routinely
available and relatively
straightforward; ionic lattices
and molecular solids can
be studied; accurate bond
parameters can be obtained
for non-hydrogen atoms.

Can locate hydrogen atoms;
very accurate structural
parameters can be
determined; both ionic
lattices and molecular
solids can be studied.

Relative disadvantages Refining data for large
molecules is complicated;
hydrogen atom location is
not accurate.

Hydrogen atom location is
not always accurate.

Expensive; refining data
for large molecules is
complicated.
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THEORY

Box 4.1 Diffraction methods

Amodern, Kappa-CCD (charge couple device) X-ray diffracto-

meter, equipped with a nitrogen gas, low-temperature cryostat

(upper, centre in the photograph). The crystal is mounted on

the goniometer head (centre). The X-ray source and the detector

are on the left- and right-hand sides of the photograph, respec-

tively. The black ‘tube’ on the left is a microscope.

Diffraction methods can be used to measure bond

distances but the wavelength of the radiation used

must be similar to the internuclear distances.

Internuclear bond distances are usually between 100

and 300 pm.

Since the wavelength of X-rays is about 100 pm, the

diffraction of X-rays by a solid (usually crystalline)

substance can be used to determine bond lengths.

The wavelength of a beam of electrons can be altered

by applying an accelerating voltage, and a wavelength

of the order of 10 pm is accessible. This is used for

electron diffraction experiments.

Fast neutrons generated in a nuclear reactor can be

moderated to give a beam of neutrons with a wave-

length of the order of 100 pm. In addition, several

neutron sources designed specifically for the purpose

of diffraction experiments are available.

For further details of diffraction methods, a suitable

book is E. A. V. Ebsworth, D. W. H. Rankin and

S. Cradock (1991), Structural Methods in Inorganic

Chemistry, 2nd edn, Blackwell Scientific Publications,

Oxford.

THEORY

Box 4.2 The difficulty of locating a hydrogen nucleus by X-ray diffraction

Consider a C�H bond. The ground state electronic

configuration of a carbon atom is 1s22s22p2 and that

of a hydrogen atom is 1s1. The C atom has four valence

electrons and two core electrons. The H atom has one

valence electron and no core electrons.

When the H atom bonds with the C atom, the single

electron from the H atom is used in bond formation.

This means that there is little electron density

concentrated around the H nucleus:

If the length of the C�H bond is being determined by

X-ray diffraction, there is a problem. Themethod locates

regions of electron density. The positions of the nuclei

are inferred from the position of the electrons.

The carbon nucleus can be located because it has

associated with it the core 1s electrons, but the hydrogen

nucleus cannot normally be directly located.

However, the region of electron density associatedwith

the C�H bond can be found and hence a C�H distance

can be estimated but it is shorter than the true value:

The experimental distance is approximately d 0, while
the true internuclear distance is d.

Measuring internuclear distances 131



 

Electron diffraction

The gas phase differs from the solid state in that themolecules are continually in

motion and there are usually no persistent intermolecular interactions. As a

result, diffraction experiments on gases mainly provide information regarding

intramolecular distances, and the data collected in an electron diffraction

experiment can be analysed in terms of intramolecular parameters. The initial

diffraction data relate the scattering angle of the electron beam to intensity, and

from these results a plot of intensity against distance can be obtained. Peaks in

this radial distribution curve correspond to internuclear separations.

Consider the electron diffraction results from the determination of the

structure of boron trichloride in the gas phase. They provide the bonded

and non-bonded distances shown in Figure 4.3; all the B�Cl bonds are of

equal length and all the intramolecular non-bonded Cl---Cl distances are

equal. The angle � is determined from the B�Cl and Cl�Cl distances by

use of trigonometry.

Worked example 4.1 Determining a bond angle from distance data

The results of an electron diffraction experiment for BCl3 show that each B�Cl
bond length is 174 pm, and each non-bonded Cl---Cl distance is 301 pm. Use

these data to determine the Cl�B�Cl bond angles. Determine whether BCl3
is a planar or non-planar molecule.

The distance data given in the question are summarized in the diagram

below. Since all the B�Cl bond lengths are equal, and all the Cl---Cl

non-bonded separations are equal, it follows that the three Cl�B�Cl
bond angles are equal. Let nCl�B�Cl ¼ �.

Angle � can be found by use of either the cosine rule or the sine rule. For

the sine rule:

sin
�

2
¼ ð301=2Þ

174

�

2
¼ 608

� ¼ 1208

Since the sum of the three angles in BCl3 is 3608, the molecule is planar.

X-ray diffraction

The diffraction of X-rays by the core electrons provides the most useful

information regarding the positions of the nuclei in a molecule. The heavier

For help with the sine rule
and cosine rule, visit

www.pearsoned.co.uk/
housecroft, and consult the
accompanying Mathematics

Tutor

"

Fig. 4.3 Intramolecular bonded
and non-bonded distances
determined from an electron
diffraction study of BCl3; the
angle � is calculated from the
distance data; see worked
example 4.1.
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an atom is, the more core electrons it possesses, and the greater is its ability to

scatter X-rays. As a result, heavier atoms are more easily and accurately

located than lighter atoms. We mentioned above the particular difficulty

associated with locating hydrogen atoms.

In a solid, the motion of the molecules is restricted. When a compound

crystallizes, the molecules form an ordered array and intermolecular forces

operate between the molecules. The results of an X-ray diffraction study of

a crystal provide information about intermolecular as well as intramolecular

distances. We illustrate this idea by looking at the solid state structures of

various allotropes of sulfur.

The results of an X-ray diffraction study on crystalline orthorhombic

sulfur (a-sulfur, the standard state of sulfur) show that the crystal lattice

contains S8 rings (see Figure 4.2). The S�S bond distances in each ring are

equal (206 pm). Table 4.2 lists some allotropes of sulfur and the internuclear

S�S distances between pairs of bonded atoms. The reason that all these S�S
distances are close in value is that each represents an S�S single covalent

bond length, and for a particular homonuclear single bond, the distance is

relatively constant. The shortest distances between sulfur atoms in adjacent

rings in the solid state (intermolecular distances) are larger than the

intramolecular S�S bond lengths: 344 pm for S6 (Figure 4.4), 337 pm for

S11 and 323 pm for S10. These indicate non-bonded interactions.

Allotropes of sulfur: see
Section 9.8

"

Table 4.2 Internuclear S�S distances between pairs of adjacent atoms in molecules
present in some allotropes of sulfur.

Allotrope Type of molecule S�S distance / pm

S6 Ring 206

S8 (a-form) Ring 206

S8 (b-form) Ring 205

S10 Ring 206

S11 Ring 206

S12 Ring 205

S18 Ring 206

S20 Ring 205

S1 Helical chain 207

Fig. 4.4 Part of the packing of S6
molecules in the solid state. The
S�S distances within each ring
are 206 pm, and the shortest
S� � �S distance between adjacent
molecules is 344 pm. [X-ray
diffraction data: J. Steidel et al.
(1978) Z. Naturforsch., B, vol. 33,
p. 1554.]
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4.3 The covalent radius of an atom

In Section 1.12 we saw that, when atoms combine to form molecules, the

pairing of two electrons leads to the formation of a covalent bond. When

one pair of electrons is involved in bond formation, the bond is a single

bond and it has a bond order of 1.

Consider a gaseous homonuclear diatomic molecule such as Cl2. There is a

single bond between the two chlorine nuclei and the bond length is 199 pm. It

would be convenient to have an atomic parameter that we could use to

describe the size of an atom when it participates in covalent bonding. We

define the single bond covalent radius, rcov, of an atom X as half of the

internuclear distance in a typical homonuclear X�X single bond. In the

case of chlorine, the single bond covalent radius is 99 pm.

As X�X single bonds in molecules are not all exactly the same length, we

often use data from a range of compounds to obtain an average rcov value.

An estimate for the covalent radius of sulfur can be obtained by taking

half the average S�S bond length obtained for various allotropes of sulfur;

the average S�S distance from the data in Table 4.2 is 206 pm, which gives

a single covalent bond radius for a sulfur atom of 103 pm.

In Table 4.3, values of single bond covalent radii of hydrogen and elements

in the p-block are compared with those of the van der Waals radii. Since

the van der Waals radii are measured from non-bonded distances and the

covalent radii are determined from bonded interactions, the former are

larger than the latter for a given element. Down any group of the periodic

table, the values for both sets of radii generally increase (Figure 4.5).

4.4 An introduction to bond energy: the formation
of the diatomic molecule H2

Let us move now from the lengths of bonds to their energies. Just as we

compared covalent (bonded) distances with van der Waals (non-bonded)

ones, we begin our discussion of energy by comparing the potential energy

associated with bringing together two hydrogen atoms with that of bringing

two atoms of argon together. For argon, we considered two opposing factors:

the attractive potential due to the induced dipole–dipole interactions and a

repulsive term due to interatomic electron–electron interactions. Can we use

a similar approach to describe the interaction between two hydrogen atoms?

There is a fundamental difference between the approach of two argon

atoms and two hydrogen atoms. Whatever the distance between the argon

atoms, the strongest interatomic attractive forces are of the induced

dipole–dipole type. There is no net covalent bonding resulting from the

sharing of electrons between the two argon nuclei. In contrast, as two

hydrogen atoms approach each other, electron sharing becomes possible

and a covalent H�H bond can be formed.

We can rationalize this by considering the number of electrons in the valence

shell of each atom. Each argon atom possesses the noble gas configuration

[Ne]3s23p6. There is no driving force for a change of electron configuration.

In contrast, each hydrogen atom possesses a 1s1 configuration. Just as

there is a particular stability associated with a noble gas ns2np6 configuration

The covalent radius, rcov, for

an atom X is taken as half

the internuclear distance in

a homonuclear X�X bond.

The covalent radius is

defined for a particular type

of bond. Values appropriate

for single, double and triple

bonds differ.

For a given element:

van der Waals radius,

rv > covalent radius, rcov

p-Block elements:
see Chapter 22

Potential energy for
two argon atoms:

see Section 3.21

"

"
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(an octet), the 1s2 configuration of helium is also stable. The n ¼ 1 principal

quantum level is unique in being fully occupied when it contains only two

electrons. There are two ways in which a hydrogen atom could attain the

[He] configuration – it could gain an electron and become the H� anion

with a 1s2 ground state configuration, or it could share an electron with

Octet rule:
see Section 3.20

"

Table 4.3 The van der Waals and covalent radii for hydrogen and atoms in the p-block.
These values represent the ‘best’ values from a wide range of compounds containing the
elements.

Element van der Waals radius / pm Covalent radius / pm

H 120 37a

Group 13 B 208 88

Al – 130

Ga – 122

In – 150

Tl – 155

Group 14 C 185 77

Si 210 118

Ge – 122

Sn – 140

Pb – 154

Group 15 N 154 75

P 190 110

As 200 122

Sb 220 143

Bi 240 152

Group 16 O 140 73

S 185 103

Se 200 117

Te 220 135

Group 17 F 135 71

Cl 180 99

Br 195 114

I 215 133

a Sometimes it is more appropriate to use a value of 30 pm in organic compounds.
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another atom. The simplest atom with which it could share electrons is

another hydrogen atom and, in this way, the molecule H2 is formed

(Figure 4.6).

As the two hydrogen atoms approach one another, electron sharing becomes

more favourable, and a covalent bond begins to form. Figure 4.7 shows

potential energy as a function of internuclear distance. Although this curve is

Fig. 4.6 A hydrogen atom has a
valence electronic configuration
of 1s1 and shares an electron with
another hydrogen atom to form
H2. In doing so, each H atom
becomes like an atom of the
noble gas helium which has a
valence configuration of 1s2.

Fig. 4.7 The potential energy
curve that describes the approach
of two hydrogen atoms to their
equilibrium separation.

Fig. 4.5 Trends in covalent and
van der Waals radii upon
descending groups 15, 16 and 17.
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superficially similar to the one in Figure 3.25, the energy terms of which it is

composed are rather different and we can characterize four main components:

1. repulsion between electrons;

2. attraction between an electron and a proton in the same atom;

3. attraction between an electron and a proton in the other atom; and

4. repulsion between the protons.

These interactions are represented diagrammatically in Figure 4.8.

Strictly speaking, terms (2) and (3) are meaningful only at large internuc-

lear distances because, as the atoms come close together and covalent bond

formation occurs, it is not reasonable to associate a particular electron with a

particular proton.

What does the curve in Figure 4.7 tell us? Experimentally we find that the

standard state of the element hydrogen is H2 molecules (dihydrogen) rather

than H atoms. The energy minimum should correspond to the equilibrium

distance of the two hydrogen nuclei in H2. The equilibrium distance

is the position of lowest (most negative) energy for the system, and this

internuclear distance corresponds to the H�H covalent bond distance. It is

found experimentally to be 74 pm.§

4.5 Bond energies and enthalpies

In the preceding section we introduced the H�H covalent bond in the

H2 molecule by considering the equilibrium distance and energy of two

approaching H atoms. We could draw a curve similar to Figure 4.7 for the

formation of any other homonuclear X�X (or heteronuclear X�Y) covalent

bond. So far, we have concentrated upon the distance axis – how far apart are

the atoms? But we also need to know something about the energy axis – how

much energy is involved in the formation of the H�H covalent bond or how

much energy does it take to break (dissociate) the H�H bond?

The problem of internal energy and enthalpy

The energy corresponding to the minimum in Figure 4.7 is 458 kJmol�1.
Unfortunately, there is a problem – the value of 458 kJmol�1 does not

correspond exactly to the amount of energy released when the two H

atoms form an H2 molecule or, conversely, to the amount of energy required

to break the H�H bond in H2.

The internal energy, U, of a

system is its total energy.

�U is the change in internal

energy.

§ Actually, because of the asymmetry of the curve, the experimentally measured bond length in
H2 does not coincide exactly with the distance corresponding to the curve minimum.

Fig. 4.8 The approach of two
hydrogen atoms. Each contains
one proton and one electron.
Interactions will be (1) electron–
electron (repulsive), (2) electron–
proton within the same atom
(attractive), (3) electron–proton
between different atoms
(attractive) and (4) proton–
proton (repulsive).
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The curve inFigure 4.7 corresponds to the internal energy of the system (�U)

measured at a temperature of 0K. However, it is often more convenient to

consider enthalpies (�H) at 298K. In practice, the conversion of �U to �H

involves only�3 kJmol�1. (The terms �U and �H will be discussed in greater

detail in Chapter 17 – at the moment, all that you need to note is that the

difference between �U and �H for a given system is very small.) The real

problem arises from the fact that even at 0K, the two hydrogen nuclei are

not stationary, but are vibrating. We discuss vibrational states in Chapter 12,

but for now, note that the lowest vibrational state of the H2 molecule

lies about 26kJmol�1 higher in energy than the bottom of the curve in

Figure 4.7. This residual energy is called the zero point energy (see

Figure 12.2). Any experimental measurement will relate to the real molecule

and to the lowest energy state that this can reach. Thus, experimental

measurements do not ‘reach’ the very bottom of the potential energy well but

access only the lowest energy vibrational state.

�U and �H are related by the equation:

�U ¼ �H � P�V at constant pressure

where P ¼ pressure and V ¼ volume:

Homonuclear bond dissociation in a diatomic molecule

The most convenient parameter to describe the energy associated with the

H�H bond in H2 is the energy needed to convert an H2 molecule in its

lowest vibrational energy level to two hydrogen atoms (equation 4.1).

Table 4.4 lists possible internal energy (�U) and enthalpy (�H) terms that

may be used to describe this process.

H2ðgÞ ��" 2HðgÞ ð4:1Þ

Since the values of �H and �U are so close, here and for other bond

dissociation processes, we will not consistently distinguish between them. It

is more convenient to deal with enthalpy values (most often at 298K). Thus,

forH2, we associate a value of 436kJmol�1 with the cleavage of theH�Hbond.

Homonuclear bond cleavage in a polyatomic molecule

In polyatomic molecules, a bond enthalpy term describes the energy needed to

break one particular bond. Equations 4.2–4.4 illustrate the processes for the

The zero point energy of a

molecule corresponds to the

energy of its lowest

vibrational level

(vibrational ground state);

see Figure 12.2.

�U and �H:
see Section 17.2

The bond dissociation energy

(�U) and the bond

dissociation enthalpy (�H)

for an X�X diatomic

molecule refer to the

process:

X2ðgÞ ��" 2XðgÞ

at a given temperature

(often 0K or 298K).

"

Table 4.4 Internal energy changes (�U) and the enthalpy change (�H) used to describe
the dissociation of H2. The relationship between �U and �H is �U ¼ �H � P�V
where P ¼ pressure and V ¼ volume (at constant temperature).

Quantity Process Value / kJ mol
�1

�U (0K) H2ðgÞ ��" 2HðgÞ at 0K 432

�U (298K) H2ðgÞ ��" 2HðgÞ at 298K 433

�H (298K) H2ðgÞ ��" 2HðgÞ at 298K 436
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homolytic cleavage of the homonuclear bond in each of the molecules shown

in Figure 4.1. The dot after the formula in the product represents an unpaired

electron. Figure 4.9 shows a pictorial representation of the C�Cbond cleavage

in C2H6.

C2H6ðgÞ ��" 2CH3
�ðgÞ ð4:2Þ

N2H4ðgÞ ��" 2NH2
�ðgÞ ð4:3Þ

H2O2ðgÞ ��" 2HO
�ðgÞ ð4:4Þ

Figure 4.9 also shows the result of homonuclear bond cleavage in a cyclic

molecule. When an S�S bond is broken in an S6 ring, the ring opens to form

a chain and each terminal sulfur atom has an unpaired electron. Further S�S
bond cleavage can occur to give Sx fragments. The enthalpy associated with

each S�S bond breakage will be characteristic of that particular process. This

introduces the idea that bond enthalpies for chemically equivalent bonds may

vary and this is discussed further in Box 4.3. It is not always convenient

Fig. 4.9 Bond cleavage in
a molecule such as ethane

will produce two separate
radicals. In a cyclic molecule
such as S6, cleavage of a bond
will cause ring opening.

THEORY

Box 4.3 Average and individual bond enthalpy terms

Methane is a tetrahedral molecule with four chemically

equivalent C�H bonds of equal length.

When methane is completely dissociated:

CH4ðgÞ ��"CðgÞ þ 4HðgÞ
we can determine an average value for the bond

enthalpy, �DðC�HÞ, from the enthalpy of atomization

(see Section 4.6):

�aH
o ¼ 1664 kJmol�1

�DðC�HÞ ¼ 1
4
� 1664 ¼ 416 kJmol�1

However, if we sequentially break the C�H bonds, then

the enthalpy change for each individual step is not

416 kJmol�1:

CH4ðgÞ ��"CH3ðgÞ þHðgÞ �H ¼ 436 kJmol�1

CH3ðgÞ ��"CH2ðgÞ þHðgÞ �H ¼ 461 kJmol�1

CH2ðgÞ ��"CHðgÞ þHðgÞ �H ¼ 428 kJmol�1

CHðgÞ ��"CðgÞ þHðgÞ �H ¼ 339 kJmol�1

The conclusion is that, although the bonds in CH4 are

chemically equivalent and have equal strengths, their

strength will not be the same as the strength of the

three C�H bonds in CH3, the two C�H bonds in

CH2, or the C�H bond in CH.
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to use such individual enthalpy values. Instead, we often use average bond

enthalpies.

We distinguish between a bond enthalpy term which refers to a particular

process and a value that is an average of several such enthalpies by using the

symbols D and �D respectively. Thus, for ethane, the bond enthalpy, D, for

the cleavage of the C�C single bond (equation 4.2) is 376 kJmol�1.
However, after considering a wide range of values of D for the cleavage of

single C�C bonds in different molecules or in different environments in

the same molecule, we arrive at an average value, �D, of about 346 kJmol�1.
Values of �D for a given bond vary slightly between different tables of data,

depending upon the number of data averaged and the exact compounds used

to obtain them, and separate values must be determined for single, double or

triple bonds. Table 4.5 lists some bond enthalpy terms for selected bonds.

D = �dissH

A bond enthalpy, �D, for a
bond X�X represents an
average value for the
enthalpy change associated
with bond cleavage.

Separate values must be
determined for single
(X�X), double (X¼X) or
triple (X�X) bonds.

"

Table 4.5 Bond enthalpy terms for selected bonds.a

Bond Bond enthalpy / kJ mol
�1

Bond Bond enthalpy / kJ mol
�1

Bond Bond enthalpy / kJ mol
�1

H�H 436 F�F 159 C�F 485

C�C 346 Cl�Cl 242 C�Cl 327

C¼C 598 Br�Br 193 C�Br 285

C�C 813 I�I 151 C�I 213

Si�Si 226 C�H 416b C�O 359

Ge�Ge 186 Si�H 326 C¼O 806

Sn�Sn 152 Ge�H 289 C�N 285

N�N 159 Sn�H 251 C�N 866

N¼N �400 N�H 391 C�S 272

N�N 945 P�H 322 Si�O 466

P�P 200 As�H 247 Si¼O 642

P�P 490 O�H 464 N�F 272

As�As 177 S�H 366 N�Cl 193

O�O 146 Se�H 276 N�O 201

O¼O 498 F�H 570 P�F 490

S�S 266 Cl�H 432 P�Cl 319

S¼S 425 Br�H 366 P�O 340

Se�Se 193 I�H 298 S�F 326

a Some values can be obtained directly from the dissociation of a gaseous molecule, e.g. D(F�F); other values are mean bond enthalpy
terms, e.g. �D(C�H).
b See the discussion in Section 25.8.
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4.6 The standard enthalpy of atomization of an element

The standard enthalpy of atomization

Consider the bond dissociation given in equation 4.1. The dissociation of the

H�H bond corresponds to the formation of H atoms and this energy is also

known as the enthalpy of atomization. The standard enthalpy of atomization

of an element, �aH
o(298K), is the enthalpy change at 298K when one mole

of gaseous atoms is formed from the element in its standard state. For H2 this

is defined for the process given in equation 4.5, while for mercury (liquid at

298K) and nickel (solid at 298K), it is defined according to equations 4.6 and

4.7 respectively:

1
2
H2ðgÞ ��"HðgÞ �aH

o ¼ 218 kJmol�1 ð4:5Þ

HgðlÞ ��"HgðgÞ �aH
o ¼ 61 kJmol�1 ð4:6Þ

NiðsÞ ��"NiðgÞ �aH
o ¼ 430 kJmol�1 ð4:7Þ

While some elements are solid under standard state conditions, others

are liquid or gas. If the standard state of the element is a solid, then the

value of the standard enthalpy of atomization (defined at 298K) includes

contributions from:

. the enthalpy needed to raise the temperature of the element from 298K

to the melting point;
. the enthalpy of fusion of the element (i.e. the transition from solid to liquid);
. the enthalpy needed to raise the temperature of the element from the

melting point to the boiling point (TK);
. the enthalpy of vaporization of the element (i.e. the transition from liquid

to vapour);
. any enthalpy change associated with the bond breaking of polyatomic gas

phase species; and
. the enthalpy change on going from the gas phase monatomic element at

TK to 298K.

Selected values of standard enthalpies of atomization of the elements are

listed in Table 4.6.

Worked example 4.2 Contributions to the heat of atomization

Determine the heat of atomization of mercury using Hess’s Law of Constant

Heat Summation. Information about mercury that is required:

bp ¼ 655K

molar heat capacity (CP) for liquid mercury ¼ 27.4 JK
�1

mol
�1

molar heat capacity (CP) for gaseous mercury ¼ 20.8 JK
�1

mol
�1

�vapH(bp) ¼ 59.11 kJmol
�1

The standard enthalpy of atomization is defined for the formation of one

mole of gaseous atoms from mercury in its standard state – a liquid.

The molar heat capacity (CP) tells you how much heat energy is needed to

raise the temperature of one mole of a substance by one kelvin at constant

pressure. We introduced specific heat capacities in Section 2.3, and we shall

look in detail at molar heat capacities in Section 17.3.

Standard state:
see Section 2.2

The standard enthalpy of

atomization, �aH
o, of an

element is the enthalpy

change (at 298K) when one

mole of gaseous atoms is

formed from the element in

its standard state. The SI

units are J per mole of

gaseous atoms formed;

kJmol�1 are often more

convenient units.

Appendix 10 gives a full list
of values of �aHo

"

"
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Set up a thermochemical cycle that accounts for all the steps in taking

mercury from a liquid at 298K (standard conditions) to gaseous atoms

at 298K:

To find �H1:

Heat required to raise the temperature of one mole Hg(l) from 298 to 655K

¼ ðMolar heat capacity of liquidÞ � ðRise in temperatureÞ
¼ ð27:4 JK�1 mol�1Þ � fð655� 298ÞKg
¼ ð27:4 JK�1 mol�1Þ � ð357KÞ

¼ 9780 Jmol�1 (to 3 sig. fig.)

¼ 9:78 kJmol�1

This is an endothermic process. Therefore, �H1 ¼ þ9:78 kJmol�1.

Table 4.6 Selected enthalpies of atomization of the elements (�aH
o(298K)); see also

Appendix 10.

Element Standard state of element �aH
o
(298K) / kJ mol

�1

As As(s) 302

Br Br2(l) 112

C C(graphite) 717

Cl Cl2(g) 121

Cu Cu(s) 338

F F2(g) 79

H H2(g) 218

Hg Hg(l) 61

I I2(s) 107

K K(s) 90

N N2(g) 473

Na Na(s) 108

O O2(g) 249

P P4(white) 315

S S8(rhombic) 277

Sn Sn(white) 302
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To find �H2:

This is the change in enthalpy accompanying the vaporization of one mole

of Hg at its boiling point:

�H2 ¼ �vapHðbpÞ ¼ 59:11 kJmol�1

To find �H3:

Heat liberated when the temperature of one mole Hg(l) falls from 655 to 298K

¼ ðMolar heat capacity of gasÞ � ðFall in temperatureÞ
¼ ð20:8 JK�1 mol�1Þ � fð655� 298ÞKg
¼ ð20:8 JK�1 mol�1Þ � ð357KÞ

¼ 7430 Jmol�1 (to 3 sig. fig.)

¼ 7:43 kJmol�1

This is an exothermic process. Therefore, �H1 ¼ �7:43 kJmol�1.
We can determine �aH

o(298K) by applying Hess’s Law to the thermo-

chemical cycle above:

�aH
oð298KÞ ¼ �H1 þ�H2 þ�H3

¼ ð9:78þ 59:11� 7:43Þ kJmol�1 ¼ 61:46 kJmol�1

Enthalpy of atomization and bond dissociation enthalpy
for a gaseous diatomic molecule

The relationship between the enthalpy of atomization and the bond

dissociation enthalpy for a diatomic molecule in the gas phase is important.

The definition of the bond dissociation enthalpy is in terms of breaking

a bond. Thus D is defined per mole of bonds broken (equation 4.8). For

dihydrogen,D ¼ 436 kJmol�1. On the other hand, the enthalpy of atomization

is defined per mole of gaseous atoms formed (equation 4.9). This difference in

definition is a common cause of error in calculations.

H2ðgÞ ��" 2HðgÞ D ¼ 436 kJmol�1 ðper mole of bonds brokenÞ ð4:8Þ
1
2
H2ðgÞ ��"HðgÞ �aH

o ¼ 218kJmol�1 ðper mole of gaseous atoms formedÞ ð4:9Þ

Worked example 4.3 Bond dissociation enthalpy of F2

Write an equation for the dissociation of gaseous F2 into gaseous atoms. Use

data in Appendix 10 to determine the enthalpy change that accompanies this

reaction at 298K.

The equation for the dissociation of gaseous F2 (i.e. the dissociation of the

F�F bond) is:

F2ðgÞ ��" 2FðgÞ

or

F2ðgÞ ��" 2F
�ðgÞ

Appendix 10 lists values of �aH
o(298K). For fluorine, �aH

oð298KÞ ¼
79 kJmol�1.

For a gaseous diatomic

molecule:

Bond dissociation

enthalpy ¼ 2� ðstandard
enthalpy of atomization)

D ¼ 2��aH
o
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For a diatomic molecule:

Bond dissociation enthalpy, D ¼ 2��aH
oð298KÞ

For F2:

D ¼ 2� 79 ¼ 158 kJmol�1

4.7 Determining bond enthalpies from standard heats
of formation

The bond dissociation enthalpy of the bond in a diatomic molecule can be

measured thermochemically or by using spectroscopic methods. However,

for larger molecules, direct measurements of bond enthalpies are not always

possible.

Amethod that provides values for bond enthalpy terms of a given type uses

Hess’s Law of Constant Heat Summation. Thermochemical data that can be

measured experimentally are standard enthalpies of combustion of elements

and molecules (see Section 2.6) and from these, standard enthalpies of forma-

tion (�fH
o) can be obtained. These data may be used to determine bond

enthalpies. It is important to keep in mind that values of D obtained this

way are derived values – they depend upon other bond enthalpy terms as

shown below.

Suppose that wewish to determine the bond enthalpy term of anN�N single

bond. This bond cannot be studied in isolation because N2 molecules possess

N�N triple bonds (we return to the bonding in N2 later in the chapter). So,

we turn to a simple compound containing an N�N bond, N2H4 (structure

4.1). This molecule is composed of one N�N and four N�H bonds. If we

were to dissociate the molecule completely into gaseous atoms, then all of

these bonds would be broken and the enthalpy change would be the sum

of the bond enthalpy terms as shown in equation 4.10. Note here the use of

D(N�N), but �D(N�H). This emphasizes the fact that we are dealing with

one N�N bond but take an average value for the N�H bond enthalpy.

N2H4ðgÞ ��" 2NðgÞ þ 4HðgÞ �aH
o ¼ DðN�NÞ þ 4 �DðN�HÞ ð4:10Þ

However, in trying to determine D(N�N), we have introduced another

unknown quantity, �D(N�H). The ammonia molecule (structure 4.2) is

composed only of N�H bonds and the complete dissociation of NH3

provides an average value of the N�H bond enthalpy (equation 4.11). The

value of �aH
o for the process shown in equation 4.11 can be determined

from the standard enthalpy of formation of ammonia (equation 4.12) by

using Hess’s Law (equation 4.13). The standard enthalpies of atomization

for nitrogen and hydrogen are 473 and 218 kJmol�1 respectively.

NH3ðgÞ ��"NðgÞ þ 3HðgÞ �aH
o ¼ 3 �DðN�HÞ ð4:11Þ

1
2
N2ðgÞ þ 3

2
H2ðgÞ ��"NH3ðgÞ �fH

o ¼ �46 kJmol�1 ð4:12Þ

Vibrational spectroscopy for
diatomics: see Section 12.3

Hess’s Law: see Section 2.7

(4.1)

(4.2)

"

"
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ð4:13Þ

From equation 4.13:

3 �DðN�HÞ ¼ �aH
oðNÞ þ 3�aH

oðHÞ ��fH
oðNH3; gÞ

3 �DðN�HÞ ¼ 473þ ð3� 218Þ � ð�46Þ

¼ 1173 kJmol�1

�DðN�HÞ ¼ 391 kJmol�1

This result can now be used to find D(N�N) by setting up a Hess cycle based

on equation 4.10:

 

ð4:14Þ

The standard enthalpy of formation of gaseous hydrazine is 95 kJmol�1.
From equation 4.14:

DðN�NÞ þ 4 �DðN�HÞ ¼ 2�aH
oðNÞ þ 4�aH

oðHÞ ��fH
oðN2H4; gÞ

DðN�NÞ þ 4 �DðN�HÞ ¼ ð2� 473Þ þ ð4� 218Þ � 95

¼ 1723 kJmol�1

DðN�NÞ ¼ 1723� 4 �DðN�HÞ

and substituting in the value we calculated above for �D(N�H) gives:

DðN�NÞ ¼ 1723� ð4� 391Þ

¼ 159 kJmol�1

We have made a major assumption in this series of calculations – that the

average N�H bond enthalpy term can be transferred from ammonia to

hydrazine. Ammonia and hydrazine are closely related molecules and the

assumption is reasonable. However, the transfer of bond enthalpy

contributions between molecules of different types should be treated with

caution. Naturally, �D values for single bonds cannot be used for multiple

bonds. Such bonds have very different bond enthalpies (see Table 4.5).

Some typical values for the bond enthalpies of homonuclear single covalent

bonds were listed in Table 4.5. Some, such as D(H�H), D(F�F) and

D(Cl�Cl), are directly measured from the dissociation of the appropriate

gaseous diatomic molecule. Others can be measured from the dissociation

of a small molecule, e.g. �D(S�S) from the atomization of gaseous S8 (see

Figure 4.2). Values such as that for the N�N bond rely upon the method

of bond enthalpy transferability described above.
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4.8 The nature of the covalent bond in H2

In the previous sections, we have considered two experimental observables

by which a bond such as that in H2 can be described: the internuclear distance

(which gives a measure of the covalent radius of a hydrogen atom) and the

bond dissociation enthalpy. The experimental evidence is that two H

atoms come together to form a bond in which the internuclear separation

is 74 pm and the bond dissociation enthalpy is 436 kJmol�1.
We have also seen that the driving force for two H atoms combining to give

a molecule of H2 is the tendency of each atom to become ‘helium-like’. Each

H atom shares one electron with another H atom.

The covalent bond in dihydrogen can be represented in a Lewis structure,

but is more fully described using other methods: the valence bond (VB) and

molecular orbital (MO) approaches are the best known. In the next section,

we introduce Lewis structures, and then in Sections 4.11 and 4.12, we describe

the valence bond and molecular orbital approaches to the bonding in H2.

4.9 Lewis structures

In 1916, G. N. Lewis presented a simple, but informative, method of

describing the arrangement of valence electrons in molecules. The method

uses dots (or dots and crosses) to represent the number of valence electrons

associated with the nuclei. Each nucleus is represented by the symbol of the

element. In the Lewis approach to bonding, all electrons in a molecule appear

in pairs wherever possible. If there are single (unpaired) electrons, then the

molecule is a radical species.

We introduce Lewis structures by considering H2. Each H atom has one

valence electron (ground state configuration 1s1) and, if each electron is

represented by a dot, then structure 4.3 shows a Lewis structure for H2.

The two valence electrons are paired up to form a bonding pair of electrons.

Structure 4.4 shows an alternative way of drawing the Lewis structure for H2.

Here, the line between the two H nuclei represents the single bond associated

with the paired valence electrons.

(4.3) (4.4)

Now consider F2. The ground state electron configuration of F is 1s22s22p5

or [He]2s22p5. Each F atom has seven valence electrons, one short of an

neon-like octet. By sharing one electron with another F atom, each atom

can complete the octet of electrons, i.e. it obeys the octet rule:

Similarly, an atom of chlorine, bromine or iodine, each with seven valence

electrons, combines with another Cl, Br or I atom to form Cl2, Br2 or I2,

Lewis structures of which are shown below. The lower representation of

each molecule distinguishes between the pair of electrons used for bonding

(represented by the line between the nuclei) and the electrons that are not

Gilbert N. Lewis (1875–1946).
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used in bonding (the lone pairs of electrons). Each atom in the Cl2, Br2 or I2
molecule obeys the octet rule:

Lewis structures are extremely useful for giving the connectivity of atoms

within a molecule and can be used for both homonuclear and heteronuclear

molecules. Simple examples of heteronuclear species are HF, H2O and

NH3:

As an exercise, draw out Lewis structures for CH4 and H2S, and show that

there are no lone pairs of electrons in CH4, and that in H2S, the S atom has

two lone pairs; show that the C and S atoms in CH4 and H2S, respectively,

obey the octet rule.

Now let us return to the dihydrogen molecule. Although Lewis structures 4.3

and 4.4 show the connection of one hydrogen atom to another, they do not pro-

vide information about the exact character of the bonding pair of electrons or

about the region of space that they occupy. In the next section, we expand

upon ways of gaining more insight into the nature of the H�H bond.

4.10 The problem of describing electrons in molecules

The problem

In Section 3.7, we discussed the way in which the Schrödinger equation

described the dynamic behaviour of electrons in atoms, and we pointed

out that it was possible to obtain exact mathematical solutions to the

Schrödinger equation only in the case of hydrogen-like species. If we are

to use the Schrödinger equation to describe the behaviour of electrons in

molecules, we have the same problem – we cannot obtain exact solutions to

the wave-equations when we have more than one nucleus and more than one

A lone pair of electrons is a

pair of electrons localized in

the valence shell of an atom,

but which is not involved in

bonding. A lone pair may

also be called a non-bonding

pair of electrons.
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electron. Certainly, we can simplify the problem by assuming that the

movement of the nuclei is minimal, but this does not overcome the basic

problem.

Our aim is to obtain molecular wavefunctions,  (molecule), that describe

the behaviour of electrons in molecules. What can we do?

Two methods of approaching the problem

Two main methods are used to make approximations to molecular

wavefunctions – valence bond and molecular orbital theories. These have

different starting assumptions but, if successful, they should give similar

results. To introduce these methods we need to get a little ahead of ourselves

and consider some of the problems that exist with molecules containing more

than two atoms. Water makes a good example.

Structures 4.5 and 4.6 give Lewis representations of a water molecule in

terms of two O�H bonds and two lone pairs of electrons. The basis of a

Lewis structure is the identification of a bond as a pair of electrons shared

between two atoms. This is the starting point for the bonding model called

valence bond theory.

The valence bond (VB) model starts from the chemically familiar

viewpoint that a molecule is composed of a number of discrete bonds. To

all intents and purposes, the various bonds exist in isolation from one

another and each may be described in terms of interactions between two

electrons and two nuclei. This is the so-called 2-centre 2-electron bonding

model and the bonding interactions are said to be localized. The VB

approach attempts to write a separate wavefunction for each of the discrete

2-electron interactions, and then derives a total molecular wavefunction by

combining them.

The molecular orbital (MO) approach does not start with the

assumption that electrons are localized into 2-centre 2-electron bonds. In

MO theory, molecular wavefunctions are constructed that encompass any or

all of the atomic nuclei in the molecule. An interaction that spreads over

more than two nuclei is described as being delocalized or multi-centred.

A bonding interaction between two nuclei is localized. If it spreads over more

than two nuclei, the interaction is delocalized.

The MO method is mathematically complex and is not as intuitive as VB

theory. In the water molecule, it is far more convenient to think in terms of

localized O�H bonds rather than multi-centre H---O---H interactions.

However, there are many compounds for which the MO approach provides

a more satisfying description of the bonding. In many respects, this is similar

to the situation with bond enthalpies. As chemists, we know that the four

C�H bonds in methane are equivalent, but as we showed in Box 4.3, if the

bonds are broken sequentially, we obtain a different bond enthalpy value

for each step.

Both the VB and MO methods are approximations for obtaining the

molecular wavefunction, c(molecule). Both methods must approach the same

‘true’  (molecule) and should, ultimately, give equivalent wavefunctions.

(4.5) (4.6)

Valence bond theory:
see Section 4.11

Molecular orbital theory:
see Section 4.12

Valence bond (VB) theory

assigns electrons to 2-centre

bonds or to atomic-based

orbitals.

Molecular orbital (MO)

theory allows electrons to be

delocalized over the entire

molecule.

"

"
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4.11 Valence bond (VB) theory

General overview of valence bond theory

In valence bond theory, a description of the bonding within a diatomic

molecule is determined by considering the perturbation that the two atoms

have on one another as they penetrate one another’s regions of space. In

practice this means that we attempt to write an approximation to the ‘real’

wavefunction for the molecule in terms of a combination of wavefunctions

describing individual 2-electron interactions. The details of the mathematics

are not relevant to our discussion.§

The consideration of electrons from the start is an important characteristic

of VB models.

The bonding in H2 – an initial approach

Consider the formation of an H2 molecule. Each hydrogen atom consists of a

proton and an electron. In Figure 4.10 the two nuclei are labelled HA and HB

and the two electrons are labelled 1 and 2. When the two H atoms are well

separated from one another, electron 1 will be wholly associated with HA,

and electron 2 will be fully associated with HB. Let this situation be described

by the wavefunction  1.

Although we have given each electron a different label, they are actually

indistinguishable from one another. Therefore, when the atoms are close

together, we cannot tell which electron is associated with which nucleus –

electron 2 could be with HA and electron 1 with HB. Let this situation be

described by the wavefunction  2.

An overall description of the system containing the two hydrogen atoms,

 (covalent), can be written in the form of equation 4.15.

 ðcovalentÞ ¼  1 þ  2 ð4:15Þ

The wavefunction  (covalent) defines an energy. When this is calculated as a

function of the internuclear separation HA–HB, it provides an energy

minimum of 303 kJmol�1 at an internuclear distance of 87 pm for H2.

Using equation 4.15, therefore, does not give an answer in good agreement

with either the experimental internuclear H�H distance (74 pm) or the bond

dissociation energy (436 kJmol�1) and some refinement of the method is

clearly needed.

The bonding in H2 – a refinement of the initial picture

Although we have so far allowed each of the nuclei HA and HB to be

associated with either of the electrons 1 and 2, we should also allow for a

situation in which one or other of the nuclei might be associated with both

electrons.

There are four situations that can arise as HA and HB come close together:

. (nucleus HA with electron 1) and (nucleus HB with electron 2);

. (nucleus HA with electron 2) and (nucleus HB with electron 1);

§ For more in-depth discussion, see: R. McWeeny (1979) Coulson’s Valence, 3rd edn, Oxford
University Press, Oxford.

Fig. 4.10 Labelling scheme used
for the nuclei and electrons in a
valence bond treatment of the
bonding in H2.
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. (nucleus HA with both electrons 1 and 2) and (nucleus HB with no

electrons);
. (nucleus HA with no electrons) and (nucleus HB with both electrons 1

and 2).

While the first two situations retain neutrality at each atomic centre, the last

two describe the transfer of an electron from one nucleus to the other. This

has the effect of producing two ions, Hþ and H�. If HA has no electrons,

HA becomes HA
þ, and HB becomes HB

�. If HA has both electrons, HA

becomes HA
�, and HB becomes HB

þ. There is an equal chance of forming

½HA
� HB

þ� or ½HA
þ HB

�� since the two hydrogen atoms are identical.

The effect of allowing for contributions from ½HA
� HB

þ� or ½HA
þ HB

�� is
to build into the valence bond model the possibility that the wavefunction

that describes the bonding region between the two hydrogen atoms may

have an ionic contribution in addition to the covalent contribution that we

have already described. This is represented in equation 4.16.

 ðmoleculeÞ ¼  ðcovalentÞ þ ½c�  ðionicÞ� ð4:16Þ

The coefficient c indicates the relative contribution made by the wavefunction

 (ionic) to the overall wavefunction  (molecule).

With regard to the H2 molecule, equation 4.16 means that we should write

three possible structures to represent the covalent and ionic contributions to

the bonding description. Structures 4.7a, 4.7b and 4.7c are called resonance

structures and a double-headed arrow is used to represent the resonance

between them.

(4.7a) (4.7b) (4.7c)

It is very important to realize that the purely covalent and the purely ionic

forms of the H2 molecule do not exist separately. We are merely trying to

describe the H2 molecule by the wavefunction  (molecule) in terms of

contributions from the two extreme bonding models represented by

 (covalent) and  (ionic).

By trying different values of c in equation 4.16, an estimate of the

internuclear distance that corresponds to the energy minimum of the

system can be obtained which comes close to the experimental bond distance.

If the wavefunctions are normalized, a value of c � 0:25 gives an H�H
internuclear distance of 75 pm, in close agreement with the experimentally

determined value. The predicted bond dissociation energy is 398 kJmol�1.
Further mathematical refinement can greatly improve upon this value at

the expense of the simple physical picture.

4.12 Molecular orbital (MO) theory

General overview of molecular orbital theory

Molecular orbital theory differs from the valence bond method in that it does

not start from an assumption of localized 2-centre bonding. In the MO

approach, we attempt to obtain wavefunctions for the entire molecule. The

aim is to calculate regions in space that an electron might occupy which

encompass the molecule as a whole – these are molecular orbitals. In extreme

Resonance is the

representation of the

electronic structure of a

molecule or ion in terms of

two or more contributing

structures, each of which is

called a resonance structure

.

More about resonance
structures: see Chapter 5 and

Section 7.2

Normalization:
see Section 3.8

"

"
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cases, this procedure permits the electrons to be delocalized over the

molecule, while in others, the results approximate to localized 2-centre

2-electron orbitals.

The usual starting point for theMO approach to the bonding in a molecule

is a consideration of the atomic orbitals that are available. An approximation

which is commonly used within MO theory is known as the linear

combination of atomic orbitals (LCAO). In this method, wavefunctions ( )

approximately describing the molecular orbitals are constructed from the

atomic wavefunctions of the constituent atoms. Remember that the atomic

wavefunctions are themselves usually approximations obtained from the

hydrogen atom.

Interactions between any two atomic orbitals will be:

. allowed if the symmetries of the atomic orbitals are compatible with one

another;
. efficient if the region of overlap of the two atomic orbitals is significant;

and
. efficient if the atomic orbitals are relatively close in energy.

The full meaning of the first point will become clearer later in this chapter.

With reference to the second point, we should spend a moment considering

the meaning of the term ‘overlap’. This word is used extensively in MO

theory, and the overlap between two orbitals is often expressed in terms

of the overlap integral, S. Figure 4.11 illustrates two 1s atomic orbitals. The

orbitals in Figure 4.11a are close but there is no common region of space –

the probability of finding an electron in one atomic orbital very rarely

coincides with the probability of finding an electron in the other orbital.

The overlap integral is effectively zero between these two orbitals.§ In

Figure 4.11b, there is a very small common region of space between the two

orbitals. The value of S is small, and this situation is not satisfactory for the

formation of an effective bonding molecular orbital. In Figure 4.11c,

the overlap region is significant and the overlap integral will have a value

0 < S < 1; it cannot equal unity. (Keep in mind that the nuclei cannot

come too close together because they repel one another.) The situation

sketched in Figure 4.11c represents good orbital overlap.

In order to understand the significance of the third bullet point above, look

back at Figure 3.10 and think about what would happen if we combined a 1s

with a 4s atomic orbital, as opposed to combining a 1s with another 1s

§ The overlap integral S cannot be precisely zero; the surface boundaries of the orbitals do not
represent 100% probability of finding the electron as discussed in Chapter 3.

Fig. 4.11 Schematic drawing
to illustrate the meaning of
orbital overlap and the overlap
integral S: (a) the two 1s orbitals
effectively do not overlap;
(b) there is only a very little
overlap; (c) the two 1s atomic
orbitals overlap efficiently. The
two atomic nuclei are represented
by the central dots.
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atomic orbital. The 1s and 4s orbitals have different energies and different

spatial extents. Remember that we need to maximize orbital overlap in

order to obtain significant interaction between two atomic orbitals.

The interactions between atomic orbitals may be described by linear

combinations of the atomic wavefunctions. Because wavefunctions have

wave-like properties, we can think in terms of the interaction between two

wavefunctions being similar to the interaction between two transverse

waves. Figure 4.12 summarizes what happens when two transverse waves

combine either in- or out-of-phase. An in-phase combination leads to

constructive interference and, if the initial waves are identical, the amplitude

of the wave doubles. An out-of-phase combination causes destructive

interference and, if the initial waves are identical, the wave is destroyed.

Now let us move from transverse waves to atomic orbitals – in a similar

manner, ‘electron waves’ (orbitals) may be in- or out-of-phase. Equations

4.17 and 4.18 represent the in- and out-of-phase linear combinations of

two wavefunctions,  1 and  2, which describe two atomic orbitals. Two

molecular orbitals result.

 (in-phase) ¼ N � ½ 1 þ  2� ð4:17Þ

 (out-of-phase) ¼ N � ½ 1 �  2� ð4:18Þ

The coefficientN is the normalization factor; this adjusts the equation so that

the probability of finding the electron somewhere in space is unity.

A general result that should be remembered is that the number of molecular

orbitals generated will always be equal to the initial number of atomic orbitals.

This becomes important when we construct molecular orbital diagrams in

the following discussion.

In the construction of a molecular orbital diagram:

The number of molecular

orbitals generated

� �
¼ The number of atomic

orbitals used

� �

Constructing the molecular orbitals for H2

Let us now look at the bonding in the H2 molecule using the MO method.

Each hydrogen atom possesses one 1s atomic orbital. The MO description

of the bonding in the H2 molecule is based on allowing the two 1s orbitals to

Normalization:
see Section 3.8

"

Fig. 4.12 (a) Constructive and (b) destructive interference between two transverse waves of equal wavelength and amplitude.
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overlap when the two hydrogen nuclei are within bonding distance. The two

1s atomic orbitals are allowed to overlap because they have the same

symmetries. We shall return to the question of symmetry when we consider

the bonding in other diatomic molecules.

Let the wavefunction associated with one H atom be  ð1sÞA and the

wavefunction associated with the second H atom be  ð1sÞB. Using equations

4.17 and 4.18, we can write the new wavefunctions that result from the linear

combinations of  ð1sÞA and  ð1sÞB and these are given in equations 4.19 and

4.20. Since the H2 molecule is a homonuclear diatomic, each of the atomic

wavefunctions will contribute equally to each molecular wavefunction.

 (in-phase) ¼ N � ½ ð1sÞA þ  ð1sÞB� ð4:19Þ
 (out-of-phase) ¼ N � ½ ð1sÞA �  ð1sÞB� ð4:20Þ

Each of the new molecular wavefunctions,  (in-phase) and  (out-of-phase),

has an energy associated with it which is dependent on the distance apart of

the two hydrogen nuclei. As Figure 4.13 shows, the energy of  (in-phase) is

always lower than that of  (out-of-phase). Further, if we look at the

variation of the energy of  (in-phase) as a function of internuclear distance,

we see that the energy curve has a minimum value corresponding to

maximum stability. In contrast, the curve describing the variation in the

energy of  (out-of-phase) never reaches a minimum, and represents an

increasingly less stable situation as the two nuclei come closer together.

The wavefunction  (in-phase) corresponds to a bonding molecular orbital

and  (out-of-phase) describes an antibonding molecular orbital. The combi-

nation of  ð1sÞA and  ð1sÞB to give  (bonding) and  (antibonding) is

represented schematically in Figure 4.14 in which  (bonding) is stabilized

with respect to the two atomic orbitals and  (antibonding) is destabilized.§

The in-phase combination

of atomic orbitals gives a

bonding molecular orbital

(MO).

The out-of-phase

combination of atomic

orbitals gives an antibonding

MO that is higher in energy

than the bonding MO.

Fig. 4.13 The variation in the
energy of the molecular
wavefunctions  (in-phase) and
 (out-of-phase) for the
combination of two hydrogen 1s
atomic orbitals as a function of
H� � �H separation.

§ The amount of energy by which the antibonding MO is destabilized with respect to the atomic
orbitals is slightly greater than the amount of energy by which the bonding MO is stabilized.
This phenomenon is important but its discussion is beyond the scope of this book.
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For the combination of two 1s atomic orbitals, the normalization factor is

1=
ffiffiffi
2
p

and so we can now rewrite equations 4.19 and 4.20 in their final forms

of equations 4.21 and 4.22:

 ðbondingÞ ¼ 1ffiffiffi
2
p � ½ ð1sÞA þ  ð1sÞB� ð4:21Þ

 ðantibondingÞ ¼ 1ffiffiffi
2
p � ½ ð1sÞA �  ð1sÞB� ð4:22Þ

Putting the electrons in the H2 molecule

So far in this MO approach, we have not mentioned the electrons! In simple

MO theory, the molecular orbitals are constructed and once their energies

are known, the aufbau principle is used to place the electrons in them.

The H2 molecule contains two electrons, and by the aufbau principle,

these occupy the lowest energy molecular orbital and have opposite spins.

The MO energy level diagram for H2 is shown in Figure 4.15. Significantly,

the two electrons occupy the bonding MO, while the antibonding MO

remains empty.

Aufbau principle:
see Section 3.18

"

Fig. 4.15 The bonding and
antibonding molecular orbitals in
H2 formed by the linear
combination of two 1s atomic
orbitals. By the aufbau principle,
the two electrons in H2 occupy
the bonding MO. The labels
‘�ð1sÞ’ and ‘�	ð1sÞ’ are explained
at the end of Section 4.12.

Fig. 4.14 In-phase and out-of-
phase combinations of two 1s
atomic orbitals lead to two
molecular orbitals at low
(stabilized) and high
(destabilized) energies
respectively.
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What do the molecular orbitals for H2 look like?

The bonding and antibonding molecular orbitals of H2 are drawn

schematically in Figure 4.16. The combinations of the two 1s orbitals are

most simply represented by two overlapping circles, either in- or out-of-

phase. This is shown on the left-hand side of Figures 4.16a and 4.16b and

is a representation that we shall use elsewhere in this book.

On the right-hand side of Figures 4.16a and 4.16b we show the molecular

orbitals in more detail. The diagram representing the bonding orbital for the

H2 molecule illustrates that the overlap between the two atomic orbitals gives

a region of space in which the two bonding electrons may be found. This

corresponds to the H�H bond seen in the VB model. The negatively charged

electrons will be found predominantly between the two nuclei, thus reducing

internuclear repulsion.

The antibonding orbital for the H2 molecule is shown in Figure 4.16b. The

most important feature is the nodal plane passing between the two H nuclei.

This means that, were this orbital to be occupied, the probability of finding

the electrons at any point in this nodal plane would be zero. The outcome

is that the probability of finding the electrons between the nuclei in the

antibonding MO is less than between two non-interacting hydrogen atoms,

and much less than in the bonding orbital. Accordingly, there is an increase

in internuclear repulsion.

Labelling the molecular orbitals in H2

Some new notation appeared in Figure 4.15 – the bonding MO is labelled

�ð1sÞ and the antibonding MO is designated �	ð1sÞ. These labels are used

to provide information about the nature of the orbital.

A molecular orbital has � symmetry if it is symmetrical with respect to a

line joining the two nuclei. There is no phase change when the orbital is

rotated about this internuclear axis.

Nodal plane: see Figure 3.7
and accompanying text

‘�-orbital’ is pronounced
‘sigma-orbital’;

‘�*-orbital’ is pronounced
‘sigma-star-orbital’

"

"

Fig. 4.16 Schematic
representations of (a) the
bonding and (b) the antibonding
molecular orbitals in the H2

molecule. The H nuclei are
represented by black dots.
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A �	 molecular orbital must meet two requirements:

. In order to keep the � label, the MOmust satisfy the requirement that if it

is rotated about the internuclear axis, there is no phase change.
. In order to take the 	 label, there must be a nodal plane between the nuclei,

and this plane must be orthogonal to the internuclear axis.

Using this new notation, we can write the ground state electronic con-

figuration of the H2 molecule as �ð1sÞ2. This shows that we have formed a

�-bonding molecular orbital by the overlap of two 1s atomic orbitals, and

that the MO contains two electrons.

4.13 What do VB and MO theories tell us about the molecular
properties of H2?

Now that we have looked at the H2 molecule in several ways, we should

consider whether the different bonding models paint the same picture.

. The Lewis structure shows that the H2 molecule contains a single covalent

H�H bond and the electrons are paired.

. Valence bond theory shows that the bond in the H2 molecule can be

described by a wavefunction that has both covalent and ionic contribu-

tions. The dominant contribution comes from the covalent resonance

form. The two electrons in H2 are paired.

. Molecular orbital theory models H2 on a predominantly covalent basis.

There is a localized H�H bonding MO and the two electrons are paired.

Thus, we find that all the models give us similar insights into the bonding in H2.

4.14 Homonuclear diatomic molecules of the first row
elements: the s-block

In this and later sections in this chapter we construct diagrams like Figure 4.15

for diatomic molecules X2 where X is an element in the first row of the

periodic table. For each molecule, we use the molecular orbital approach to

predict some of the properties of X2 and compare these with what is known

experimentally. We begin by considering the bonding in the diatomic

molecules Li2 and Be2. Dilithium, Li2, exists as a gas phase molecule, while

there is evidence that Be2 exists only as an extremely unstable species. Can

we rationalize the instability of Be2?

Li2

Lithium is in group 1 of the periodic table, and a lithium atom has a ground

state electronic configuration of [He]2s1. Figure 4.17 shows the combination

of the 2s atomic orbitals to give the MOs in Li2. There is a clear similarity

between this and the formation of H2 (Figure 4.15), although the principal

quantum number has changed from 1 to 2.

From Figure 4.17, the electronic configuration of Li2 is �ð2sÞ2. The

complete electronic configuration is:

�ð1sÞ2�	ð1sÞ2�ð2sÞ2
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However, of the six electrons in the Li2 molecule, the four in the �ð1sÞ and
�	ð1sÞ orbitals are core electrons. The two electrons in the �ð1sÞ MO

‘cancel out’ the two electrons in the �	ð1sÞMO. Therefore, we need consider

only the fate of the valence electrons – those occupying the �ð2sÞ orbital.
Thus, MO theory predicts that the Li2 molecule possesses two electrons

which occupy a bonding molecular orbital, and the Li2 molecule has a

single covalent bond. This is the same answer as the one we obtain by

drawing Lewis structures 4.8 or 4.9. In VB theory, this corresponds to a

localized Li�Li � bond.

Be2

Beryllium is in group 2 of the periodic table, and the ground state configuration

of Be is [He]2s2. Figure 4.18 shows the combination of the 2s atomic orbitals to

give the MOs in Be2. The orbitals themselves are similar to those in Li2, and we

can again ignore the contribution of the core 1s electrons. There are now four

electrons to be accommodated in MOs derived from the 2s atomic orbitals.

From Figure 4.18, the electron configuration of Be2 is:

�ð2sÞ2�	ð2sÞ2

(4.8) (4.9)

Fig. 4.18 A molecular orbital
diagram for the formation of Be2
from two Be atoms. The 1s
orbitals (with core electrons)
have been omitted.

Fig. 4.17 The bonding and
antibonding molecular orbitals in
Li2 formed by the linear
combination of two 2s atomic
orbitals. The 1s orbitals (with
core electrons) have been
omitted.
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Each of the bonding and antibondingMOs contains two electrons. The result

is that there would be no net bonding in a Be2 molecule, and this is consistent

with its instability.

Before moving on to the other elements in the first row of the periodic

table, we need to introduce two further concepts: the orbital overlap of p

atomic orbitals, and bond order.

4.15 Orbital overlap of p atomic orbitals

We saw in Section 4.12 that the overlap of two s atomic orbitals led to two

molecular orbitals of � and �	 symmetries. Each of the s atomic orbitals is

spherically symmetrical and so the overlap of two such atomic orbitals is

independent of their relative orientations. To convince yourself of this, look

at Figure 4.16 – rotate one of the 1s orbitals about an axis passing through

the two nuclei. Does it affect the overlap with the other 1s atomic orbital?

Now rotate the first 1s orbital about a different axis through its nucleus

while keeping the second 1s orbital in a fixed position. You should conclude

that this operation has no effect on the overlap between the two 1s orbitals.

The situation with p atomic orbitals is different. Consider two nuclei placed

on the z-axis§ at their equilibrium (bonding) separation. The 2pz atomic orbi-

tals point directly at one another. They can overlap either in- or out-of-phase

as shown in Figures 4.19a and 4.19b respectively. The resultant bonding

molecular orbital is represented at the right-hand side of Figure 4.19a; this

is a � orbital. The corresponding antibonding MO has a nodal plane passing

between the nuclei (Figure 4.19b). This plane is in addition to the nodal plane

present in each 2p atomic orbital at the nucleus. The antibonding MO is a �	

orbital.

Now consider the overlap of the 2px atomic orbitals (Figures 4.19c and

4.19d). Since we have defined the approach of the nuclei to be along the

z-axis, the two 2px atomic orbitals can overlap only in a sideways manner.

This overlap is less efficient than the direct overlap of the two 2pz atomic orbi-

tals (i.e. the overlap integral S is smaller). The result of an in-phase combination

of the 2px atomic orbitals is the formation of a bonding MO which retains the

nodal plane of each individual atomic orbital (Figure 4.19c). This MO is called

a � orbital. The � molecular orbital is asymmetrical with respect to rotation

about the internuclear axis – if you rotate the orbital about this axis, there is

a change of phase.

The result of an out-of-phase combination of two 2px atomic orbitals is

the formation of an antibonding MO which retains the nodal plane of

each individual atomic orbital and has a nodal plane passing between the

nuclei (Figure 4.19d). This MO is labelled as a �	 orbital.
A molecular orbital has �	 symmetry if it meets the following two criteria:

. In order to take the � label, there must be a change of phase when the

orbital is rotated about the internuclear axis; in other words, there is a

nodal plane that contains the internuclear axis.

. In order to take the 	 label, there must be a nodal plane between the nuclei;

this plane is orthogonal to the internuclear axis.

Recall that a � orbital is
symmetrical with respect to

rotation about the
internuclear axis

"

§ The choice of the z-axis is an arbitrary one but it is usual to have it running between the nuclei.
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The combination of the two 2py atomic orbitals is equivalent to the overlap

of the two 2px atomic orbitals but the bonding and antibondingMOs that are

formed will lie at right angles to those formed from the combination of the 2px
atomic orbitals. As an exercise, draw diagrams like those in Figure 4.19 to

describe the formation of �ð2pyÞ and �	ð2pyÞ MOs.

In a homonuclear diatomic molecule, the combination of two sets of

degenerate 2p atomic orbitals (one set per atom) leads to one �- and two

�-bonding MOs and one �	- and two �	-antibonding MOs. (Remember

that six atomic orbitals must give rise to six MOs.) The only difference

between the two �-MOs is their directionality, and consequently, they are

degenerate. The same applies to the antibonding MOs. Figure 4.20 shows

an energy level diagram that describes the combination of the two sets of

degenerate 2p atomic orbitals; as we shall see, the relative energies of the

MOs may vary.

Fig. 4.19 The overlap of two 2p atomic orbitals: (a) direct overlap along the z-axis to give a �-MO (bonding); (b) the
formation of the �	-MO (antibonding); (c) sideways overlap of two 2px atomic orbitals to give a �-MO (bonding); (d) the
formation of �	-MO (antibonding). Atomic nuclei are marked in black, and nodal planes in grey. The diagrams on
the right-hand side are more realistic representations of the MOs and have been generated computationally using Spartan
’04, # Wavefunction Inc. 2003.
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4.16 Bond order

The bond order of a covalent bond gives a measure of the interaction

between the nuclei. The three most common categories are the single

(bond order ¼ 1), the double (bond order ¼ 2) and the triple (bond

order ¼ 3) bond, although bond orders are not restricted to integral values.

It is easy to understand what is meant by the single bond in H2, but we need

to be a little more specific when we talk about the bond order of other

molecules. The bond order of a covalent bond can be found by using equa-

tion 4.23.§

Bond order ¼ 1
2
�
��

Number of

bonding electrons

�
�
�

Number of anti-

bonding electrons

��
ð4:23Þ

For H2, Figure 4.15 shows that there are two bonding electrons and no

antibonding electrons, giving a bond order in H2 of 1. Similarly, from Figure

4.17 the bond order of the bond in Li2 is 1 (equation 4.24). Notice that we

only need to consider the valence electrons; you can use equation 4.23 to

confirm why in Section 4.14 we said that the core electrons ‘cancel out’.

Bond order in Li2 ¼ 1
2
� ð2� 0Þ ¼ 1 ð4:24Þ

For Be2, Figure 4.18 illustrates that the number of bonding electrons is two

but there are also two electrons in an antibonding orbital. Therefore, from

equation 4.23, the bond order is zero. This corresponds to no net bond

between the two Be atoms, a result that is consistent with the fact that Be2
is an extremely unstable species.

The bond order of a covalent bond may be found by considering an MO

diagram:

Bond order ¼ 1
2
�
��

Number of

bonding electrons

�
�
�

Number of anti-

bonding electrons

��

Fractional bond orders:
see Section 4.22

"

Fig. 4.20 A molecular orbital
diagram showing the
combination of two sets of
degenerate 2px, 2py and 2pz
atomic orbitals to give � and �
bonding and antibonding MOs.
The atomic nuclei lie on the
z-axis.

§ Any electrons in non-bonding orbitals are ignored; we return to non-bondingMOs in Section 5.5.
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4.17 Relationships between bond order, bond length
and bond enthalpy

In Section 4.5, the discussion of bond enthalpies touched on the fact that

the bond enthalpy of a carbon–carbon triple bond (C�C) is greater than

that of a carbon–carbon double (C¼C) bond, and this is, in turn, greater

than that of a carbon–carbon single (C�C) bond (see Table 4.5). This

point is made in Figure 4.21 where we plot bond enthalpy against bond

order, and also correlate the bond order and bond enthalpy with bond

distance. The following trends emerge:

. bond enthalpy increases as bond order increases;

. bond distance decreases as bond order increases;

. bond enthalpy decreases as bond distance increases.

The graphs also illustrate that these trends apply to nitrogen–nitrogen and

oxygen–oxygen bonds, and in fact the trends are general among the

p-block elements.

4.18 Homonuclear diatomic molecules of the first row
p-block elements: F2 and O2

In this section and Section 4.20 we look at the bonding in the diatomic

molecules B2, C2, N2, O2 and F2 using the molecular orbital and valence

bond approaches, and compare these results with those obtained by drawing

a simple Lewis structure for each molecule. The formation of Li2 and Be2
involved the overlap of 2s atomic orbitals, but that of B2, C2, N2, O2 and F2

involves the overlap, not only of 2s atomic orbitals, but also of 2p orbitals.

Fig. 4.21 Trends in bond order,
bond length and bond enthalpies
for carbon–carbon, nitrogen–
nitrogen and oxygen–oxygen
bonds.
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Throughout the following discussion we shall ignore the core (1s) electrons

of each atom for reasons already discussed.

F2

Experimental facts: The standard state of fluorine is the diamagnetic gas F2.

The ground state electronic configuration of a fluorine atom is [He]2s22p5.

Structures 4.10 and 4.11 show two Lewis representations of F2; each fluorine

atom has an octet of valence electrons. A single F�F covalent bond is

predicted by this approach. The valence bond method also describes the

F2 molecule in terms of a single F�F bond.

(4.10) (4.11)

We can construct an MO diagram for the formation of F2 by considering

the linear combination of the atomic orbitals of the two fluorine atoms

(Figure 4.22). There are 14 valence electrons and, by the aufbau principle,

A species is diamagnetic if

all of its electrons are

paired.

A species is paramagnetic if

it contains one or more

unpaired electrons.

Fig. 4.22 A molecular orbital diagram to show the formation of F2. The 1s atomic orbitals (with core electrons) have been
omitted. The F nuclei lie on the z-axis. Representations of the MOs (generated using Spartan ’04, # Wavefunction Inc.
2003) are shown on the right-hand side of the figure.
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these occupy the MOs as shown in Figure 4.22. All the electrons are paired

and this is consistent with the observed diamagnetism of F2.

From Figure 4.22, the electronic configuration of F2 may be written as:

�ð2sÞ2�	ð2sÞ2�ð2pzÞ2�ð2pxÞ2�ð2pyÞ2�	ð2pxÞ2�	ð2pyÞ2

The bond order in F2 can be determined by using equation 4.23 and the

single bond (equation 4.25) corresponds to the value obtained from the

Lewis structure.

Bond order in F2 ¼ 1
2
� ð8� 6Þ ¼ 1 ð4:25Þ

Thus, the same conclusions about the bonding in the F2 molecule are reached

by drawing a Lewis structure or by approaching the bonding using VB or

MO theories.

O2

Experimental facts: Dioxygen is a gas at 298K and condenses to form a blue

liquid at 90K. The O2 molecule is paramagnetic – it is a diradical with two

unpaired electrons.

The ground state electronic configuration of an oxygen atom is [He]2s22p4.

An MO diagram for the formation of O2 from two oxygen atoms is shown

in Figure 4.23. There are 12 valence electrons to be accommodated and, by

Hund’s rule, the last two electrons must singly occupy each of the degenerate

�	ð2pxÞ and �	ð2pyÞ molecular orbitals. This picture is consistent with

experimental observations.

From Figure 4.23, the electronic configuration of O2 may be written as:

�ð2sÞ2�	ð2sÞ2�ð2pzÞ2�ð2pxÞ2�ð2pyÞ2�	ð2pxÞ1�	ð2pyÞ1

Bond order in O2 ¼ 1
2
� ð8� 4Þ ¼ 2 ð4:26Þ

Exercise: how is this
configuration altered

if core electrons are
included?

"

Fig. 4.23 A molecular orbital
diagram to show the formation
of O2. The 1s atomic orbitals
(with core electrons) have been
omitted. The O nuclei lie on the
z-axis. Pictorial representations
of the MOs are qualitatively the
same as those shown on the
right-hand side of Figure 4.22.
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Now let us consider a Lewis structure for O2. The ground state configuration

of each oxygen atom is [He]2s22p4 and there are two unpaired electrons per

atom as shown in diagram 4.12. The Lewis picture of the molecule pairs these

electrons up to give an O¼O double bond in agreement with the bond order

calculated in equation 4.26. Each oxygen atom in Lewis structures 4.13 and

4.14 obeys the octet rule.

However, there is a problem – the Lewis structure does not predict the

presence of two unpaired electrons in the O2 molecule. Simple valence

bond theory also gives this result. In contrast, the MO description of O2

gives results about the bond order and the pairing of electrons that are con-

sistent with the experimental data. The explanation of the diradical character

of O2 represents one of the classic successes of MO theory. The two unpaired

electrons follow naturally from the orbital diagram.

4.19 Orbital mixing and �–� crossover

Before we can progress to the bonding in B2, C2 and N2, we must deal with

two new concepts: orbital mixing and �–� crossover. However, under-

standing the reasoning for these phenomena is not critical to a qualitative

discussion of the MO diagrams for these diatomics, and you may wish to

move on to Section 4.20, returning to this section later.

When we construct an MO diagram using a linear combination of atomic

orbitals, our initial approach allows overlap only between like atomic

orbitals. Figure 4.24 shows the overlap between the 2s atomic orbitals of

two identical atoms to give �ð2sÞ and �	ð2sÞMOs, and the overlap between

the 2p atomic orbitals to give �ð2pÞ, �ð2pÞ, �	ð2pÞ and �	ð2pÞ MOs. The

(4.12)

(4.13)

(4.14)

Fig. 4.24 A molecular orbital
diagram showing the
approximate ordering of
molecular orbitals generated by
the combination of 2s and 2p
atomic orbitals. This diagram is
applicable to the formation of
homonuclear diatomic molecules
involving late (O and F) first row
p-block elements, with the nuclei
lying on the z-axis.

164 CHAPTER 4 . Homonuclear covalent bonds



 

ordering of the molecular orbitals is approximate. Note that the �ð2pÞ orbital
lies at lower energy than the �ð2pÞ levels.
We can now introduce a new concept. If atomic orbitals of similar sym-

metry and energy can mix to give MOs, can MOs of similar symmetry and

energy also mix? The answer is yes.

In Figure 4.24, we have two � orbitals [�ð2sÞ and �ð2pÞ] and two �	 orbitals
[�	ð2sÞ and �	ð2pÞ]. At the beginning of the first row of the p-block elements,

the 2s and 2p atomic orbitals are relatively close together in energy

(�550 kJmol�1 for boron), whereas by the end of the row they are very

much further apart (�2100 kJmol�1 for fluorine). It follows that the

molecular orbitals derived from the 2s and 2p atomic orbitals are closer

together for the earlier p-block elements. If the orbitals have similar energies

and similar symmetries, they can mix. The results of mixing �ð2sÞ with �ð2pÞ,
and �	ð2sÞ with �	ð2pÞ, are shown in Figure 4.25.

Generally, if the 2s and 2p atomic orbitals are close in energy, mixing of the

�ð2sÞ and �ð2pÞmolecular orbitals results in the �ð2pÞ orbital§ lying higher in
energy than the �ð2pÞ levels. This is actually the case with the earlier p-block

elements (B, C and N). Naturally, the mixing of orbitals will also occur with

s–p separation:
see Figure 3.16

"

Fig. 4.25 The effects of orbital
mixing on the ordering of the
MOs in a first row diatomic
molecule. We consider the
effects of the � and �	 mixing
sequentially.

§ Strictly, this nomenclature is now incorrect as this orbital contains both 2s and 2p character.
For convenience, we retain the simple notation to indicate the dominant character.
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the later elements, but the energy mismatch makes the perturbation less, and

the �ð2pÞ orbital lies below the �ð2pÞ level.
Finally, in Figure 4.26 we show a full MO diagram for the combination of

2s and 2p atomic orbitals in which we include the effects of orbital mixing.

Notice that the character of the atomic orbitals involved in the mixing is

spread into a number of molecular orbitals. We return to this theme in

Section 5.14 when we discuss the bonding in carbon monoxide. It is also

important to see in Figure 4.26 that although atomic orbitals are now

involved in several molecular orbitals, the total number of MOs still equals

the total number of atomic orbitals.

Now we are in a position to move on to a discussion of the bonding in B2, C2

and N2 and in it, we use the orbital energy levels obtained from Figure 4.26.

4.20 Homonuclear diatomic molecules of the first row
p-block elements: B2, C2 and N2

B2

Experimental fact: The vapour phase of elemental boron contains paramag-

netic B2 molecules.

Boron is in group 13 and the ground state electronic configuration of a boron

atom is [He]2s22p1. An MO diagram for the formation of a B2 molecule is

shown in Figure 4.27. Each boron atom provides three valence electrons.

Four electrons occupy the �ð2sÞ and �	ð2sÞMOs. This leaves two electrons.

For the B2 molecule to be paramagnetic, these electrons must singly occupy

each of the degenerate �ð2pxÞ and �ð2pyÞ orbitals. We have experimental evi-

dence frommagnetic measurements for the �–� crossover in B2, as we discuss

more fully for C2.

From Figure 4.27, the electronic configuration of B2 may be written as:

�ð2sÞ2�	ð2sÞ2�ð2pxÞ1�ð2pyÞ1

We predict a bond order for the boron–boron bond in B2 of 1 (equa-

tion 4.27), i.e. a single bond is predicted.

Bond order in B2 ¼ 1
2
� ð4� 2Þ ¼ 1 ð4:27Þ

Fig. 4.26 A molecular orbital
diagram showing the ordering of
molecular orbitals generated by
the combination of 2s and 2p
atomic orbitals and allowing for
the effects of orbital mixing. This
diagram is applicable to the
formation of homonuclear
diatomic molecules involving
early (B, C and N) first row
p-block elements.
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Now let us draw a Lewis structure for B2. The problem here is that the

three electrons of each boron atom will be expected to pair up to give a

triple bond as in structures 4.15 and 4.16 – an octet cannot be achieved.

This bond order is not in accord either with the molecular orbital result or

with the experimental data. An alternative Lewis structure can be drawn in

either of the forms 4.17 or 4.18. Here, a single bond is drawn, leaving a

lone pair of electrons per boron atom. Although this result is more

acceptable in terms of the B�B bond itself, it still does not predict that the

B2 molecule will be paramagnetic. Remember that the Lewis approach will

always give paired electrons whenever possible.

(4.15) (4.16) (4.17) (4.18)

For B2, we see that drawing a Lewis structure does not yield a satisfactory

description of the electrons in the molecule. On the other hand, MO

theory can be used successfully to rationalize the bond order and the para-

magnetism of this diatomic molecule.

C2

Experimental facts: The C2 molecule is a gas phase species and is diamagnetic.

Fig. 4.27 A molecular orbital diagram
for the formation of B2. The �ð1sÞ and
�	ð1sÞ MOs (with core electrons) have
been omitted. Refer to Figure 4.26.

Fig. 4.28 A molecular orbital diagram
for the formation of C2. The �ð1sÞ and
�	ð1sÞ MOs (with core electrons) have
been omitted. Refer to Figure 4.26.

Fig. 4.29 A molecular orbital diagram
for the formation of N2. The �ð1sÞ and
�	ð1sÞ MOs (with core electrons) have
been omitted. Refer to Figure 4.26.
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Carbon is in group 14, and the ground state electronic configuration of a

carbon atom is [He]2s22p2. Lewis structures for C2 are given in 4.19 and

4.20, and show a C¼C double bond and a lone pair of electrons per

carbon atom. All electrons are paired.

(4.19) (4.20)

AnMO diagram for the formation of the C2 molecule is shown in Figure 4.28.

There are eight valence electrons to be accommodated in the MOs which arise

from the combination of the carbon 2s and 2p atomic orbitals. Four electrons

occupy the �ð2sÞ and �	ð2sÞMOs. If the �ð2pxÞ and �ð2pyÞ levels are lower in
energy than the �ð2pzÞ level, then the last four electrons will occupy the degen-

erate set of orbitals as two pairs. This gives rise to a diamagnetic molecule and

is in agreement with the experimental observations. Thus, the magnetic data

for C2 provide evidence for the �–� crossover. If the energy of the �ð2pzÞ
level were lower than that of the �ð2pxÞ and �ð2pyÞ levels, the electronic

configuration for C2 would be �ð2sÞ2�	ð2sÞ2�ð2pzÞ2�ð2pxÞ1�ð2pyÞ1, predicting
(incorrectly) a paramagnetic species.

From Figure 4.28, the electronic configuration of C2 may be written as:

�ð2sÞ2�	ð2sÞ2�ð2pxÞ2�ð2pyÞ2

The bond order of the carbon–carbon bond in C2 may be determined from

Figure 4.28 and equation 4.28.

Bond order in C2 ¼ 1
2
� ð6� 2Þ ¼ 2 ð4:28Þ

In conclusion, we see that a C¼C bond and complete pairing of electrons in

C2 can be rationalized in terms of a Lewis structure, VB and MO theories. We

use the term ‘rationalized’ rather than ‘predicted’ in regard to the MO

approach because of the uncertainties associated with the �–� crossover. At

a simple level of calculation, whether or not this crossover will occur cannot

be predicted. However, we can rationalize the fact that C2 is diamagnetic by

allowing for such a change in energy levels.

N2

Experimental facts: The N2 molecule is relatively unreactive. Dinitrogen is

often used to provide an inert atmosphere for experiments in which reagents

and/or products react with components in the air, usually O2 or water

vapour. The bond dissociation enthalpy of N2 is particularly high and the

bond length is short (Table 4.7). The N2 molecule is diamagnetic.

Let us first construct a Lewis structure for N2. Nitrogen is in group 15, and the

ground state electronic configuration of a nitrogen atom is [He]2s22p3. The

three 2p electrons are unpaired (as represented in 4.21) and when two nitrogen

atoms come together, a triple bond is required so that each nitrogen atom com-

pletes its octet of valence electrons. This is represented in the Lewis structures

4.22 and 4.23. Similarly, the valence bond model for the N2 molecule shows a

localized N�N triple bond and one lone pair per nitrogen atom.

(4.21) (4.22) (4.23)
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An MO diagram for the formation of N2 is shown in Figure 4.29. There are

10 valence electrons to be accommodated and filling the MOs by the aufbau

principle gives rise to complete pairing of the electrons. This is consistent

with the experimental observation that the N2 molecule is diamagnetic.

For N2, the presence (or not) of the �–� crossover makes no difference to

predictions about the pairing of electrons or to the bond order, but its

existence is suggested by the results of photoelectron spectroscopic studies ofN2.

From Figure 4.29, the electronic configuration of N2 may be written as:

�ð2sÞ2�	ð2sÞ2�ð2pxÞ2�ð2pyÞ2�ð2pzÞ2

and from equation 4.29, the bond order in the N2 molecule is found to be 3.

This multiple bond order is in keeping with the high bond dissociation

enthalpy of N2 and the short internuclear distance (see Table 4.7).

Bond order in N2 ¼ 1
2
� ð8� 2Þ ¼ 3 ð4:29Þ

Photoelectron spectroscopy:
see Box 4.4

"

Table 4.7 Experimental data for homonuclear diatomic molecules containing elements of the first row of the periodic table.

Molecule Bond distance / pm Bond dissociation enthalpy / kJ mol
�1

Magnetic data

Li2 267 110 Diamagnetic

Be2 (extremely unstable)a – – –

B2 159 297 Paramagnetic

C2 124 607 Diamagnetic

N2 110 945 Diamagnetic

O2 121 498 Paramagnetic

F2 141 159 Diamagnetic

a There is evidence for an extremely unstable Be2 species with a bond enthalpy of 
10 kJmol�1 and a bond distance of 
245pm.

THEORY

Box 4.4 Photoelectron spectroscopy (PES)

Photoelectron spectroscopy is a technique used to study

the energies of occupied atomic and molecular orbitals.

An atom or molecule is irradiated with electro-

magnetic radiation of energy, E, and this causes

electrons to be ejected from the sample. Each electron

has a characteristic binding energy and, to be ejected

from the atom or molecule, the electron must

absorb an amount of energy that is equal to its binding

energy.

If we measure the energy of the electron as it is

ejected, then this excess energy will be given by:

Excess energy of electron

¼ E � (binding energy of electron)

providing, of course, that E is greater than the binding

energy of the electron. Hence, we can measure the

binding energy.

Koopmans’ theorem relates the binding energy of an

electron to the orbital in which it resides. Effectively, it

allows the binding energy to be a measure of the orbital

energy.

Photoelectron spectroscopy is an important experi-

mental method that permits us to measure the binding

energies of both valence and core electrons. From

these energies, we can gain insight into the ordering of

molecular orbitals for a given atomic or molecular

system. We mention photoelectron spectroscopy again

in Section 7.9.
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In conclusion, the triple bond in N2 and its diamagnetic character can be

correctly predicted by use of a Lewis structure or by the VB or MO

approaches.

The first row p-block elements: a summary

Let us briefly summarize what happens to the bonding in the X2 diatomic

molecules for X ¼ B, C, N, O and F. Figure 4.30 illustrates the changes in

the energy levels of the molecular �ð2sÞ, �	ð2sÞ, �ð2pÞ, �	ð2pÞ, �ð2pÞ and
�	ð2pÞ orbitals in going from B2 to F2.

The main points to note are:

. the effects of molecular orbital mixing which lead to the �–� crossover;

. the use of the aufbau principle to give ground state electronic configurations;

. the use of the MO diagram to determine bond order;

. the use of the MO diagram to explain diamagnetic or paramagnetic

behaviour.

4.21 Periodic trends in the homonuclear diatomic molecules
of the first row elements

In this section we summarize the information gained about the homonuclear

diatomic molecules of the first row elements – Li2 to F2, excluding the

extremely unstable Be2.

Fig. 4.30 Changes in the energy levels of the molecular orbitals and the ground state electronic configurations of homonuclear
diatomic molecules involving first row p-block elements.
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Figure 4.31 shows the trends in X�X bond distances and bond dissocia-

tion enthalpies in the X2 molecules as we cross the periodic table from

left to right. From B2 to N2, there is a decrease in bond length which

corresponds to an increase in the bond dissociation enthalpy of the X�X
bond. From N2 to F2, the X�X bond lengthens and weakens. These

trends follow changes in the bond order in the sequence B2 (single)<C2

(double)<N2 (triple)>O2 (double)>F2 (single).

Note that we cannot exactly correlate particular values of the bond

dissociation enthalpy and distance with a given bond order. Factors

such as internuclear and inter-electron repulsion play an important part in

determining the observed values of these parameters. For example, the Li2
molecule has a single bond and is thus similar to B2 and F2. Yet the bond

distance of 267 pm in Li2 is far greater than that of either B2 or F2.

Correspondingly, the bond dissociation enthalpy of Li2 is very low. The

difference lies in the radial extent of the orbitals involved in bond formation.

The 2s and 2p orbitals of the boron atom experience a greater effective

nuclear charge than the 2s orbitals of the lithium atom, and are thus more

contracted. In order to get an efficient overlap, the atoms in B2 must be

closer together than the atoms in Li2.

4.22 The diatomic species O2, [O2]1, [O2]2 and [O2]22

Once an MO diagram has been constructed for a homonuclear diatomic

molecule, it can be used to predict the properties of (or rationalize experimen-

tal data for) species derived from that molecule. We exemplify this by looking

at O2, [O2]
þ, [O2]

� and [O2]
2�, some physical properties of which are listed in

Table 4.8.

Fig. 4.31 The trends in (a) the
X�X bond distances and (b) the
X�X bond dissociation enthalpy
for X2 molecules containing the
first row elements (X ¼ Li to F).

Table 4.8 Experimental data for dioxygen and derived diatomic species.

Diatomic species Bond distance / pm Bond enthalpy / kJ mol
�1

Magnetic properties

O2 121 498 Paramagnetic

½O2�þ 112 644 Paramagnetic

½O2�� 134 360 Paramagnetic

½O2�2� 149 149 Diamagnetic
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Figure 4.23 showed an MO diagram for the formation of the O2 molecule.

The configuration �ð2sÞ2�	ð2sÞ2�ð2pzÞ2�ð2pxÞ2�ð2pyÞ2�	ð2pxÞ1�	ð2pyÞ1 sup-

ports the presence of an O¼O double bond and the fact that the O2 molecule

is paramagnetic.

What happens if we oxidize or reduce O2? The addition of one or more

electrons corresponds to reduction and the removal of one or more electrons

is oxidation. We can use the MO diagram for O2 to monitor changes (bond

order, bond distance, bond dissociation enthalpy and electron pairing) that

occur to the diatomic species by adding or removing electrons. The addition

of electrons will follow the aufbau principle; the removal of electrons follows

the same rules but in reverse.

The 1-electron oxidation of the O2 molecule (equation 4.30) corresponds to

the removal of one electron from a �	 orbital in Figure 4.23. Inspection of the

MO diagram shows that the [O2]
þ cation will be paramagnetic with one

unpaired electron. It is also a radical species and is known as a radical cation.

O2 ��" ½O2�þ þ e� ð4:30Þ
Bond order in ½O2�þ ¼ 1

2
� ð8� 3Þ ¼ 2:5 ð4:31Þ

In going from O2 to [O2]
þ, the bond order increases from 2.0 to 2.5 (equations

4.26 and 4.31). This is reflected in an increase in the bond dissociation

enthalpy and a decrease in the oxygen–oxygen bond distance (Table 4.8).

The 1- and 2-electron reductions of O2 are shown in equations 4.32 and

4.33. By considering the molecular orbitals in Figure 4.23, we can see that

the superoxide ion, [O2]
�, is formed by the addition of one electron to one

of the �	 orbitals. The [O2]
� ion is paramagnetic (it is a radical anion) and

has a bond order of 1.5. The data in Table 4.8 support the weakening and

lengthening of the oxygen–oxygen bond on going from O2 to [O2]
�.

O2 þ e� ��" ½O2�� ð4:32Þ
O2 þ 2e� ��" ½O2�2� ð4:33Þ

The addition of two electrons to O2 to give [O2]
2� (the peroxide ion) results

in the formation of a diamagnetic species, and the bond order becomes 1.

Again, the experimental data support this. The dianion [O2]
2� has a longer

and weaker bond than either of O2 or [O2]
�.

4.23 Group trends among homonuclear diatomic molecules

Now we turn from trends among diatomic molecules in the first row of

the periodic table to trends within groups of elements, focusing first on the

alkali metals and the halogens. We then consider group 15 in which the

changes in X�X bond enthalpies in going down the group cause dramatic

effects in elemental structure.

Oxidation and reduction

may be defined in terms of

the loss and gain of an

electron or electrons.

In an oxidation process, one

or more electrons are lost.

In a reduction process, one

or more electrons are gained.

A radical cation is a cation

that possesses an unpaired

electron.

A radical anion is an anion

that possesses an unpaired

electron.

Oxides, peroxides and
superoxides: see Sections

21.11 and 22.10

Hydrogen is excluded from
this discussion

"

"

Group 1: alkali metals

Each group 1 element has a ground state valence electronic configuration of ns1.

Homonuclear diatomic molecules of the alkali metals occur in the gas phase.

The formation of the Li2 molecule from two lithium atoms was illustrated

in Figure 4.17. Similar diagrams can be constructed for the formation of Na2,

K2, Rb2 and Cs2 and experimental data for these diatomic molecules are

given in Table 4.9.

Molecular orbital theory predicts that each group 1 diatomic molecule has a

bond order of 1. This is also the conclusion when Lewis structures are drawn or
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when the bonding is considered using VB theory – each alkali metal atom has

one valence electron and will share one electron with another group 1 atom.

The bond dissociation enthalpies and bond distances for Li2, Na2 and K2

(Table 4.9) indicate that as the group is descended, the M�M bond gets

longer and weaker. The trend in enthalpies continues for Rb2 and Cs2.

This reflects the change in the principal quantum number of the ns atomic

orbital and the spatial properties of the orbitals. We reiterate how the

radial distribution function varies among the ns atomic orbitals; remember

that this gives the probability of finding the electron in a spherical shell of

radius r and thickness dr from the nucleus. Figure 3.11 showed radial

distribution functions for 1s, 2s and 3s atomic orbitals of hydrogen; the

valence orbitals of Li and Na are the 2s and 3s atomic orbitals.

Group 17: halogens

Each member of group 17 has an ns2np5 valence electronic configuration.

Lewis structures for Cl2, Br2 and I2 resemble that drawn for F2 in structures

4.10 and 4.11. Each molecule has a single bond. An MO diagram for each of

the Cl2, Br2 and I2 molecules is similar to Figure 4.22, except that the

principal quantum numbers are different and this affects the relative energies

of the orbitals. In each case, a bond order of 1 is calculated for the X2

molecule, and we find that each diatomic species is diamagnetic.

Table 4.10 gives some data for F2, Cl2, Br2 and I2. The relative values of the

distances and enthalpies are in agreementwith the notion of singleX�Xbonds.

However, instead of a general trend of decreasing bond dissociation enthalpies

and increasing bond distances, the F�F bond is actually much weaker than

might be expected. This is emphasized in the graph in Figure 4.32. The

Spatial properties of
orbitals: see Figure 3.10

"

Table 4.9 Experimental data for homonuclear diatomic molecules of the group 1 elements.

Diatomic species, X2 Ground state electronic configuration

of atom X

Bond distance / pm Bond dissociation

enthalpy / kJ mol
�1

Li2 [He]2s1 269 102

Na2 [Ne]3s1 308 72

K2 [Ar]4s1 392 53

Rb2 [Kr]5s1 421 48

Cs2 [Xe]6s1 465 44

Table 4.10 Experimental data for homonuclear diatomic molecules of the group 17 elements.

Diatomic species,

X2

Ground state electronic

configuration of atom X

Bond

distance / pm

Bond dissociation

enthalpy / kJ mol
�1

F2 [He]2s22p5 141 159

Cl2 [Ne]3s23p5 199 242

Br2 [Ar]4s24p5 228 193

I2 [Kr]5s25p5 267 151

Fig. 4.32 The trend in the X�X
bond dissociation enthalpy for
X2 molecules where X is a group
17 element.
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additional weakening is usually attributed to repulsion between the lone pairs

of electrons on the two fluorine atoms (structure 4.24). Although each X atom

in eachX2 molecule has three lone pairs of electrons, those in F2 will experience

the greatest repulsion because of the shorter distance between the nuclei.

Group 15

The trend in the bond dissociation enthalpies of the diatomic molecules N2,

P2, As2, Sb2 and Bi2 is shown in Figure 4.33. There is a sharp decrease in the

value of the dissociation enthalpy in going from N2 to P2 and then less dra-

matic decreases in going from P2 through to Bi2.

Let us step back for a moment and consider the choices open to atoms of

group 15 elements when they combine with one another. The situation is

illustrated in Figure 4.34. The presence of three unpaired electrons suggests

that the formation of a diatomic molecule with a triple bond or a tetraatomic

molecule with six single bonds are possibilities.

Bond enthalpy is an important factor in determining what degree of

molecular aggregation will occur. If we have four nitrogen atoms in the

gas phase, they might come together to form two molecules of N2 (equation

4.34) or one molecule of N4 (equation 4.35).

4NðgÞ ��" 2N2ðgÞ ð4:34Þ
4NðgÞ ��"N4ðgÞ ð4:35Þ

When two moles of N2 form, two triple bonds are made. Bond formation is

exothermic and the associated enthalpy change is:

�Ho½4NðgÞ ��" 2N2ðgÞ� ¼ �½2�DðN�NÞ�
¼ �ð2� 945Þ
¼ �1890 kJ per 4 moles of N atoms

When one mole of N4 forms, six single bonds are made and the associated

enthalpy change is:

�Ho½4NðgÞ ��"N4ðgÞ� ¼ �½6�DðN�NÞ�

¼ �ð6� 159Þ

¼ �954 kJ per 4 moles of N atoms

Thus, in terms of enthalpy it is more favourable to form two moles of N2(g)

than it is to form one mole of N4(g). In fact, the N4 molecule has not been

observed experimentally. The particularly strong N�N triple bond which

has both strong �- and �- components, is responsible for the N2 molecule

being the standard state of this element.

(4.24)

The value of D(N�N) comes
from Table 4.5; the value in
Figure 4.33 refers to a triple

bond

"

Fig. 4.33 The trend in the X�X
bond dissociation enthalpy for
X2 molecules where X is a group
15 element.

Fig. 4.34 Atoms of a group 15
element may come together to
form a diatomic molecule with a
triple bond, or a tetraatomic
molecule with six single bonds.
The P4, As4, Sb4 and Bi4
molecules are formed under
drastically different conditions.

174 CHAPTER 4 . Homonuclear covalent bonds



 

Now let us repeat the exercise for phosphorus.

4PðgÞ ��" 2P2ðgÞ ð4:36Þ
4PðgÞ ��" P4ðgÞ ð4:37Þ

For the formation of two moles of P2, the enthalpy change is:

�Ho½4PðgÞ ��" 2P2ðgÞ� ¼ �½2�DðP�PÞ�

¼ �ð2� 490Þ

¼ �980 kJ per 4 moles of P atoms

For the formation of one mole of P4, the enthalpy change is:

�Ho½4PðgÞ ��" P4ðgÞ� ¼ �½6�DðP�PÞ�

¼ �ð6� 200Þ

¼ �1200 kJ per 4 moles of P atoms

This time, in terms of enthalpy, it is more favourable for the gaseous P4

molecule to form, although the enthalpy difference between the two forms

of phosphorus is not as great as between the two forms of nitrogen. The

standard state of phosphorus (white phosphorus) consists of P4 molecules

packed in a solid state array.

Above 827K, P4 dissociates into P2 molecules (equation 4.38) and, from

the data calculated above, we would estimate that �Ho for this process is

220 kJmol�1 – experimentally, it is found to be 217 kJmol�1.

P4ðgÞ ��" 2P2ðgÞ ð4:38Þ

In the gas phase, arsenic exists as As4 molecules. At relatively low

temperatures, antimony vapour contains mainly Sb4 molecules. Sb4, Sb2,

Bi4 and Bi2 molecules have been observed in noble gas matrices. However,

all these species are inaccessible at 298K. The standard states of these

elements possess covalent lattice structures similar to that of black phos-

phorus. We look further at these structures in Chapter 9.

Worked example 4.4 Allotropes of oxygen and sulfur

Suggest reasons why oxygen forms an O2 molecule rather than a cyclic

structure such as O6, whereas sulfur forms S6 rather than an S2 molecule at

298K and atmospheric pressure.

Bond enthalpy data:

DðO�OÞ ¼ 146 kJmol
�1

DðS�SÞ ¼ 266 kJmol
�1

DðO¼OÞ ¼ 498 kJmol
�1

DðS¼SÞ ¼ 425 kJmol
�1

Consider the formation of O2 and O6 molecules from oxygen atoms. In

order to make the comparison meaningful, we must consider equal

numbers of oxygen atoms:

6OðgÞ ��" 3O2ðgÞ

6OðgÞ ��"O6ðgÞ

The value of D(P�P) comes
from Table 4.5

"
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For the formation of three moles of O2(g):

�Ho ¼ �½3�DðO¼OÞ�

¼ �ð3� 498Þ

¼ �1494 kJ per 6 moles of O atoms

For the formation of one mole of O6(g):

�Ho ¼ �½6�DðO�OÞ�

¼ �ð6� 146Þ

¼ �876 kJ per 6 moles of O atoms

Hence, on enthalpy grounds O2 molecule formation is favoured over O6

ring formation. (Remember that �H is not the only factor involved –

see Chapter 17.)

For sulfur, we compare the enthalpies of reaction for the following

processes:

6SðgÞ ��" 3S2ðgÞ

6SðgÞ ��" S6ðgÞ

For the formation of three moles of S2(g):

�Ho ¼ �½3�DðS¼SÞ�
¼ �ð3� 425Þ
¼ �1275 kJ per 6 moles of S atoms

For the formation of one mole of S6(g):

�Ho ¼ �½6�DðS�SÞ�
¼ �ð6� 266Þ
¼ �1596 kJ per 6 moles of S atoms

Hence, on enthalpy grounds S6 ring formation is favoured over S2
molecule formation. (Other cyclic molecules of type Sn are also possible,

as illustrated in Table 4.2.)

SUMMARY

In this chapter the theme has been bonding in homonuclear molecules.

Do you know what the following terms mean?

. covalent bond

. homonuclear

. covalent radius

. dissociation

. bond enthalpy

. enthalpy of atomization

. Lewis structure

. valence bond theory

. molecular orbital theory

. linear combination of atomic
orbitals

. localized bond

. delocalized bond

. � and � bonds

. bonding and antibonding
molecular orbitals

. bond order

. diamagnetic

. paramagnetic

. radical cation

. radical anion
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You should now be able:

. to discuss briefly methods of determining bond
distances

. to relate bond enthalpy values to enthalpies of
atomization

. to distinguish between an individual and an
average bond enthalpy value

. to use Hess’s Law of Constant Heat Summation
to estimate bond enthalpies from enthalpies of
formation and atomization

. to draw Lewis structures for simple covalent
molecules

. to discuss the principles of MO and VB
theories

. to discuss the bonding in H2 in terms of MO and
VB theories and compare the two models

. to construct MO diagrams for homonuclear
diatomic molecules of the s- and p-block
elements, and make use of experimental
data to assess whether your diagram is
realistic

. to relate bond order qualitatively to bond
enthalpy and bond distance for homonuclear
bonds

. to discuss trends in homonuclear bond
enthalpies and bond distances across the first
row of elements in the periodic table and down
groups of the s- and p-block elements

PROBLEMS

4.1 State what you understand by each of the following:

(a) covalent radius; (b) bond dissociation enthalpy;

and (c) the standard enthalpy of atomization of an

element.

4.2 Values of van der Waals radii (rv) and covalent radii

(rcov) for the elements from Z ¼ 5 to 9 are:

Z 5 6 7 8 9

rv / pm 208 185 154 140 135

rcov / pm 88 77 75 73 71

(a) In which part of the periodic table are these

elements?

(b) Why is rv > rcov for each element?

(c) Rationalize the trend in rv values.

(d) For S, rv ¼ 185 pm and rcov ¼ 103 pm. How

would you estimate these values experimentally?

4.3 Using data from Appendix 6, estimate bond lengths

for the gas phase diatomics F2, Cl2, Br2 and I2.

Compare your answers with the values listed in

Table 4.10. Suggest reasons for the trend in bond

lengths.

4.4 (a) In an X-ray diffraction experiment, what causes

the diffraction of the electromagnetic radiation?

(b) Explain why X-ray diffraction results give a

value of 103 pm for the length of a localized 2-centre

2-electron terminal B�H bond in the ½B2H7�� ion

(4.25) while the same bond is found to be 118 pm in

length from the results of a neutron diffraction

experiment.

(4.25)

4.5 The results of an electron diffraction experiment on

a gaseous molecule XF3 give X–F distances of

131.3 pm and F---F separations of 227.4 pm.

(a) What are the F–X–F bond angles? (b) Is the

molecule planar or non-planar?

4.6 State, with reasons, whether you can reasonably

transfer a value of the stated bond dissociation

enthalpy between the following pairs of molecules:

(a) the carbon–carbon bond enthalpy between ethane

(C2H6) and ethene (C2H4); (b) the nitrogen–nitrogen

bond enthalpy between hydrazine (N2H4) and N2F4;

and (c) the oxygen–hydrogen bond enthalpy between

water and hydrogen peroxide (H2O2).

4.7 Using the bond enthalpy data in Table 4.5, estimate

values for the enthalpy of atomization for each of

the following gas phase molecules: (a) P4; (b) S8;

(c) As4; (d) I2. (The structures of these molecules are

given in the chapter.)
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4.8 Using the answer obtained for P4(g) in problem 4.7

and the standard enthalpy of atomization listed in

Table 4.6, estimate the standard enthalpy of

formation (at 298K) of gaseous P4.

4.9 The standard enthalpies of formation (at 298K) for

methane (CH4) and ethane (C2H6) are �75 and

�85 kJmol�1 respectively. Determine values for the

single C�C and C�H bond enthalpies at 298K

given that the standard enthalpies of atomization of

carbon and hydrogen are 717 and 218 kJmol�1

respectively. Compare your answers with the values

listed in Table 4.5 and comment on the origins of

any differences.

4.10 Using appropriate data from Appendices 10 and 11,

determine the average P–F bond enthalpies in

(a) PF5 and (b) PF3. What conclusions can you draw

from your answers?

4.11 (a) Estimate a value for �D(P–H) using appropriate

data from Appendices 10 and 11. (b) Using your

answer to part (a), estimate a value for D(P–P)

in P2H4 which is structurally similar to N2H4

(Figure 4.1); �fH
oðP2H4; gÞ ¼ 21 kJmol�1.

4.12 By considering only valence electrons in each case,

draw Lewis structures for: (a) Cl2; (b) Na2; (c) S2;

(d) NF3; (e) HCl; (f) BH3; and (g) SF2.

4.13 By considering only valence electrons in each case,

draw Lewis structures for the following molecules:

(a) methane (CH4); (b) bromomethane (CH3Br);

(c) ethane (C2H6); (d) ethanol (C2H5OH); (e) ethene

(C2H4).

4.14 Draw Lewis structures for: (a) F2; (b) Br2; (c) BrF;

(d) BrF3; and (e) BrF5.

4.15 Howmany Lewis structures can you draw for C2? In

the text, we considered only one structure; suggest

why the other structure(s) that you have drawn

is (are) unreasonable. [Hint: Think about the

distribution of the bonding electrons in space.]

4.16 (a) By using an MO approach to the bonding, show

that the formation of the molecule He2 would not

be favourable. (b) Is ½He2�þ likely to be a stable

species?

4.17 Construct a complete MO diagram for the

formation of Li2 showing the involvement of both

the core and valence electrons of the two lithium

atoms. Determine the bond order in Li2. Does the

inclusion of the core electrons affect the value of the

bond order?

4.18 When Li2 undergoes a 1-electron oxidation, what

species is formed? Use the MO diagram you have

drawn in problem 4.17 and the data about Li2 in

Table 4.9 to say what you can about the bond

order, the bond dissociation enthalpy, the bond

length and the magnetic properties of the oxidized

product.

4.19 Using anMO approach, rationalize the trends in the

data given in Table 4.11. Will the [N2]
� and [N2]

þ

ions be diamagnetic or paramagnetic?

Table 4.11 Data for problem 4.19.

Diatomic

species

Bond

distance / pm

Bond enthalpy /

kJmol
�1

N2 110 945

½N2�� 119 765

½N2�þ 112 841

4.20 Table 4.12 lists the bond dissociation enthalpies of

diatomic molecules of the group 16 elements. Suggest

reasons for the observed trend. Are the values of the

bond distances in O2 and S2 consistent with the bond

dissociation enthalpies for these molecules?

Table 4.12 Data for problem 4.20.

Diatomic

species

Bond

distance / pm

Bond enthalpy /

kJmol
�1

O2 121 498

S2 189 425

Se2 217 333

Te2 256 260

4.21 The bond dissociation enthalpy of Na2 is

72 kJmol�1. Do you expect the bond enthalpy in

[Na2]
þ to be less than, equal to or greater than

72 kJmol�1? Rationalize your answer.

ADDITIONAL PROBLEMS

4.22 (a) Use the LCAO method to construct a

general MO diagram (without electrons) to

show the interactions between the valence 2s

and 2p atomic orbitals of two X atoms as

they form X2. Take the X nuclei to lie on the

z-axis.

(b) How does this MO diagram change if you allow

mixing between the �ð2sÞ and �ð2pÞ, and
between the �	ð2sÞ and �	ð2pÞ MOs? Draw a

revised MO diagram for X2.

(c) Use each diagram from parts (a) and (b) to

deduce the bond order and magnetic

properties of B2. What experimental data are

available to indicate which of the MO diagrams

is the more appropriate to describe the bonding

in B2?
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4.23 Comment on the following observations.

(a) An O�O bond is weaker than an S�S bond,

but O¼O is stronger than S¼S (see Table 4.5).

(b) There is evidence for an unstable Be2 species

with a bond enthalpy of 10 kJmol�1 and bond

distance of 245 pm.

(c) P�P bonds are weaker than N�N or C�C, but
stronger than As�As.

(d) The covalent radius for P appropriate for a

triple bond is 94 pm, but in P4, the P�P bond

distances are 221 pm.

CHEMISTRY IN DAILY USE

4.24 Dinitrogen and argon are used for inert gas

environments, for example in the laboratory to

handle air-sensitive compounds. Argon is also

routinely used in the car manufacturing industry as

a protective blanket gas during arc-welding of

metals.

(a) Why is argon suitable as a protective gas?

(b) Draw a Lewis structure for N2. What does the

result tell you about the properties of the N2

molecule?

(c) Construct an MO diagram for N2, and

rationalize why N2 has a strong bond.

(d) Why is N2 suitable for inert gas environments?

4.25 F2 is an excellent oxidizing agent and is used in the

nuclear fuel industry in a step during the

reprocessing of uranium:

UF4 + F2 ��"UF6

(a) What are the changes in oxidation state for

U and F in the above reaction?

(b) The reaction of the fluorine can be summarized

in the following half-equation:

1/2F2 + e� ��" F�

Using what you know about electronic structure

and covalent bonding, suggest why F2 is such a

good oxidizing agent.

4.26 Lapis lazuli is a naturally occurring mineral that has

been used since ancient times (notably by the ancient

Egyptians) as a bright blue pigment. The blue colour

arises from ‘colour centres’ in the mineral and one of

the species responsible is the [S2]
� ion.

(a) What is the ground state configuration of sulfur?

(b) By considering only the valence electrons,

construct an MO diagram for [S2]
�, and say

what you can about its properties.
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5
Heteronuclear
diatomic molecules

5.1 Introduction

In Chapter 4 we discussed homonuclear bonds such as those in homonuclear

diatomic molecules (H2 or N2) or homonuclear polyatomic molecules (P4 or

S8), or homonuclear bonds in heteronuclear molecules (the C�C bond in

C2H6 or the O�O bond in H2O2). In this chapter we are concerned with

heteronuclear molecules with an emphasis on diatomic species.

In a homonuclear diatomic molecule X2, the two X atoms contribute

equally to the bond. The molecular orbital diagrams drawn in Chapter 4

have a symmetrical appearance, and each molecular orbital contains equal

contributions from the constituent atomic orbitals of each atom.

A heteronuclear bond is one formed between different atoms; examples are the

C�Hbonds inmethane and ethane, the B�Fbonds in boron trifluoride and the

N�H bonds in ammonia (Figure 5.1). Since most of chemistry deals with

molecules and ions containing more than one type of atom, it is clear that an

understanding of the interactions and bonding between atoms of different

Topics

Heteronuclear bonds

Valence bond theory

Molecular orbital theory

Bond enthalpies

Electronegativity

Dipole moments

Isoelectronic species

Multiple bonding

Fig. 5.1 Molecules with heteronuclear bonds: methane (CH4), ethane (C2H6), boron trifluoride (BF3) and ammonia
(NH3). Colour code: C, grey; B, dark blue; N, blue; F, green; H, white.



 
types is crucial to an understanding of such species. Later in this book we shall

encountermany heteronuclear polyatomicmolecules, butwe begin our discussion

by considering the bonding in the diatomic molecules HF, LiF and LiH.

5.2 Lewis structures for HF, LiF and LiH

Lewis structures for hydrogen, lithium and fluorine atoms are shown in

Figure 5.2a along with their ground state electronic configurations.

The elements hydrogen and lithium have one valence electron, while

fluorine has seven. Just as we formed a covalent bond by sharing electrons

between two hydrogen atoms to give the H2 molecule, and between two

fluorine atoms to give F2, so we can pair together a hydrogen atom and a

fluorine atom to give an HF molecule. Similarly, we can predict the

formation of the molecules LiF and LiH and draw Lewis structures for

these heterodiatomic molecules as shown in Figure 5.2b. This predicts that

each molecule possesses a single bond.

In the gas phase, HF, LiF and LiH can each exist as molecular species.

However, as we shall see later, at room temperature and pressure, the

bonding is not always as simple as the Lewis approach suggests.

5.3 The valence bond approach to the bonding in HF,
LiF and LiH

What differences are there between the homonuclear diatomic H2

and a heteronuclear molecule XY?

In Chapter 4 we showed how valence bond theory can be applied to the

H2 molecule and how the bonding can be described by resonance structures

5.1, 5.2 and 5.3. The resonance forms 5.2 and 5.3 are equivalent in energy.

(5.1) (5.2) (5.3)

A similar approach can be used to describe the bonding in heteronuclear

diatomic molecules. However, there is an important distinction to be made

between homo- and heteronuclear diatomics. In a diatomic molecule XY,

there will be a resonance structure 5.4 that represents the covalent contribution

to the overall bonding picture and two energetically different resonance

structures, 5.5 and 5.6, that represent the ionic contributions.

(5.4) (5.5) (5.6)

The relative importance of the three resonance structures depends upon their

relative energies, and each of structures 5.4, 5.5 and 5.6 will make a different

VB approach to H2: see
Section 4.11

"

Fig. 5.2 (a) Lewis diagrams and
ground state electronic
configurations for hydrogen,
lithium and fluorine; (b) Lewis
structures for hydrogen fluoride,
lithium fluoride and lithium
hydride.
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contribution to the overall bonding in the molecule XY. Let us apply this

idea to HF, LiF and LiH.

Hydrogen fluoride

The valence bond approach suggests three resonance forms for the hydrogen

fluoride molecule, as shown in structures 5.7, 5.8 and 5.9.

(5.7) (5.8) (5.9)

The covalent form 5.7 implies that the F and H atoms share two electrons so

that each atom has a noble gas configuration. Forming a covalent single

bond between the atoms in the HF molecule allows the hydrogen atom to

gain a helium-like outer shell while the fluorine atom becomes neon-like.

In order to assess the relative energies of the ionic forms, consider the

ground state configuration of the fluorine atom. Resonance structure 5.8

indicates that an electron has been transferred from the H atom to the F

atom (equations 5.1 and 5.2).

H��"Hþ þ e� ð5:1Þ
Fþ e� ��"F� ð5:2Þ

The ground state electron configuration of fluorine is [He]2s22p5 and gaining

an electron provides a neon-like configuration ½He�2s22p6 � ½Ne�. The F� ion

obeys the octet rule. The ionic form 5.8 appears to be a reasonable alternative

to the covalent structure 5.7.

Resonance structure 5.9 indicates that an electron has been transferred

from fluorine to hydrogen (equations 5.3 and 5.4).

F��" Fþ þ e� ð5:3Þ
Hþ e� ��"H� ð5:4Þ

Although the formation of the H� ion gives a helium-like configuration

(1s2 � ½He�), the energetic advantage of this step is not sufficient to offset the

energetic disadvantage of forming Fþ. The loss of an electron from a fluorine

atom to give the Fþ cation means that a species with six valence electrons (a

sextet) is generated. This is expected to be less stable than the F� anion with

an octet. The preference for fluorine to gain an electron is far, far greater

than for it to lose one – reaction 5.2 is favoured over reaction 5.3. (At the

end of Chapter 8, problem 8.6 asks you to consider the energetics of reactions

5.1 to 5.4.) Thus, it is not reasonable to expect a resonance structure involving

Fþ to feature strongly in a description of the bonding in hydrogen fluoride,

and the contribution made by the structure H�Fþ is negligible. The bonding

in hydrogen fluoride can therefore be effectively described in terms of a

covalent structure and an ionic form in which Hþ and F� ions are involved.

Lithium fluoride and lithium hydride

Valence bond theory can be used in a similar manner to that outlined for HF

to describe the bonding in the LiF and LiH molecules. Resonance structures

for these molecules are shown in Figure 5.3.

In molecular LiF, we can once again disregard the resonance structure

involving the Fþ ion. The bonding in lithium fluoride is described in terms

of a covalent resonance structure and an ionic resonance form involving F�.
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In LiH, three resonance structures can be drawn, all of which contribute to the

overall bonding in the compound. The lithium and hydrogen atoms (Figure 5.2)

possess ns1 ground state configurations and can readily lose an electron to form

the Liþ or Hþ ions. Each of these ions possesses an ns0 configuration. When

hydrogen gains an electron, it forms H� which is a helium-like species.

VB theory: conclusions

Valence bond theory applied to the molecules HF, LiF and LiH gives bonding

descriptions in terms of covalent and ionic resonance structures. However, in a

given set of resonance structures, some forms are more important than others.

In general, a qualitative treatment in terms of the stability of possible ions

proves to be successful, and the method provides a good intuitive description

of the bonding in simple molecules. Of course, it is possible to approach the

problem more rigorously and estimate the contributions that each resonance

structure makes to the overall bonding. For us, however, it is sufficient

merely to consider their relative merits in the way discussed above.

5.4 The molecular orbital approach to the bonding
in a heteronuclear diatomic molecule

In Chapter 4 we used molecular orbital theory to describe the bonding in

homonuclear diatomic molecules. The MO diagrams we constructed had a

symmetrical appearance; atomic orbitals of the same type but belonging to

different atoms had the same energy as seen, for example, for F2 in Figure 4.21.

In a molecule X2, the atomic orbitals of each X atom contribute equally to a

given MO.

Now consider a heteronuclear molecule XY. In this chapter we take the

case where the atoms X and Y are different, but with atomic numbers smaller

than 10. A fundamental difference between X and Y is that the effective

nuclear charge, Zeff , experienced by the electrons in the valence shells of

the two atoms is not the same. If Y is in a later group of the periodic table

than X, then ZeffðYÞ > ZeffðXÞ for an electron in a given atomic orbital.

As Zeff increases across a row of the periodic table, the energy of a particular

atomic orbital is lowered (more negative energy). This is illustrated schema-

tically in Figure 5.4 for the combination of the 2s atomic orbitals of atoms X

and Y to form the �ð2sÞ and ��ð2sÞ MOs of the molecule XY.

An important feature of Figure 5.4 is that the energy of the bonding MO is

closer to that of the 2s atomic orbital of atom Y than to that of the 2s atomic

orbital of atom X. Conversely, the energy of the antibonding MO is closer to

that of the 2s atomic orbital of atomX than to that of the 2s atomic orbital of

atom Y. This has an effect on the nature of the molecular orbitals, as

Effective nuclear charge: see
Section 3.15

"

Fig. 5.3 Resonance structures
for the molecules (a) LiF and
(b) LiH. For LiF, the right-hand
structure provides a negligible
contribution to the overall
bonding picture.
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illustrated in Figure 5.5. The 2s atomic orbital of atom Y makes a larger

contribution to the bonding �ð2sÞ orbital than does the 2s atomic orbital

of atom X. For the antibonding MO, the situation is reversed and the

2s atomic orbital of atom Y makes a smaller contribution to the ��ð2sÞ
MO than does the atomic orbital of atom X. We say that the �ð2sÞ MO

possesses more 2s character from Y and the ��ð2sÞMO has more 2s character

from X. In Figures 5.5a and 5.5b, the larger or smaller 2s contributions are

represented pictorially. Notice how this affects the final shape of the

molecular orbitals and makes them asymmetrical.

The wavefunction for an MO in a heteronuclear diatomic molecule must

show the contribution that each constituent atomic orbital makes. This is

done by using coefficients, cn. In equation 5.5, the coefficients c1 and c2
indicate the composition of the MO in terms of the atomic orbitals  X and

 Y. The relative values of c1 and c2 are dictated by the effective nuclear

charges of the atoms X and Y.

 MO ¼ fc1 �  Xg þ fc2 �  Yg ð5:5Þ

Equation 5.6 gives an expression for the wavefunction that describes the

bonding orbital in Figures 5.4 and 5.5.

 MO ¼ fc1 �  Xð2sÞg þ fc2 �  Yð2sÞg where c2 > c1 ð5:6Þ

The fact that coefficient c2 is greater than c1 corresponds to there being

more 2s character from Y than X, with the result that the MO (Figure 5.5a)

is distorted in favour of atom Y.

One final point remains. In Chapter 4 we noted the importance of energy

matching between atomic orbitals as a criterion for an efficient orbital

Fig. 5.5 Schematic representations of (a) the �ð2sÞMO and (b) the ��ð2sÞMO of a heteronuclear diatomic molecule XY. The
nuclei are shown by black dots.

Fig. 5.4 Schematic
representation of an MO
diagram for the combination of
the 2s atomic orbitals of atoms X
and Y in a heteronuclear
diatomic molecule;
Zeff ðYÞ > ZeffðXÞ.
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interaction. In the case of the homonuclear diatomic molecules, this gave

no problems when the discussion was restricted to overlap between like

orbitals – in H2, the energies of the two hydrogen 1s atomic orbitals were

the same. In a heteronuclear diatomic there will always be differences

between the orbital energies associated with the two different atoms, and it

follows that there may be cases where the energy difference may be too

great for effective interaction to be achieved. We illustrate this point later in

the discussion of the bonding in LiF and HF.

Worked example 5.1 Orbital contributions to molecular orbitals

As part of an MO description of the bonding in CO, we consider the interaction

between the C 2s and O 2s orbitals. (a) Which of these atomic orbitals is of

lower energy? (b) Will the �ð2sÞ MO have more carbon or more oxygen

character? Write an equation that describes the character of the �ð2sÞ MO.

(c) Give a qualitative description of the ��ð2sÞ MO.

Begin by noting the positions of C and O in the periodic table. Both

elements are in the first long period; the 2s and 2p orbitals are the valence

orbitals of C and O. C is in group 14; O is in group 16. Therefore the

effective nuclear charge of O is greater than that of C.

(a) Because ZeffðOÞ > ZeffðCÞ, the energy of the O 2s orbital is lower than

that of the C 2s orbital.

(b) It follows from the answer to part (a) that the �ð2sÞ MO has more O

than C character. This can be represented by the equation:

 MO ¼ fc1 �  Cð2sÞg þ fc2 �  Oð2sÞg where c2 > c1

(c) The ��ð2sÞ MO of the CO molecule contains more carbon than

oxygen character. The orbital has antibonding character and may be

represented pictorially as follows:

5.5 The molecular orbital approach to the bonding in LiH,
LiF and HF

Three important preliminary comments

. In using molecular orbital theory to describe the bonding in molecules at a

simple level, we need only consider the overlap of the valence atomic orbitals.

. The MO treatment of the bonding in LiH, LiF and HF described in

this section is at a simple level. We assume that of the lithium 2s and 2p

valence orbitals, only the 2s orbital makes significant contributions to

the bonding and antibonding MOs. End-of-chapter problem 5.19 looks

at the consequences of adding lithium 2p orbitals to the valence orbital set.
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. Molecular orbital theory describes the bonding in a covalent manner. It

does not explicitly build into the picture ionic contributions as is done

in valence bond theory.

Lithium hydride

The ground state configurations of H and Li are 1s1 and [He]2s1 respectively.

The H 1s orbital is much lower in energy than the Li 2s atomic orbital. The

symmetries of the 1s atomic orbital of H and the 2s atomic orbital of Li are

compatible and overlap can occur. The combination of these atomic orbitals

to give two molecular orbitals is shown in Figure 5.6.

There are two valence electrons and, by the aufbau principle, these will

have opposite spins and occupy the �-bonding MO. The bond order in the

LiH molecule is 1 (equation 5.7).

Bond order in LiH ¼ 1
2
� ð2� 0Þ ¼ 1 ð5:7Þ

Figure 5.6 shows that theH 1s atomic orbital contributes more to the �-bonding

MO in LiH than does the Li 2s atomic orbital. This means that the �-bonding

MO exhibits more H than Li character; the orbital has approximately 74%

hydrogen character and 26% lithium character, and this is represented picto-

rially in Figure 5.7. As a result, the electrons spend a greater amount of their

time ‘associated’ with the H than with the Li nucleus.

The wavefunction given in equation 5.8 describes the �-bondingMO in LiH.

 (LiH bonding) ¼ fc1 �  Lið2sÞg þ fc2 �  Hð1sÞg where c1 < c2 ð5:8Þ

It follows from Figure 5.6 that the �� MO has more Li than H character.

Exercise Draw an appropriate representation of the �� MO in LiH.

Hydrogen fluoride

The ground state configurations ofH andF are 1s1 and [He]2s22p5 respectively.

Before we consider the overlap of the atomic orbitals, we must think about

their relative energies. In going from H to F, the effective nuclear charge

increases considerably, and this significantly lowers the energies of the

F atomic orbitals with respect to the H 1s atomic orbital. Thus, despite the dif-

ference in principal quantum number, the F 2s and 2p orbitals lie at lower

Bond order:
see Section 4.16

"

Fig. 5.6 An MO diagram for the
formation of the LiH molecule.
Only the valence atomic orbitals
and electrons are shown.

Fig. 5.7 A representation of the
�-bonding MO of LiH.
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energies than the H 1s atomic orbital. This is shown in Figure 5.8; the energy

axis in the figure is broken in order to signify the fact that the F 2s orbital is

actually even lower in energy than shown.

Remember that for efficient overlap, the difference in energy between two

atomic orbitals must not be too great. We could allow the H 1s and the F 2s

orbitals to interact with one another just as we did in LiH, but although overlap

is allowed by symmetry, the energy separation is too large. Thus, overlap is

not favourable and this leaves the F 2s atomic orbital unused – it becomes

a non-bonding orbital in the HF molecule.

The H and F nuclei are defined to lie on the z-axis, and so the H 1s and F

2pz atomic orbitals can overlap as illustrated in Figure 5.9a. Figure 5.8 shows

that there is a satisfactory energy match between these atomic orbitals and

overlap occurs to give � and �� MOs. The contribution made by the fluorine

2pz atomic orbital to the �-bonding MO is greater than that made by the

hydrogen 1s orbital, and so the bonding orbital contains more fluorine

than hydrogen character.

A non-bonding molecular

orbital is one that has

neither bonding nor

antibonding character

overall.

Fig. 5.8 An MO diagram for
the formation of HF. Only the
valence atomic orbitals and
electrons are shown. The break in
the vertical (energy) axis signifies
that the energy of the fluorine 2s
atomic orbital is much lower than
is actually shown.

Fig. 5.9 (a) The symmetry-
allowed overlap of the H 1s
atomic orbital and the
F 2pz atomic orbital; note that
the H and F nuclei lie on the
z-axis. (b) The combination of
the H 1s atomic orbital and the
F 2px atomic orbital results in
equal in-phase and out-of-phase
interactions, and the overall
interaction is non-bonding.
A similar situation arises for
the 2py orbital.
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The two remaining F 2p atomic orbitals are orthogonal to the H�F axis

and have no net bonding overlap with the H 1s orbital. Figure 5.9b illustrates

this for the 2px atomic orbital. Thus, the F 2px and 2py atomic orbitals

become non-bonding orbitals in the HF molecule.

There are eight valence electrons in the HF molecule and, by the aufbau

principle, they occupy the MOs as shown in Figure 5.8. Only two electrons

occupy a molecular orbital which has H�F bonding character; the other

six are in non-bonding MOs and are localized on the F atom. These three

non-bonding pairs of electrons are analogous to the lone pairs drawn in

the Lewis structure for the HF molecule in Figure 5.2.

The bond order in hydrogen fluoride (equation 5.9) can be determined in the

usual way since electrons in non-bonding MOs have no effect on the bonding.

Bond order in HF ¼ 1
2� ð2� 0Þ ¼ 1 ð5:9Þ

We can summarize the MO approach to the bonding in the HF molecule as

follows, assuming that the H and F nuclei lie on the z-axis:

. Overlap occurs between the hydrogen 1s and the fluorine 2pz atomic

orbitals to give one �-bonding MO and one ��-antibonding MO.
. The fluorine 2px and 2py orbitals have no net overlap with the hydrogen 1s

atomic orbital and are non-bonding orbitals.
. The fluorine 2s orbital can overlap with the hydrogen 1s atomic orbital on

symmetry grounds but the mismatch in atomic orbital energies means that

the overlap is poor – the fluorine 2s orbital is effectively non-bonding.
. Of the eight valence electrons in the HF molecule, two occupy an H�F

bonding MO and six occupy non-bonding orbitals localized on the

fluorine atom.
. The �-bondingMO inHF contains more fluorine than hydrogen character.

Lithium fluoride

The MO approach to the bonding in LiF closely follows that described for

HF. The major difference is that we are dealing with an [He]2s1 ground

state configuration for Li in place of the 1s1 configuration for H.

Figure 5.10 gives an MO diagram for lithium fluoride; the Li and F nuclei

lie on the z-axis, as shown in structure 5.10. As in HF, the fluorine 2s atomic

orbital lies at low energy and generates a non-bonding orbital in the LiF

molecule. The fluorine 2px and 2py atomic orbitals are also non-bonding

as they were in HF.

Overlap can occur between the Li 2s atomic orbital and the F 2pz atomic

orbital. However, the energy separation between these orbitals is significant

and the interaction is not particularly effective. This is apparent in Figure 5.10 –

the �-bonding MO is stabilized only slightly with respect to the fluorine 2pz
atomic orbital. A comparison of Figures 5.8 and 5.10 shows that the

stabilization of the �-bonding orbital is smaller in LiF than in HF. What

does this mean in terms of the LiF molecule?

The wavefunction that describes the bonding MO in Figure 5.10 is given in

equation 5.10.

 (LiF bonding) ¼ fc1 �  Lið2sÞg þ fc2 �  Fð2pzÞg where c2 � c1 ð5:10Þ

Electrons in non-bonding

MOs do not influence the

bond order.

(5.10)
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If the coefficient c1 is very small, then the wavefunction describes an orbital

that is weighted very much in favour of the fluorine atom – in equation 5.10,

the term fc2 �  Fð2pzÞg is much greater than fc1 �  Lið2sÞg. This means that in

the bonding MO, there is a much greater probability of finding the electrons

in the vicinity of F, rather than Li.

In conclusion, molecular orbital theory gives a picture for the bonding in

LiF that shows one MO with bonding character; this MO is occupied by two

electrons and the bond order in the molecule is 1. There are three filled,

nonbonding orbitals which are localized on the F atom; these are analogous

to the lone pairs of electrons drawn in the Lewis structure of LiF (Figure 5.2).

The bonding MO in the LiF diatomic molecule has predominantly fluorine

character (�97%). Thus, although the MO approach is built upon a covalent

model, the ‘answer’ is telling us that the bonding in LiF may be described as

tending towards being ionic. We return to LiF in Section 8.2.

MO theory: conclusions

. The MO approach to the bonding in the LiH, HF and LiF molecules

shows each possesses a bond order of 1. In each molecule, the bonding

MO is a � orbital.

. The bondingMO in LiH is formed by the overlap of the Li 2s and the H 1s

atomic orbitals. In HF, the bondingMO is formed by the overlap of the H

1s and one of the F 2p orbitals. In LiF, the character of the bonding MO

comes from the Li 2s and one of the F 2p orbitals.

. The use of different atomic orbitals on different nuclei can lead to dramatic

differences in the percentage contributions that the atomic orbitals make to

the bonding molecular orbitals. In LiH the bonding MO contains more

Fig. 5.10 An MO diagram for
the formation of the LiF
molecule. Only the valence
atomic orbitals and electrons are
shown. The break in the vertical
(energy) axis signifies that the
energy of the fluorine 2s atomic
orbital is lower than is actually
shown.
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hydrogen than lithium character. In HF, the bonding MO contains more

fluorine than hydrogen character. In LiF, the bonding MO possesses

almost entirely fluorine character.

Once we know the character of the single bonding MO in each of LiH, HF

and LiF, we can say something about the electron distribution in the

bonds in these molecules. In contrast to the symmetrical distribution of

electron density between the nuclei in a homonuclear diatomic molecule, in

LiH, HF and LiF it is shifted in favour of one of the atoms. In LiH, the

maximum electron density is closer to the H than the Li nucleus whereas

in HF it is closer to the F nucleus. Attempts to rationalize these results

lead us eventually to the concept of electronegativity and to polar bonds,

but first we look at the bond enthalpies of heteronuclear bonds.

5.6 Bond enthalpies of heteronuclear bonds

In Section 4.7, we discussed the way in which Hess’s Law of Constant Heat

Summation could be used to estimate values for bond enthalpies. We were

primarily concerned with estimating the bond enthalpies of homonuclear

single bonds, but to do so, it was necessary to involve the bond enthalpies

of heteronuclear bonds. An estimate for D(N�N) in N2H4 depended upon

transferring a value of �D(N�H) from NH3 to N2H4.

Thus, we are already familiar with the idea that average bond enthalpy

values for heteronuclear bonds can be obtained from standard enthalpies

of atomization. This is shown for CCl4 (5.11), and 1,2-C2H4Br2 (5.12) in

equations 5.11 and 5.12.

�aH
oðCCl4; gÞ ¼ 4� �DðC�ClÞ ð5:11Þ

�aH
oðC2H4Br2; gÞ ¼ ½4� �DðC�HÞ� þDðC�CÞ þ ½2� �DðC�BrÞ� ð5:12Þ

In Section 4.6, we emphasized the relationship between the bond dissociation

enthalpy,D, and the standard enthalpy of atomization for a gaseous homonuclear

diatomic molecule. This is illustrated for fluorine in equation 5.13.

�aH
oðF; gÞ ¼ 1

2
�DðF�FÞ ð5:13Þ

Is it feasible to use a similar strategy to estimate the bond enthalpies of

heteronuclear bonds? For an X�Y single bond, can we estimate values

that are ‘characteristic’ of the contributions made to D(X�Y) by atoms X

and Y? A logical approach is to take half of D(X�X) and allow this to be

a measure of the contribution made to the bond enthalpy D(X�Y) by

atom X. Similarly for Y, let half ofD(Y�Y) be a measure of the contribution

made to D(X�Y) by atom Y. Estimates for values of D(X�Y) can then be

made using equation 5.14.

DðX�YÞ ¼ ½ 1
2
�DðX�XÞ� þ ½ 1

2
�DðY�YÞ�

or (5.14)

DðX�YÞ ¼ 1
2
� ½DðX�XÞ þDðY�YÞ�

But, are we justified in applying an additive rule of this type? This is best

answered by comparing some estimates made using equation 5.14 with

experimentally determined bond dissociation enthalpies (Table 5.1). For

some of the molecules (IBr, BrCl and HI) the model we have used gives

good estimates of the bond dissociation enthalpies, but for others (HF and

HCl) the discrepancies are large. Why does the model fail in some cases?

��D ¼ average bond
enthalpy term

(5.11)

(5.12)

"
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The breakdown of this simple model (the non-additivity of bond dissociation

enthalpy contributions for heteronuclear bonds) led Linus Pauling to outline

the concept of electronegativity.

5.7 Electronegativity – Pauling values (�P)

Deriving Pauling electronegativity values

When we compare the estimated and experimental values of D(X�Y) listed

in Table 5.1, we see that the estimated value is often too small. In 1932,

Pauling suggested that these differences (equation 5.15) could be rationalized

in terms of his valence bond model. Specifically, he was concerned with the

discrepancy, �D (Table 5.1), between the experimentally determined value

for the X�Y bond and the average of the values for X2 and Y2.

�D ¼ ½DðX�YÞexperimental� � f 12� ½DðX�XÞ þDðY�YÞ�g ð5:15Þ

Pauling proposed that �D was a measure of the ‘ionic’ character of the X�Y
bond. In valence bond terms, this corresponds to a measure of the importance

of resonance structures XþY� and X�Yþ in the description of the bonding in

molecule XY. How much more important are XþY� and X�Yþ in the

bonding picture of XY than are XþX� and Y�Yþ in X2 and Y2 respectively?

Pauling then suggested that the resonance forms XþY� and X�Yþ were not

equally important. (We have justified this suggestion for HF in Section 5.3.)

Let us assume that the formXþY� predominates. Remember, this does not

imply that the molecule XY actually exists as the pair of ions Xþ and Y�. All

we are saying is that the electrons in the X�Y bond are drawn more towards

atom Y than they are towards atom X. That is, in the XY molecule, atom Y

has a greater electron-withdrawing power than atom X.

Table 5.1 Bond dissociation enthalpies, D, of homonuclear and heteronuclear diatomic molecules. Experimental values for
D(X�X) andD(Y�Y) are used to estimate values ofD(X�Y) using equation 5.14. Comparison is then made with experimental
data. The value �D in the final column is the difference between the experimental D(X�Y) and the estimated value, i.e. the
difference between the value in column 6 in the table and the value in column 5 (see equation 5.15).

X Y D for X�X bond

in X2 / kJmol
�1

D for Y�Y bond

in Y2 / kJmol
�1

1
2
�[D(X�X) þ

D(Y�Y)] / kJmol
�1

Experimental D(X�Y)
in XY / kJmol

�1
�D (from

equation 5.15)

H F 436 159 298 570 272

H Cl 436 242 339 432 93

H Br 436 193 315 366 51

H I 436 151 294 298 4

F Cl 159 242 201 256 55

Cl Br 242 193 218 218 0

Cl I 242 151 197 211 14

Br I 193 151 172 179 7

Linus Carl Pauling (1901–1994)
was awarded the Nobel Prize in
Chemistry in 1954 ‘for his
research into the nature of the
chemical bond and its
application to the elucidation of
the structure of complex
substances’, and the Nobel Peace
Prize in 1962.
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Pauling then defined a term that he called electronegativity (�P)§ which he

described as ‘the power of an atom in a molecule to attract electrons to itself ’.

This approach treats Pauling electronegativity as an atomic property rather

than a property of a bond. It is important to remember that electronegativity

is a property of an atom in a molecule, and is not a fundamental property of

an isolated atom.

Although we approached the idea of electronegativity by considering

the energy involved in the formation of the diatomic XY, it is clear that this

concept is equally valid when considering X�Y bonds in larger molecules.

Pauling values of electronegativity (Table 5.2) are calculated as follows. The

difference �D (equation 5.15) is usually measured in units of kJmol�1. Values
of �P relate to thermochemical data given in the non-SI units of electron volts

(eV). The value �D was used to estimate the difference in electronegativity

values between atoms X and Y (equation 5.16) where �D is found from

equation 5.15 and is given in eV.

�PðYÞ � �PðXÞ ¼
ffiffiffiffiffiffiffiffi
�D
p

ð5:16Þ

By solving equation 5.16 for a range of different combinations of atoms

X and Y, Pauling estimated a self-consistent set of electronegativity

values. Pauling worked with a set of numbers that gave �PðHÞ � 2 and

�PðFÞ ¼ 4. The larger the value of �P, the greater the electron-attracting

(withdrawing) power of the atom when it is in a molecule. Fluorine is the

most electronegative atom in Table 5.2.

Over the years since Pauling introduced this concept, more accurate

thermochemical data have become available and values of �P have been

updated. Table 5.2 lists values of �P in current use. In the same way that

Electronegativity, �P, was

defined by Pauling as ‘the

power of an atom in a

molecule to attract electrons

to itself ’.

1 eV ¼ 96:485 �
96.5 kJ mol�1

"

§ The superscript in the symbol �P distinguishes Pauling (P) electronegativity values from those
of other scales.

Table 5.2 Pauling electronegativity values (�P) for selected elements of the periodic table.
For some elements that exhibit a variable oxidation state, �P is given for a specific state. It
is conventional (but strictly incorrect) not to assign units to values of electronegativity.

Group

1

Group

2

Group

13

Group

14

Group

15

Group

16

Group

17

H
2.2

Li
1.0

Be
1.6

B
2.0

C
2.6

N
3.0

O
3.4

F
4.0

Na
0.9

Mg
1.3

........................

Al(III)
1.6

Si
1.9

P
2.2

S
2.6

Cl
3.2

K
0.8

Ca
1.0

Ga(III)
1.8

Ge(IV)
2.0

As(III)
2.2

Se
2.6

Br
3.0

Rb
0.8

Sr
0.9

(d-block
elements)

In(III)
1.8

Sn(II)
1.8

Sn(IV)
2.0

Sb
2.1

Te
2.1

I
2.7

Cs
0.8

Ba
0.9

........................

Tl(I)
1.6

Tl(III)
2.0

Pb(II)
1.9

Pb(IV)
2.3

Bi

2.0

Po

2.0

At

2.2
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thermochemical data for X�X and Y�Y bonds in the molecules X2 and Y2

may be used, so may enthalpy data for X�X and Y�Y bonds in molecules

(e.g. the C�C bond in C2H6 or the O�O bond in H2O2) be used to obtain

values of �P. This last extension allows us to define electronegativity values

for elements in various oxidation states.

Worked example 5.2 Estimating the bond enthalpy term of a heteronuclear covalent bond

Estimate the dissociation enthalpy of the bond in iodine monochloride, ICl,

given that:

DðCl�ClÞ ¼ 242 kJmol
�1

DðI�IÞ ¼ 151 kJmol
�1

�PðClÞ ¼ 3:2

�PðIÞ ¼ 2:7

The equations needed are 5.15 and 5.16:

�D ¼ DðX�YÞ � f12� ½DðX�XÞ þDðY�YÞ�g

�PðYÞ � �PðXÞ ¼
ffiffiffiffiffiffiffiffi
�D
p

The second equation uses values of D in eV.

First, find �D:ffiffiffiffiffiffiffiffi
�D
p

¼ �PðClÞ � �PðIÞ

¼ 3:2� 2:7

¼ 0:5

�D ¼ ð0:5Þ2

¼ 0:25 eV

Convert to kJmol�1:

�D ¼ 0:25� 96:5

¼ 24:1 kJmol�1

Now, find D(I�Cl):
�D ¼ DðX�YÞ � f1

2
� ½DðX�XÞ þDðY�YÞ�g

24:1 ¼ DðI�ClÞ � f1
2
� ½DðI�IÞ þDðCl�ClÞ�g

DðI�ClÞ ¼ 24:1þ f1
2
� ð151þ 242Þg

¼ 221 kJmol�1

Oxidation states:
see Section 1.16

"

5.8 The dependence of electronegativity on oxidation state
and bond order

Oxidation state

Some elements exhibit more than one oxidation state, and electronegativity

values are dependent on the oxidation state. In Table 5.2, some of the

values of �P are given, not just for the element, but for the element in a

defined oxidation state, e.g. �P SnðIIÞ ¼ 1:8 and SnðIVÞ ¼ 2:0:

The dependence of electronegativity on oxidation state and bond order 193



 

Consider the group 14 element, lead. This is a metal and may use all of its

valence electrons to form lead(IV) compounds such as PbCl4. On the other

hand, it often uses only two valence electrons to form lead(II) compounds

such as PbCl2 and PbI2. The electron-withdrawing power of a lead(IV)

centre is greater than that of a lead(II) centre and this is apparent in the

electronegativity values.

In general, electronegativity values for a given element increase as the

oxidation state becomes more positive.

Bond order

The electronegativity of a carbon atom involved in covalent single bonds is

not the same as that of a carbon atom involved in multiple bonding.

(5.13) (5.14) (5.15)

In the hydrocarbons C2H2 (5.13), C2H4 (5.14) and C2H6 (5.15), the

carbon–carbon bond strength varies and so one expects different �P

values. On the other hand, Table 5.2 lists only a single value for �P(C)!

The differences between such electronegativity values are often quite small,

but the discrepancy can be sufficient to give some spurious results if the

values are used to estimate how electron density is distributed between two

atoms. We return to this problem in Section 5.13 and Table 26.1.

5.9 An overview of the bonding in HF

In this section, we review the ideas developed so far in this chapter by considering

the bonding in hydrogen fluoride, combining the ideas of the Lewis approach,

VB and MO theories, bond enthalpies and electronegativities.

. The resonance structure HþF� contributes to the bonding significantly

more than does the form H�Fþ.

. The MO approach to the bonding in HF indicates that the character of

the �-bonding MO is weighted in favour of the fluorine atom.

. In both VB and MO theories, the greater electron-withdrawing power of

the fluorine atom means that the distribution of electron density along the

H�F bond-vector is unequal and is significantly displaced towards the

fluorine atom.

. An estimate of the bond dissociation enthalpy of the H�F bond in HF by

a method of simple addition proves to be unsatisfactory (Table 5.1).

. Pauling’s concept of electronegativity allows the estimated value of

D(H�F) to be corrected for the added strength resulting from a degree

of ionic character in the bond. The electronegativity difference between F

and H is 1.8 (Table 5.2) and thus, by combining equations 5.15 and 5.16,

a corrected value for D(H�F) of 610kJmol�1 is obtained. This compares

with an experimental value of 570kJmol�1. Typically, bond enthalpies

calculated in this way are within 	10% of the experimental values.
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5.10 Other electronegativity scales

Although Pauling’s electronegativity scale works well, it has a number of

problems.

Values of �P are arrived at in an empirical manner. Why should we set the

difference in electronegative values between two atoms to the square root of

the difference in bond dissociation enthalpies? If �P is a property of atoms in

molecules, what controls it? How do Pauling electronegativity values relate

to electron distributions in molecules?

In an attempt to answer these questions, various other electronegativity

scales have been devised based on a variety of atomic properties. Two such

scales were developed by Mulliken, and by Allred and Rochow.

Mulliken electronegativity values (�M)

Consider a diatomic molecule XY. The average position of the electron

density in the bond depends upon the relative electron-withdrawing

powers of the atoms X and Y. There will be a tendency for each atom to

possess either a positive or a negative charge. This idea leads to Mulliken’s

method of estimating electronegativity values. Mulliken suggested that an

estimate of the electronegativity of an atom could be obtained from atomic

properties relating to the formation of cations and anions. The appropriate

properties are the first ionization energy and the first electron affinity of an

element. We deal with these quantities in Chapter 8, but for convenience

definitions are also given here.

The first ionization energy (IE1) of an atom is the energy change that is

associated with the removal of the first valence electron (equation 5.17);

the internal energy change is measured for the gas phase process.

XðgÞ ��"XþðgÞ þ e� ð5:17Þ

The first electron affinity (EA1) of an element is minus the internal energy

change (EA ¼ ��U(0K)) that accompanies the gain of one electron

(equation 5.18); the energy change is measured for the gas phase process.

YðgÞ þ e� ��"Y�ðgÞ ð5:18Þ

Mulliken’s proposal followed from Pauling’s definition of electronegativity –

the power of an atom in a molecule to attract electrons to itself – and is

consistent with the valence bond concept that the ionic resonance forms

XþY� orX�Yþ may contribute significantly to the bonding in the heteronuclear

diatomic molecule XY.

Mulliken electronegativity values are determined using equation 5.19, but

numbers calculated from this relationship are not directly comparablewith Paul-

ing electronegativities, although they may be adjusted to a ‘Pauling-compatible’

scale.

�M ¼ IE1 þ EA1

2
ð5:19Þ

where IE1 and EA1 are in eV (1 eV ¼ 96:485 � 96:5 kJmol�1)

More about ionization
energies and electron
affinities in Chapter 8

Internal energy:
see Section 4.5

Robert S. Mulliken (1896–1986).

"

"
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Allred--Rochow electronegativity values (�AR)

Allred and Rochow devised another electronegativity scale based upon the

effective nuclear charge, Zeff , of an atom. Effective nuclear charges may be

calculated by using Slater’s rules.§

The Allred–Rochow electronegativities, �AR, are determined using equation

5.20 which scales values of �AR so that they are directly comparable with those

of �P.

�AR ¼
�
3590� Zeff

rcov
2

�
þ 0:744 ð5:20Þ

where rcov is in pm

One of the difficulties in comparing electronegativity scales lies in their

units which we conveniently ignore. Pauling electronegativities have units

of eV
1
2, Mulliken electronegativities have units of eV and Allred–Rochow

values have units of pm�2.

5.11 Polar diatomic molecules

A homonuclear diatomic molecule such as H2 or N2 possesses a symmetrical

distribution of electronic charge, and the two ends of the molecule are

indistinguishable. Such molecules are said to be non-polar.

A heteronuclear diatomic molecule is composed of two different atoms. If

these atoms exhibit different electron-withdrawing powers, the electron

density will be shifted towards the more electronegative atom. Such

molecules are said to be polar and possess an electric dipole moment (�).

The term ‘electric’ is needed to distinguish the property from a magnetic

dipole, but is not always included.

A polar diatomic molecule is one in which the time-average charge distribution

is shifted towards one end of the molecule. Such molecules possess an electric

dipole moment, �. A dipole moment is a vector quantity.

The SI units of � are coulomb metres (Cm); however, for convenience, debye

units (D) are often used (1D ¼ 3:336� 10�30 Cm).

In a polar diatomic molecule, one end of the molecule is negatively

charged with respect to the other end. This is illustrated in Figure 5.11 for

Petrus (Peter) Josephus
Wilhelmus Debye (1884–1966).

§ We shall not discuss details of Slater’s rules here; for further details see: C. E. Housecroft and
A. G. Sharpe (2008) Inorganic Chemistry, 3rd edn, Prentice Hall, Harlow, Chapter 1.

Fig. 5.11 (a) The polarity of
the HBr molecule arises from
an asymmetrical charge
distribution; (b) this creates a
polar bond; (c) the dipole can be
denoted by an arrow which, by SI
convention, points towards the
more positively charged end of
the molecule.

196 CHAPTER 5 . Heteronuclear diatomic molecules



 

HBr. The notation �þ and �� shows that there is a partial charge separation

in the molecule but it is not a quantitative measure – it does not indicate

the extent to which the separation occurs (see Box 5.1). An arrow is used

to indicate the direction of the dipole moment. By SI convention, the

arrow points from the �� end of the bond to the �þ end (Figure 5.11c).

Values of � for some heteronuclear diatomic molecules containing single

bonds are listed in Table 5.3.

Electronegativity values can be used to predict whether a diatomic molecule

will be polar and to estimate the magnitude of the dipole moment. Consider

hydrogen bromide. The electronegativities, �P, of H and Br are 2.2 and 3.0

respectively. This tells us that the Br atom withdraws electrons more than

the H atom, and we predict a dipole moment as shown in Figure 5.11.

The difference in electronegativities between the atoms in a heteronuclear

diatomic molecule gives some indication of the magnitude of the dipole

moment. In the series of hydrogen halides HF, HCl, HBr and HI,

THEORY

Box 5.1 Dipole moments

Dipole moments arise as a consequence of asymmetrical

charge distribution.

In a heteronuclear diatomic molecule XY in which the

atoms have different electron withdrawing powers, let

the partial charges on the atoms be þq and �q:

The molecule has no overall charge and so themagnitudes

of the charges q are equal and opposite. Let the separation

between the two centres of charge be r. The dipole

moment, �, of the molecule is given by:

� ¼ (electronic charge)

�(distance between the charges)

Themagnitude of the charge shown in the above diagram

is q. The atomic charge is (q� e); the factor e (e ¼ 1:602�
10�19 C) scales the charge to an atomic level.

� ¼ q� e� r

Charge is measured in coulombs and the distance, r, is

in metres. The SI units of � are coulomb metres (Cm)

but, for convenience, � is often given in units of

debyes (D) where 1D ¼ 3:336� 10�30 Cm.

Problem

The dipole moment of HF is 1.83D. The H�F bond

length is 92 pm. Estimate the atomic charge distribution

in the HF molecule.

The dipole moment is given by:

� ¼ q� e� r

If we assume that the centres of charge coincide with

the H and F nuclei, then r is equal to the bond distance.

The H�F bond distance ¼ 92 pm ¼ 9:2� 10�11 m

q ¼ �

e� r
where � is in C m

¼ ð1:83� 3:336� 10�30 CmÞ
ð1:602� 10�19 CÞ � ð9:2� 10�11 mÞ

¼ 0:41

This value indicates that the charge in the HF molecule

is distributed such that, with respect to the neutral

atoms, the fluorine atom has effectively gained 0.41 of

an electron and the hydrogen atom has lost 0.41 of an

electron.

Exercise

The dipole moment of BrF is 1.42D, and the bond

length is 176pm. Show that q ¼ 0:17, and explain

what this means in terms of the atomic charge

distribution.
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�P decreases in the order �PðFÞ > �PðClÞ > �PðBrÞ > �PðIÞ. In each case,

�PðhalogenÞ > �PðHÞ. Accordingly, we predict that the most polar molecule

in the series is HF and the least polar is HI, but in each hydrogen halide, HX,

the dipole moment is in the direction shown in structure 5.16.

Electronegativity values must be used with caution in molecules containing

multiple bonds. Care must be taken to choose values appropriate to the

oxidation state and atoms involved.

5.12 Isoelectronic species

In this section, we introduce a simple, but valuable, concept: isoelectronic

species. The term ‘isoelectronic’ means the ‘same number of electrons’.

Strictly, this refers to the total (coreþ valence) number of electrons. For

example, N2 and CO are isoelectronic because each has 14 electrons:

N 1s22s22p3

C 1s22s22p2

O 1s22s22p4

The term ‘isoelectronic’ is often used more loosely, however, and molecular

species may be considered to be isoelectronic with respect to their valence

electrons. For example, CO2 and CS2 are isoelectronic if we are considering

the valence electrons, since each has 16 valence electrons:

C ½He�2s22p2

O ½He�2s22p4

S ½Ne�3s23p4

(5.16)

Two species are

isoelectronic if they possess

the same number of

electrons, that is,

{coreþ valence} electrons.

Table 5.3 Dipole moments (�) of some diatomic molecules in the gas phase. Values are
given in debye units (D); these are not SI units but are used for convenience.
(1D ¼ 3:336� 10�30 Cm)

Molecule XY � /D Polarity (�þ and ��)

HF 1.83 H (�þ) F (��)

HCl 1.11 H (�þ) Cl (��)

HBr 0.83 H (�þ) Br (��)

HI 0.45 H (�þ) I (��)

ClF 0.89 Cl (�þ) F (��)

BrCl 0.52 Br (�þ) Cl (��)

BrF 1.42 Br (�þ) F (��)

ICl 1.24 I (�þ) Cl (��)

IBr 0.73 I (�þ) Br (��)

LiH 5.88 Li (�þ) H (��)

LiF 6.33 Li (�þ) F (��)
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Applications of the isoelectronic principle are widespread, for example in

discussing the bonding in molecules (see Chapter 7).

Using the periodic table is a quick way of spotting isoelectronic relationships.

Consider the part of the p-block shown below:

From the periodic relationships between these elements, we can see that:

. moving one place to the right in a given row in the table adds one valence

electron (e.g. O to F);
. moving one place to the left in a given row in the table means there is one

valence electron fewer (e.g. O to N);
. moving up or down a group does not change the number of valence electrons

(e.g. N to P);
. moving up or down a group does change the number of core electrons (e.g.

N to P).

Worked example 5.3 Isoelectronic atoms and ions

Confirm that the Ne atom and the O
2�

ion are isoelectronic.

The Ne atom has a ground state electronic configuration [He]2s22p6.

The O atom has a ground state configuration [He]2s22p4.

The O2� ion has a ground state configuration [He]2s22p6.

Therefore, the O2� ion is isoelectronic with the Ne atom.

Worked example 5.4 Isoelectronic molecules and ions

Show that the species CO, [CN]
�
and N2 are isoelectronic.

A C atom possesses 6 electrons.

An O atom and an N� ion both possess 8 electrons.

The molecule CO possesses ð6þ 8Þ ¼ 14 electrons.

The anion [CN]� possesses ð6þ 8Þ ¼ 14 electrons.

The molecule N2 possesses ð7þ 7Þ ¼ 14 electrons.

The species CO, [CN]� and N2 are all isoelectronic.

Group 13

ns2np1
Group 14

ns2np2
Group 15

ns2np3
Group 16

ns2np4
Group 17

ns2np5
Group 18

ns2np6

B
Z ¼ 5

C
Z ¼ 6

N
Z ¼ 7

O
Z ¼ 8

F
Z ¼ 9

Ne
Z ¼ 10

Al
Z ¼ 13

Si
Z ¼ 14

P
Z ¼ 15

S
Z ¼ 16

Cl
Z ¼ 17

Ar
Z ¼ 18

Ga
Z ¼ 31

Ge
Z ¼ 32

As
Z ¼ 33

Se
Z ¼ 34

Br
Z ¼ 35

Kr
Z ¼ 36
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5.13 The bonding in CO by the Lewis and valence
bond approaches

Structures 5.17 and 5.18 show Lewis structures for the homonuclear

diatomics C2 and O2. The fact that a double bond is common to both

these molecules suggests that we could form a similar molecule between a

carbon and an oxygen atom – structure 5.19 shows CO, carbon monoxide.

(5.17) (5.18) (5.19)

The Lewis structure 5.19 is not the most satisfactory of pictures for the CO

molecule. The formation of a C¼O double bond gives the oxygen atom an

octet, but the carbon atom has only six electrons in its outer shell. The

observation that CO is isoelectronic with N2 is an important key in being

able to understand how the CO molecule overcomes this problem.

A nitrogen atom possesses five valence electrons. In the N2 molecule 5.20,

two nitrogen atoms combine to form a triple bond and this gives each atom

an octet of valence electrons.

A nitrogen atom is isoelectronic with both C� and Oþ, and so, by

comparing CO with N2, it is possible to write down a Lewis structure for

CO by combining C� and Oþ. This is done in Figure 5.12; compare this

with structure 5.20.

The two resonance structures that describe carbon monoxide are shown in

structures 5.21 and 5.22. Note that structure 5.21 involves a C¼O double

bond while structure 5.22 involves a triple bond. In structure 5.22, each

atom has an octet of electrons.

(5.21) (5.22)

If structure 5.22 contributes significantly to the overall bonding in CO, it

suggests that the molecule should be polar but with the carbon atom being ��.
(This contrasts with what you might have expected simply by looking at the

values of the electronegativities of carbon and oxygen in Table 5.2 and

emphasizes the dependence of � on bond order.) The observed dipole

moment of CO is 0.11D. This is a comparatively low value, and indicates

that CO is almost non-polar – the carbon end of the molecule is only slightly

negative with respect to the oxygen end. This has important consequences for

the chemistry of CO.

Bonding in C2 and O2:
see Sections 4.18 and 4.20

(5.20)

Chemistry of CO: see
Sections 22.6 and 23.14

"

"

Fig. 5.12 Using the isoelectronic
relationship between N2 and CO,
the bonding in CO can be viewed
in terms of the combination of
C� and Oþ.
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BIOLOGY AND MEDICINE

Box 5.2 Carbon monoxide – a toxic gas

Carbon monoxide (CO) is a very poisonous gas. Its

toxicity arises because it binds more strongly to the iron

centres in haemoglobin than does O2. As a result, CO

prevents the uptake and transport of dioxygen in the

bloodstream. The structure of one of the chains of

the mammalian dioxygen-binding protein haemoglobin

is shown in diagram (a) below. The protein chain

is shown in a ribbon representation. The chain wraps

around an iron-containing haem (or heme) unit. In (a), the

haem unit is shown in a space-filling form. Diagram (b)

shows a ball-and-stick representation of the haem unit.

The iron centre (shown in green) is attached to five

nitrogen atoms (shown in blue) in a square-based

pyramidal arrangement. Four of the N atoms form

part of the haem unit, whereas the fifth N atom is part

of a histidine residue (see Table 35.2) which is connected

to the protein backbone. This connection is represented

by the broken ‘stick’ at the right-hand side of diagram

(b). When either O2 or CO binds to the Fe centre, the

diatomic molecule occupies the vacant site opposite to

the histidine residue. A study of the bonding in CO by

molecular orbital theory (see Figures 5.13–5.15) shows

that the character of the highest occupied molecular

orbital (see Figure 5.16) allows CO to bind to an Fe

centre in haemoglobin by donating a pair of electrons

to the metal centre. The application of MO theory to

molecules such as CO and O2 provides valuable infor-

mation about what happens when they donate electrons

to or accept electrons from, for example, metal centres in

biological systems.

Multiple cases of CO poisoning can occur when

sudden power cuts affect portable, petroleum-powered

electrical generators. This was the case during the

2004 hurricane disasters in the US when 167 people in

Florida were treated in hospitals for non-fatal CO

poisoning. Severe CO poisoning can be treated using

hyperbaric oxygen therapy, although its use remains

controversial. The treatment involves placing the

patient in a hyperbaric chamber (see Box 1.4) and

subjecting him or her to an atmosphere of close to

pure O2. Compare this to the 21% O2 content of

Earth’s atmosphere. If a patient remains breathing

normal atmospheric air, the half-life of the carboxyhae-

moglobin (i.e. CO bound to haemoglobin) is about 300

minutes (the half-life of a species is the time taken for the

concentration of the species to halve, see Chapter 15).

Breathing 100% O2 at normal atmospheric pressure

reduces the half-life to 90 minutes, while breathing O2

in a hyperbaric chamber at three times atmospheric

pressure reduces the half-life to about 23 minutes. Adult patients in a multiplace hyperbaric pressure chamber.
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If structure 5.21 is important, then the bond dissociation enthalpy of CO and

the carbon–oxygen bond distance should be consistent with a double bond.

Structure 5.22 suggests a stronger bond with a bond order of 3. Table 5.4

lists some relevant data for CO and also for N2 – remember that N2 has a

triple bond. The bond distance in CO is similar to that in N2, and the bond

is even stronger. These data support the presence of a triple bond.

In conclusion, valence bond theory describes the bonding in carbon

monoxide in terms of resonance structures that show either a double or

triple bond. All of the electrons are paired, in keeping with the observed

diamagnetism of the compound. The observed properties of CO (the

strong, short bond, and the slight polar nature, C��O�þ , of the molecule)

can be rationalized in terms of contributions from both of the two resonance

structures 5.21 and 5.22. In addition, note that any dipole moment predicted

from Pauling electronegativity values opposes the charge separation

indicated by resonance structure 5.22.

5.14 The bonding in carbon monoxide by MO theory

An initial approach

We now consider the bonding in carbon monoxide using molecular orbital

theory and build upon details that we discussed in Chapter 4.

Initial points to note are:

. The effective nuclear charge of an oxygen atom is greater than that of a

carbon atom.
. The 2s atomic orbital of oxygen lies at lower energy than the 2s atomic

orbital of carbon (see worked example 5.1).
. The 2p atomic orbitals of oxygen lie at lower energy than the 2p atomic

orbitals of carbon.
. The 2s–2p energy separation in oxygen is greater than that in carbon.

A linear combination of atomic orbitals of carbon and oxygen gives rise to the

MOdiagram shown in Figure 5.13. The bondingMOs [�ð2sÞ, �ð2pÞ and �ð2pÞ]
all have more oxygen than carbon character. In particular, Figure 5.13 suggests

that the �ð2sÞ MO is predominantly oxygen 2s in character.

To a first approximation, this MO diagram is satisfactory – it correctly

indicates that the bond order in CO is 3. It also predicts that the molecule

is diamagnetic and this is consistent with experimental data. However, this

simple picture gives an incorrect ordering of the MOs in the molecule and

Diamagnetism: see Section
4.18

"

Table 5.4 Some properties of CO compared with those of N2.

Property CO N2

Bond distance / pm 113 110

Bond dissociation
enthalpy / kJmol�1

1076 945

Dipole moment /D 0.11 0

Magnetic properties Diamagnetic Diamagnetic
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indicates that the �MOs are definitively either bonding or antibonding. You

may wish to leave the discussion of the bonding of CO at this point, but for

the sake of completeness, the remainder of this section deals with the

consequences of orbital mixing.

The effects of orbital mixing

In Section 4.19, we discussed the consequences of orbital mixing. If the 2s and

2p atomic orbitals of each atom in a homonuclear diatomic molecule are

close enough in energy, then mixing of the �ð2sÞ and �ð2pÞmolecular orbitals

can occur. Similarly, mixing of the ��ð2sÞ and ��ð2pÞ molecular orbitals can

occur. This results in a re-ordering of the MOs.

In carbon monoxide, the relative energies of the atomic orbitals are such

that some mixing of the molecular orbitals can occur. This is illustrated in

Figure 5.14. Mixing of the �ð2sÞ and �ð2pÞ orbitals lowers the energy of the

�ð2sÞ MO (now labelled 1�) and raises the energy of �ð2pÞ (now labelled

3�). The energy of the 3� orbital is higher than that of the �ð2pÞ orbitals. Simi-

larly, mixing of the ��ð2sÞ and ��ð2pÞ orbitals results in a lowering of ��ð2sÞ
(now labelled 2�) and a raising of ��ð2pÞ (now labelled 4�). As a consequence,

all four of the �-type MOs in the CO molecule (look at the diagrams at the

right-hand side of Figure 5.14) contain character from the 2s and 2p atomic

orbitals of each of the carbon and oxygen atoms. The most significant

result (seen when comparing Figures 5.13 and 5.14) is the change-over in

the highest occupied MO from one of � to one of � symmetry. The degree

of mixing will control the precise ordering of the 1� and 2� orbitals.

Unfortunately, even theMO diagram in Figure 5.14 is not fully instructive,

because it does not clearly reveal the individual contributions made by the

carbon and oxygen atomic orbitals to the four � molecular orbitals. These

contributions are unequal, and the consequence of this complication is

that the character of the � symmetry MOs is not readily partitioned as

�–� crossover:
see Section 4.19

"

Fig. 5.13 An MO diagram for
the formation of CO which
allows overlap only between
2s(C) and 2s(O) and between
2p(C) and 2p(O) atomic orbitals.

The bonding in carbon monoxide by MO theory 203



 

being either bonding (�) or antibonding (��). This is the reason these MOs

have been labelled as 1�, 2�, 3� and 4� in Figure 5.14.

Two important features emerge when the MO bonding picture for CO is

more fully explored:

. The dominant oxygen 2s character of the 1�MOmeans that this orbital is

essentially non-bonding with respect to the carbon–oxygen interaction.
. The 3� MO contains only a small percentage of oxygen character – this

means that the 3� MO is effectively a carbon-centred orbital.

These results lead us to draw a revised (but over-simplified) MO picture

for carbon monoxide. This diagram is shown in Figure 5.15 and gives a

chemically useful view of the bonding in the molecule.

Summary of the molecular orbital view of the bonding in CO

If we use Figure 5.15 as a basis, then molecular orbital theory suggests the

following about the bonding in the CO molecule:

. There are six electrons occupying the 2� and �ð2pÞ bonding MOs. The

other four electrons occupy the non-bonding 1� MO, and the essentially

carbon-centred 3� MO. The 4� and ��ð2pÞ MOs are antibonding.

Fig. 5.14 An MO diagram for the formation of CO which allows for orbital mixing between the �ð2sÞ and �ð2pÞ and between
the ��ð2sÞ and ��ð2pÞ. Compared with Figure 5.13, a major change is the �–� crossover which results in the highest occupied
MO being of �-symmetry. The diagrams on the right-hand side show representations of the MOs and have been generated
computationally using Spartan ’04, # Wavefunction Inc. 2003. These diagrams illustrate that the 1� MO has mainly oxygen
character; the 2�, 3� and ��ð2pÞ MOs have more carbon than oxygen character.
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. CO is diamagnetic – this agrees with experimental observations.

. The highest occupied MO (HOMO) in CO has predominantly carbon

character and contains contributions from both the carbon 2s and 2p

atomic orbitals, and this results in an outward pointing lobe as shown

in Figure 5.16. In Section 23.14 we will discuss some chemical properties

of CO that rely, in part, on the nature of this MO and on the fact that the

lowest-lying empty MOs are of � symmetry.

. It is not easy to say anything about the polarity of the CO molecule from

MO theory at this simple and qualitative level. The charge distribution in

a molecule follows from the summed character of the occupied molecular

orbitals; the empty orbitals cannot affect this molecular property. In the

occupied 1� MO, the electron density is oxygen centred (O�� ) while in

the 2� and 3� MOs there is a greater probability of finding the electrons

nearer to the carbon nucleus (C�� ). Both the �ð2pÞ MOs will have more

oxygen than carbon character (O�� ).

Fig. 5.16 (a) A schematic representation of the highest occupiedMO of carbon monoxide.
The black dots show the positions of the C and O nuclei. (b) Amore realistic representation
of the same orbital generated computationally using Spartan ’04, # Wavefunction Inc.
2003.

Fig. 5.15 An MO diagram for
CO which allows for the effects of
orbital mixing but also
recognizes the fact that not all the
atomic orbitals will make major
contributions to all the � MOs.
One change in going from
Figure 5.14 to 5.15 is that the 1�
MO becomes non-bonding. This
is an over-simplification.
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5.15 [CN]� and [NO]þ: two ions isoelectronic with CO

The [CN]� and [NO]þ ions are well-known chemical species. The valence

electron counts in [CN]� and [NO]þ are as follows:

½CN�� Valence electrons from C ¼ 4

Valence electrons from N ¼ 5

Electron from negative charge ¼ 1

Total valence electrons ¼ 10

½NO�þ Valence electrons from N ¼ 5

Valence electrons from O ¼ 6

Subtract an electron because of the positive charge ¼ �1
Total valence electrons ¼ 10

Carbon, nitrogen and oxygen all have the same number of core electrons. The

[CN]� and [NO]þ ions are therefore isoelectronic. They are also isoelectronic

with the molecules CO and N2.

We have already seen that there are some similarities and some differences

between the bonding descriptions of the homonuclear diatomic molecule N2

and the heteronuclear CO. How do the [CN]� and [NO]þ ions fit into this

series? Is the bond order the same in each species? Are the magnetic properties

the same? What difference does the presence of an external charge make to the

bonding in these molecules? Is it possible to predict on which atom the charge

in the [CN]� and [NO]þ ions will be localized?

Bear in mind throughout this section that C and Nþ are isoelectronic with

each other, N and Oþ are isoelectronic, and N� and O are isoelectronic.

Valence bond theory

Resonance structures for [NO]þ and [CN]� can readily be drawn by using

those of CO as a basis. The C atom can be replaced by the isoelectronic

Nþ, and the O atom by N� as shown in Figure 5.17. Structure II for each

species can be compared to the Lewis structure for N2; remember that an

N atom is isoelectronic with both C� and Oþ.
We have already seen that the observation of a short, strong bond in

CO suggests that resonance structure II contributes significantly to the

Fig. 5.17 Resonance structures
for [CN]� and [NO]þ can readily
be derived from those of N2 and
CO by considering the
isoelectronic relationships
between C and Nþ, C� and N,
N and Oþ, and N� and O.
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bonding in this molecule and emphasizes the similarity between the bonding

in CO and N2. The bond distance in the [CN]� anion is 114 pm and in

the [NO]þ cation is 106pm. These values compare with distances of 110pm

and 113pm in N2 and CO respectively, and are consistent with a significant

contribution to the bonding in each ion from resonance structure II.

The small dipole moment in CO can be rationalized by allowing contribu-

tions from both resonance structures I and II to partly offset one

another, making allowances too for the differences in electronegativity

between the two atoms. It is, however, difficult to use the valence bond

method to predict the polarity of the carbon–oxygen bond. Each of the

two resonance forms for [NO]þ suggests a different polarity for the ion

(see Figure 5.17) – I implies that the nitrogen atom carries the positive

charge while II suggests that it is localized on the oxygen atom. The same

problem arises if we try to predict whether carbon or nitrogen carries the

negative charge in the [CN]� ion.

Molecular orbital theory

Despite the differences between the MO diagrams for N2 (Figure 4.29) and

CO (Figure 5.15), the results of MO theory are consistent with the observed

diamagnetism. The charge distribution in each molecule follows from the

character of the occupied molecular orbitals. In N2, the MOs possess equal

contributions from both atoms and the bond is non-polar (� ¼ 0D). In

carbon monoxide, differences in the relative energies of the carbon and

oxygen atomic orbitals cause distortions in the MOs and as a result the

carbon–oxygen bond is polar (� ¼ 0:11D).

The heteronuclear nature of [NO]þ and [CN]� suggests that it might be

better to use CO as a starting point rather than N2 when discussing the

bonding in these ions usingMO theory. Inmany regards this viewpoint is correct,

but it is still difficult to come up with the ‘right’ answer when we are using

only a qualitative MO picture. As a first approximation it is acceptable to use

the rather simple MO picture drawn in Figure 5.13 to depict the bonding in

any heteronuclear diatomic species that is isoelectronic with CO. The answers

may not be ‘correct’ in the sense that some predictions may not agree exactly

with experimental results. However, with experience, it is possible to see how

changes to the atomic orbital energies can influence the energies and the

composition of molecular orbitals and, therefore, molecular properties.

Our initial approach is to use the molecular orbital diagram in Figure 5.13,

keeping in mind the fact that the electronegativity ordering of O > N > C

(Table 5.2) means that the oxygen atomic orbitals will be lower in energy

than those of nitrogen, which will, in turn, be lower than those of carbon.

Using Figure 5.13, we can make the predictions:

. the bond order in CO, [CN]� and [NO]þ will be 3;

. the species CO, [CN]� and [NO]þ will be diamagnetic.

If we use Figure 5.15 as a starting point and couple this with the results of

more sophisticated calculations, we discover some subtle differences in the

bonding in CO, [CN]� and [NO]þ. Molecular orbital 1�, which is tending

towards being non-bonding in CO, has a greater bonding character in

[NO]þ and [CN]�. Molecular orbital 2�, which is bonding in CO, becomes

antibonding in [NO]þ and [CN]�. The orbital 3�, which is predominantly
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Box 5.3 Nitrogen monoxide (nitric oxide) in biology

Nitrogen monoxide (NO, also called nitric oxide) plays

an important role in biology. Being a small molecule,

NO can easily diffuse through cell walls. It behaves as

a messenger molecule in biological systems and is active

in mammalian functions such as the regulation of blood

pressure, muscle relaxation and neurotransmission. The

discovery that nitric oxide is involved as a signalling

agent in penile erection led to the development and

marketing of the drug sildenafil (Viagra) for treatment

of male erectile dysfunction.

One of the remarkable properties of NO is that it

appears to be cytotoxic (that is, it is able to destroy

particular cells) and has an effect on the ability of the

body’s immune system to kill tumour cells.

In the body, nitrogen monoxide is produced from the

amino acid L-arginine (see Table 35.2), with the reaction

being catalysed byNO synthase (NOS) enzymes. There are

three forms of these enzymes: neuronal NOS (nNOS),

inducible NOS (iNOS) and endothelial NOS (eNOS).

The activity of the enzymes nNOS and eNOS is regulated

by calcium ions in the presence of the calcium-binding pro-

tein, calmodulin, and these two NO synthases are classed

as low-output enzymes. In contrast, iNOS is a high-output

NO synthase and its activity is independent of the presence

of calcium ions. The conversion of L-arginine to NO and

L-citrulline is a two-step reaction. It involves a five-electron

oxidation process, and requires O2, as well as the cofactor

NADPH.

Nitric oxide has biological roles outside the bodies of

mammals. For example, nitrophorins are haem pro-

teins which are present in the salivary glands of

blood-sucking insects such as Rhodnius prolixus.

When the insect bites a victim, NO is released into

the wound, resulting in the expansion of the blood ves-

sels (vasodilation), thereby inhibiting blood clotting.

In 1998, the Nobel Prize in Physiology or Medicine

was awarded to Robert Furchgott, Louis Ignarro and

Ferid Murad ‘for their discoveries concerning nitric

oxide as a signalling molecule in the cardiovascular

system’. For more information, go to http://nobelprize

.org/nobel_prizes/medicine/laureates/1998/

A ball-and-stick model of a molecule of Viagra; structural data
fromK.Y. J. Zhang et al. (2004)Molecular Cell, vol. 15, p. 279.
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a carbon-centred lone pair in CO, has more bonding character in [NO]þ and

[CN]� but still possesses an outward-pointing lobe (on carbon in [CN]� and

on nitrogen in [NO]þ).

5.16 [NO]þ, NO and [NO]�

We end this chapter by considering the closely related species [NO]þ, NO

and [NO]�. Note that NO is isoelectronic with [O2]
þ, while [NO]� is

isoelectronic with O2. You may find it useful to compare some of the new

results in this section with those detailed in Section 4.22 for the dioxygen

species. Some properties of NO and [O2]
þ are listed for comparison in

Table 5.5.

As in Section 5.15 where we considered the ion [NO]þ, it is possible to use

Figure 5.13 as the basis for a discussion of the bonding in NO and [NO]�.
Nitrogen monoxide (NO) has one more valence electron than [NO]þ, and
by the aufbau principle, this will occupy one of the ��ð2pÞ orbitals shown

in Figure 5.13. The NO molecule therefore has an unpaired electron and is

predicted to be paramagnetic. This agrees with the experimental observation

that NO is a radical.

The bond order in NO may be determined using equation 5.21. The

increase in bond length in going from [NO]þ (106 pm) to NO (115 pm) is

consistent with the decrease in bond order from 3 to 2.5.

Bond order in NO ¼ 1
2
� ð6� 1Þ ¼ 2:5 ð5:21Þ

The odd electron occupies an antibonding orbital. This MO will have more

nitrogen than oxygen character and therefore our results suggest that the odd

electron is more closely associated with the N than the O atom. Of course, the

extent to which this statement is true depends on the relative energies of the N

and O atomic orbitals.

The anion [NO]� has two more valence electrons than [NO]þ. By the

aufbau principle, these will singly occupy each of the ��ð2pÞ orbitals shown
in Figure 5.13. The [NO]� ion will be paramagnetic, and will resemble the

O2 molecule. The bond order is found to be 2 (equation 5.22).

Bond order in [NO]� ¼ 1
2
� ð6� 2Þ ¼ 2 ð5:22Þ

Table 5.5 Some properties of nitrogen monoxide, NO, compared with those of the
isoelectronic cation [O2]

þ.

Property NO [O2]
þ

Bond distance / pm 115 112

Bond dissociation enthalpy / kJmol�1 631 644

Magnetic properties Paramagnetic Paramagnetic

Dipole moment /D 0.16 0

[NO]þ, NO and [NO]� 209



 

SUMMARY

In this chapter the main topic has been bonding in heteronuclear diatomic molecules.

Do you know what the following terms mean?

. heteronuclear

. resonance structure

. orbital character

. coefficient (in respect of a
wavefunction)

. orbital energy matching

. non-bonding molecular
orbital

. electronegativity

. polar molecule

. (electric) dipole moment

. isoelectronic

. dipole moment

You should now be able:

. to summarize the salient differences between
homonuclear and heteronuclear diatomic
molecules

. to discuss the bonding in HF, LiH, LiF, CO, [NO]þ,
[CN]�, NO and [NO]� in terms of VB theory

. to discuss the bonding in HF, LiH, LiF, CO, [NO]þ,
[CN]�, NO and [NO]� in terms of MO theory

. to draw schematic representations of the
molecular orbitals for heteronuclear diatomic
molecules and to interpret these diagrams

. to use bond enthalpies to estimate enthalpies
of atomization

. to discuss briefly the concept of electro-
negativity

. to define the terms (electric) dipole moment
and polar molecule

. to use Pauling electronegativity values to
determine if a diatomic molecule will be polar

. to write down sets of isoelectronic diatomic
molecules and ions

. to use your knowledge about the bonding in
one molecule or ion to comment on the
bonding in a molecule or ion that is
isoelectronic with the first one

PROBLEMS

5.1 The normalized wavefunction for a bonding MO in

a heteronuclear diatomic molecule AB is given by

the equation:

 ðMOÞ ¼ ð0:93�  AÞ þ ð0:37�  BÞ

What can you deduce about the relative values of

Zeff for atoms A and B?

5.2 Give resonance structure(s) for the hydroxide ion

[OH]�. What description of the bonding in this ion

does valence bond theory give?

5.3 Bearing in mind that [OH]� is isoelectronic with HF,

construct an approximate MO diagram to describe

the bonding in [OH]�. What is the bond order in

[OH]�? Does the MO picture of the bonding differ

from that obtained in the previous question using

VB theory?

5.4 Calculate the bond dissociation enthalpy of chlorine

monofluoride, ClF, if the bond dissociation

enthalpies of F2 and Cl2 are 159 and 242 kJmol�1

respectively, �PðFÞ ¼ 4:0, and �PðClÞ ¼ 3:2
(1 eV ¼ 96:5 kJmol�1). Compare your answer with

the experimental value.

5.5 (a) Are equations 5.15 and 5.16 restricted to use in

diatomic XY molecules? (b) Given that D(O�O)

and D(H�H) are 146 and 436 kJmol�1 respectively,
estimate a bond enthalpy term for an O�H bond.

5.6 (a) Set up a suitable Hess cycle to determine

D(O�H) in H2O given that �fH
oðH2O; gÞ ¼

�242 kJmol�1. Further data are listed in

Appendix 10. (b) Compare this value of D(O�H)

with that obtained in problem 5.5b and with that in

Table 4.5.

5.7 Rationalize the trends in �P (see Table 5.2) from

(a) B to F, and (b) F to I. (c) Why are no �P values

listed for the noble gases?

5.8 (a) Using appropriate homonuclear bond enthalpies

from Table 4.5, and �P values from Table 5.2,

estimate values of D(C�Cl) and D(S�F). (b) Use

these values to estimate �aH
oðCCl4; gÞ and

�aH
oðSF4; gÞ.

5.9 Use values of the first ionization energies and first

electron affinities listed in Appendices 8 and 9 to

calculate values for the Mulliken electronegativity,

�M, of N, O, F, Cl, Br and I. Present these values

graphically to show the trends in values of �M across

the first row of the p-block and down group 17. How

do these trends compare with similar trends in values

of �P (Table 5.2)?
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5.10 Write down five ions (cations or anions) that are

isoelectronic with neon.

5.11 Explain whether or not the two species in each of the

following pairs are isoelectronic with one another:

(a) He and Liþ; (b) [Se2]
2� and Br2; (c) NO and [O2]

þ;
(d) F2 and ClF; (e) N2 and P2; (f) P

3� and Cl�.

5.12 (a) Is a dipole moment a scalar or vector property?

(b) Which of the following gas phase molecules are

polar: Cl2, HBr, IF, BrCl, H2? For those which are

polar, draw a diagram that depicts the direction in

which the dipole moment acts.

5.13 Assuming that you apply ‘isoelectronic’ in its

strictest sense, which of the following species form

isoelectronic pairs? Not all species have a partner:

Cl2, CO, [O2]
2�, [S2]

2�, F2, Br2, N2, NO, [O2]
þ, O2.

ADDITIONAL PROBLEMS

5.14 (a) The results of a theoretical study of HCl show

that the energies of the valence Cl 3s and 3p atomic

orbitals are �29 and �13 eV respectively, and the

H 1s atomic orbital lies at �14 eV. Using the data

and an LCAO approach, construct an approximate

MO diagram for the formation of HCl. (b) Use the

MO diagram to find the bond order in HCl. Does

the MO diagram indicate that HCl is diamagnetic or

paramagnetic? (c) Do these last answers agree with

conclusions drawn from a Lewis structure for HCl?

5.15 The answer to problem 5.14a assumes the simplest

of pictures. Figure 5.18 shows an MO diagram for

HCl obtained from a computational study. Account

for differences between your answer to problem

5.14a and Figure 5.18.

5.16 (a) Draw resonance structures for NO that you

consider will contribute significantly to the bonding.

(b) From (a), what conclusions can you draw about

the bond order and magnetic properties in NO?

(c) Purely on the basis of �P values, do you think

NO is polar? If so, in which direction does the dipole

moment act? How does this conclusion fit with the

resonance structures drawn in part (a)?

5.17 (a) Construct an MO diagram using the LCAO

approach for the formation of NO. (b) Use the

diagram to deducewhat you can about the bonding in

andmagnetic properties of NO. (c) Figure 5.19 shows

anMOdiagram forNOwhich allows for someorbital

mixing (although the diagram is still oversimplified).

Compare Figure 5.19with your answer topart (a) and

comment on the limitations and successes of the

simpler of the two bonding schemes.

5.18 Refer to Figure 5.19. (a) When NO undergoes a

1-electron oxidation, what species is formed and is it

paramagnetic or diamagnetic? (b) Do you expect the

N�O bond to lengthen, shorten or remain the same

length upon 1-electron oxidation?

5.19 In the bonding descriptions of LiH and LiF

(Figures 5.6 and 5.10), we assumed that only the

2s orbital of Li was available for bonding. By using

Figure 5.6 as a starting point, consider the

consequences of adding the lithium 2p orbitals to its

set of valence orbitals. Construct a revised MO

diagram for the formation of LiH with Li 2s and 2p

and H 1s orbitals as the valence orbitals.

Fig. 5.18 An MO diagram for
the formation of HCl allowing
for some orbital mixing; the
diagram is still over-simplified.
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CHEMISTRY IN DAILY USE

5.20 Radicals are often very reactive and take part in

chain reactions (see Section 15.14). The following

neutral species are present in the Earth’s

atmosphere, either as natural components, or as

pollutants generated by man, or generated during

reactions which occur in the atmosphere:

CO NO N2 HO Cl2 ClO HCl BrO

(a) Draw Lewis structures for these species and

determine which are radicals.

(b) 21% of the Earth’s atmosphere is O2 which is a

diradical. Why does a Lewis structure for O2 not

show its radical nature? What approach to the

bonding in O2 would you choose in order to

illustrate that it has two unpaired electrons?

5.21 The receptor for NO in the human body is the

enzyme guanylyl cyclase which contains a haem

unit. In the middle of the haem unit (see Box 5.2) is

an iron(II) centre to which NO can bind. (a) Is the

representation of the 3�MO shown below consistent

with the MO diagram illustrated in Figure 5.19?

(b) How does the MO diagram help you to describe

how NO is able to bind to the iron(II) centre in the

haem unit?

Fig. 5.19 An MO diagram for
the formation of NO. The
diagram allows for some orbital
mixing, but is still over-
simplified.
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6
Polyatomic
molecules: shapes

6.1 Introduction

Molecular geometry

Our discussion of molecules and molecular ions in Chapters 4 and 5 focused

on diatomic species, but descriptions of the shapes of these molecules were

omitted. This omission was for a good reason – diatomic molecules must

be linear! However, only a small number of molecules and molecular ions

are diatomic and in this chapter we look at simple polyatomic species contain-

ing three or more atoms. Although a few polyatomic molecules or ions are

linear (e.g. CO2, HC�N, [I3]
�, HC�CC�CH), most are not.

It is convenient to describe the 3-dimensional structure of a polyatomic

system XYn in terms of the geometry around the central atom X. Table 6.1

lists some common geometries for molecules of formula XYn. For most,

several geometries are possible. We shall describe these geometries in more

detail later, but Table 6.1 gives a useful checklist.

Bond angles

In describing a molecular structure, the bond distances and bond angles are

of particular significance. The angular relationships between atoms in a

molecule conveniently describe the molecular geometry, and a bond angle

is defined between three bonded atoms.§ For example, in a trigonal planar

XY3 molecule, each of the angles nY�X�Y is 1208 (Figure 6.1a).
Molecular shapes are often described in terms of idealized geometries and

the corresponding ideal bond angles are given in the right-hand column of

Table 6.1 for common structural types. Note that it is not possible to

define ideal angles for all the geometries.

Topics

Triatomic molecules

Shapes of molecules

within the p-block

The VSEPR model

The Kepert model

Stereoisomerism

Stereochemical

non-rigidity

Molecular dipole

moments

A polyatomic molecule or

ion contains three or more

atoms.

§ We are not concerned here with torsion angles which define, for four atoms, the degree of twist
around the central bond and the deviation from planarity for the four atoms that this generates.



 

Table 6.1 Molecular geometries for polyatomic molecules of formula XYn. See also Figures 6.8 and 6.12.

Formula XYn Coordination

number of atom X

Geometrical

descriptor

Spatial

representation

Ideal angles

(nY�X�Y) / degrees

XY2 2 Linear 180

XY2 2 Bent or V-shaped Variable ( 6¼180)

XY3 3 Trigonal planar 120

XY3 3 Trigonal pyramidal Variable (<120)

XY3 3 T-shaped
nYa�X�Yb � 90

nYa�X�Ya � 180

(the atoms lie in a plane)

XY4 4 Tetrahedral 109.5

XY4 4 Square planar

nY1�X�Y2 ¼ 90a

nY1�X�Y3 ¼ 180

XY4 4 Disphenoidal
(See-saw)

nYax�X�Yeq � 90

nYeq�X�Yeq � 120

XY5 5 Trigonal bipyramidal

nYax�X�Yeq ¼ 90

nYeq�X�Yeq ¼ 120

nYax�X�Yax ¼ 180

XY5 5 Square-based pyramidal Variable

XY6 6 Octahedral

nY1�X�Y2 ¼ 90a

nY1�X�Y3 ¼ 180

a Although Y1, Y2 and Y3 are distinguished to define the angle, all Y atoms are equivalent.
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 (6.1)

(6.2)

Fig. 6.1 (a) A bond angle is
defined as the angle between
three bonded atoms. In a trigonal
planar molecule XY3, the ideal
angle nY�X�Y is 1208. (b) The
bond angle is 1208 if all the
substituents are the same, but if
the substituents are different, the
bond angles may not be exactly
1208; the geometry is then
approximately trigonal planar.

In practice, many molecules are described in terms of one of the shapes

listed in Table 6.1 without actually possessing the ideal bond angles. A

common reason for deviation from an ideal geometry is that the substituents

in a molecule may not be identical. The molecules BF3 and BCl3 both possess

ideal trigonal planar structures, but BCl2F and BClF2 are approximately

trigonal planar. The chlorine atoms are larger than the fluorine atoms and

this difference contributes towards deviations from the ideal 1208 bond

angles (Figure 6.1b). The bond distances, d, also differ: dðB�ClÞ > dðB�FÞ.

Molecules with more than one ‘centre’

Table 6.1 focuses on XYn molecules, each with an atom X at its centre. Many

polyatomic molecules possess more than one ‘centre’. Ethane, 6.1, contains

two carbon atoms, each of which has a tetrahedral arrangement of atoms

about it, and cyclohexene, 6.2, contains six carbon centres, four of which

are tetrahedral and two of which are trigonal planar. The shape of large

molecules may more conveniently be described in terms of the geometries

about a variety of atomic centres as discussed in Section 6.3.

Coordination number

In molecular compounds, the coordination number of an atom defines the

number of atoms or groups of atoms that are attached to it. It does not

rely upon a knowledge of the bond types (single, double or triple) or whether

the bonds are localized or delocalized. In later chapters, we meet other ways

in which the term ‘coordination number’ is used.

In molecular compounds, the coordination number of an atom defines the

number of atoms (or groups of atoms) that are attached to it.

The geometries listed in Table 6.1 give examples of coordination numbers

ranging from 2 to 6 for the central atom X in the molecules XYn. In BF3 (6.3)

and [CO3]
2� (6.4), the coordination number of the central atom is 3. In CH4

(6.5) and SO2Cl2 (6.6), the coordination number of the central atom is 4.
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Diagrams 6.3 to 6.6 illustrate the shapes of BF3, [CO3]
2�, CH4 and SO2Cl2,

but do not reveal details of the bonding in these species.

(6.3) (6.4) (6.5) (6.6)

Some aims of this chapter

In this chapter, we describe the shapes ofmolecules and ionsXYn with a single

central atom X, and where Y is an atom or a molecular group. How does the

increased molecular complexity involved in going from a diatomic to a poly-

atomic molecule affect such properties as the molecular dipole moment? We

begin by taking a brief ‘tour’ around the p-block, and summarize the diversity

of molecular shapes that is observed, starting with triatomic species.

6.2 The geometries of triatomic molecules

A triatomic species may possess a linear or bent geometry.§ Examples of

linear molecules are carbon dioxide, 6.7, and hydrogen cyanide, 6.8, and

bent molecules include water, 6.9, and hydrogen sulfide, 6.10.

(6.7) (6.8) (6.9) (6.10)

Linear triatomic molecules and ions

Figure 6.2 shows the structure of the carbon dioxide molecule, and the

[NO2]
þ, [N3]

� and [NCO]� ions. These species are isoelectronic and possess

linear structures – they are isostructural. Replacing the oxygen atom in the

[NCO]� anion by sulfur gives the thiocyanate anion [NCS]�. With respect

to their valence electrons, [NCO]� and [NCS]� are isoelectronic and possess

analogous structures (Figure 6.2). Further examples of species which are

§ Other terms are often used for the geometry of a bent triatomic molecule; these include non-
linear and V-shaped.

Fig. 6.2 The
isoelectronic species

CO2, [NO2]
þ, [N3]

� and [NCO]�

all possess linear structures. The
cyanate [NCO]� and thiocyanate
[NCS]� anions have the same
number of valence electrons
and may be considered to be
isoelectronic (with respect to
their valence electrons). Colour
code: C, grey; O, red; N, blue;
S, yellow.
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isoelectronic with respect to their valence electrons and are isostructural are

the linear polyhalide anions [ICl2]
� (6.11) and [I3]

� (6.12).

Isostructural means ‘having the same structure’.

The important message here is that we expect isoelectronic species to possess

similar structures. This is true for polyatomic species in general and is not

restricted to triatomics. Since the covalent radii of atoms differ, the bond

distances in isoelectronic molecules or ions will differ, but the geometry at

the central atom will be the same or similar.

However, when comparing molecules and ions that are isoelectronic

only with respect to their valence electrons, the expectation of isostructural

behaviour may not hold. A classic example is seen when we compare CO2

with SiO2: at room temperature and pressure, CO2 is a linear molecule but

SiO2 has an extended structure containing silicon atoms in tetrahedral envir-

onments. An extended solid phase form of CO2 has been made at 1800K

and 40 gigapascal pressure; this has a quartz-like structure, quartz being a

3-dimensional polymorph of SiO2. In the gas phase, we would expect to find

SiO2 as linear triatomic molecules.

Molecules or ions that are isoelectronic are often isostructural.

However, species that have the same structure are not necessarily isoelectronic.

Bent molecules and ions

Figure 6.3 shows some bent molecules. Notice that the bond angle (measured

as angle � in structure 6.13) has no characteristic value. The exact geometry

of a bent molecule is only known if the bond angle � has been measured

experimentally, since the term ‘bent’ can be used for any triatomic XY2

with 0 < � < 1808.
Three of the molecules in Figure 6.3 are related to one another: OF2 and

SF2 are isoelectronic with respect to their valence electrons, while H2O and

OF2 are related because each possesses a central oxygen atom that forms

two single bonds. In addition, SF2 and SO2 are related in that the sulfur

atom has a coordination number of 2 in each case. We look at the bonding

in SF2 and SO2 in worked example 7.4.

We saw above that the polyhalide anions [ICl2]
� and [I3]

� are linear. The

cations [ICl2]
þ and [I3]

þ are also known but possess bent structures. A

(6.11)

(6.12)

CO2 and SiO2:
see Section 22.6

(6.13)

"

Fig. 6.3 Some bent molecules illustrating a range of bond angles: H2O (nH�O�H ¼ 104:58), F2O (nF�O�F ¼ 1038),
SF2 (nF�S�F ¼ 988) and SO2 (nO�S�O ¼ 1198). Colour code: O, red; H, white; S, yellow; F, green.
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change of structure accompanying a change in charge is not unusual. For

example, the [NO2]
þ cation (see Figure 6.2) is linear and yet both NO2 and

[NO2]
� are bent, although their bond angles are quite different:

nO�N�O ¼ 1348 in NO2 (Figure 6.4) and 1158 in the [NO2]
� ion.

Two asymmetrical bent triatomic species are shown in Figure 6.4.

Replacing the chlorine atom in ClNO by another group 17 atom gives

the structurally similar molecules FNO and BrNO, but with different

bond angles (Figure 6.5). Trends in angles can often be correlated with

the size and/or the electronegativity of the atoms.

6.3 Molecules larger than triatomics described as having
linear or bent geometries

Linear and bent geometries are usually associated with triatomic molecules or

ions. However, the terms can sometimes be applied to larger molecules in

which we describe the molecular shape in terms of the backbone of the

molecule.

Amolecule or ion that contains a backbone of three atoms is readily related

to a triatomic species. Figure 6.6a shows that hydrogen cyanide is a linear

triatomic molecule, and that acetonitrile (MeCN) is related to hydrogen

cyanide. The hydrogen atom in HCN has been replaced by a methyl group,
Me = CH3 = methyl group

"

Fig. 6.4 Some bent triatomic molecules: NO2 (nO�N�O ¼ 1348), ClNO
(nO�N�Cl ¼ 1138) and NSF (nN�S�F ¼ 1178). Colour code: O, red; N, blue;

Cl, green; F, green; S, yellow.

Fig. 6.5 In the molecules FNO,
ClNO and BrNO, the angle
nX�N�O increases as the
halogen atom X becomes larger.

Fig. 6.6 The structural
relationships between

(a) hydrogen cyanide (HCN) and
acetonitrile (MeCN) and (b) H2S
and Me2S. If the methyl group is
regarded as a ‘pseudo-atom’,
MeCN can be considered to
possess a linear CCN backbone,
and Me2S can be described as a
bent molecule. Colour code: C,
grey; N, blue; S, yellow; H, white.
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and the methyl group may be regarded as a ‘pseudo-atom’. It is useful to

consider MeCN as having a CCN backbone as this allows the molecular

geometry to be described easily – acetonitrile contains a linearCCN backbone.

Similarly, we can relate the structure of dimethyl sulfide (Me2S) to that of

H2S as shown in Figure 6.6b. Me2S retains a bent geometry at the sulfur

atom, but the bond angle changes from 928 in H2S to 998 in Me2S. The

compound MeSH has a similar structure, but with nC�S�H ¼ 96:58. A
related set of compounds is H2O, MeOH and Me2O, each of which is bent

with respect to the oxygen centre. Note the way in which this description has

been phrased; the emphasis is on the geometry with respect to each oxygen

centre. The description says nothing about the geometry at each carbon centre.

Alkynes of the general formula RC�CR (R is an organic group) possess

linear tetraatomic backbones; the first carbon atom in each R group is

counted into the backbone. Figure 6.7 shows the structures of HC�CH
and MeC�CMe. The change from hydrogen to methyl substituents does

not alter the fundamental linear geometry of the central part of the molecule.

Remember, though, that describing MeC�CMe as ‘linear’ only specifies the

geometry with respect to the four central carbon atoms. On the other hand,

the HC�CH molecule is truly linear.

The small number of examples in this section make an important and

useful point – the geometries of large molecules can often be adequately

described by considering the local geometry at individual atomic centres.

6.4 Geometries of molecules within the p-block: the first row

In this section we consider the shapes of molecules that contain a p-block

element as the central atom, and confine our survey to compounds of the

type XYn with one central atom and one type of substituent. Figure 6.8

shows the five geometries that are common for such molecules in which

X is one of the first row elements boron, carbon, nitrogen or oxygen.

Fig. 6.7 The structural
relationship between

the alkynes HC�CH and
MeC�CMe; HC�CH is truly
linear, but MeC�CMe has a
linear CCCC backbone.

Fig. 6.8 The five common
shapes for molecules of

type XYn where X is an
element from the first row of
the p-block.
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Table 6.2 lists some species that adopt these structures. The first row element

fluorine is not found at the centre of polyatomic molecules§ and adopts

terminal sites, for example in BF3, CF4, NF3 and OF2.

Boron (group 13)

3-Coordinate compounds containing one boron centre are trigonal planar,

and examples include BF3 (Figure 6.9a), BCl3, BMe3 (Figure 6.9b) and

[BO3]
3�. Tetrahedral boron centres are seen in a range of anions such as

[BH4]
� and [BF4]

�.

Carbon (group 14)

For molecules containing carbon, one of three geometries is generally

observed – linear, trigonal planar or tetrahedral. Linear carbon centres are

observed in the triatomic species CO2, [NCO]� and HCN. A trigonal planar

carbon centre is present in H2C¼O, Cl2C¼O, HCO2H (6.14) and [CO3]
2�.

Tetrahedrally coordinated carbon is widely represented, for example in

saturated alkanes such as methane, CH4. The isoelectronic relationship

between CH4 and [BH4]
� suggests that they will be isostructural (Figure 6.10).

Nitrogen (group 15)

Common geometries for nitrogen atoms are linear (see Figure 6.2), bent (see

Figure 6.4), trigonal planar, trigonal pyramidal and tetrahedral.

See also Section 6.14

(6.14)

"

Table 6.2 Examples of molecules and ions of general formula XYn, ½XYn�mþ or ½XYn�m�
in which X is a first row p-block element (boron to oxygen). The atom X is shown in pink.

Shape

(refer to Table 6.1 and Figure 6.8)

Examples (Me ¼ methyl ¼ CH3)

Linear CO2, [NO2]
þ, [NCO]�, [N3]

� ¼ [NNN]�

Bent H2O, OF2, HOF, NO2, [NO2]
�, [NH2]

�

Trigonal planar BF3, BCl3, BBr3, BMe3, [BO3]
3� , [CO3]

2� , [NO3]
�

Trigonal pyramidal NH3, NF3, Me3N, [H3O]þ

Tetrahedral [BH4]
�, [BF4]

�, CH4, CMe4, CF4, [NH4]
þ, [NMe4]

þ

Fig. 6.9 The molecular
structures of (a) BF3 and

(b) BMe3 (Me ¼ methyl ¼ CH3),
both of which contain a trigonal
planar boron centre. Colour
code: B, blue; F, green; C, grey;
H, white.

§ Exceptions are some species formed in reactions carried out in liquid HF, e.g. ½H2F�þ and
½H2F3��.
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(6.15)

p-Block chemistry: see
Chapter 22

Temperature-dependent
structure of AlCl3: see

Section 22.4

"

"

Fig. 6.10 The species
[BH4]

�, CH4 and [NH4]
þ

are isoelectronic and
isostructural; NH3 and [H3O]þ

are also isoelectronic and
isostructural. Colour code:
B, orange; H, white; C, grey;
N, blue; O, red.

In neutral 3-coordinate compounds, the trigonal pyramidal geometry is

usual for nitrogen, for example NH3 (see Figure 6.10) and NF3. The

family can be extended to include organic amines with the general formulae

RNH2, R2NH and R3N (6.15) where R is an organic group.

The ammonium ion [NH4]
þ is isoelectronic with CH4 and [BH4]

�

(Figure 6.10) and is tetrahedral. Trigonal planar nitrogen is seen in the nitrate

ion [NO3]
�, and the isoelectronic principle establishes a structural relation-

ship between [NO3]
�, [CO3]

2� and [BO3]
3�.

Oxygen (group 16)

Simple molecules with oxygen as the central atom are bent (Figure 6.3). In

3-coordinate cations, oxygen is trigonal pyramidal, and the simplest example

is the oxonium ion [H3O]þ which is isoelectronic with NH3 (Figure 6.10).

Overview of the first row of the p-block

. Compounds of the first row p-block elements tend to possess one of the

five shapes shown in Figure 6.8.
. A greater range of geometries is observed for boron, carbon and nitrogen

than for oxygen and fluorine.
. A change in the overall charge often results in a change in geometry, e.g.

NO2 to [NO2]
þ.

6.5 Heavier p-block elements

The elements that are discussed in this section are shown in Figure 6.11, and

the relevant molecular shapes are shown in Figures 6.8 and 6.12. Table 6.3

lists examples of each type of structure.

Group 13

At high temperatures, the aluminium trihalides AlCl3, AlBr3 and AlI3 exist as

molecular species with trigonal planar structures. However, a tetrahedral

environment is common for aluminium, gallium and indium atoms and is

observed in a range of anions including [AlH4]
�, [AlCl4]

�, [GaBr4]
� and

[InCl4]
�. These two shapes resemble those seen in compounds of boron,

but simple species containing heavier group 13 elements also exhibit
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geometries with higher coordination numbers, for example, the ions [AlF6]
3�

(6.16) and [Ga(OH2)6]
3þ are octahedral.

Group 14

In the gas phase, SnCl2 is bent, but other tin(II) compounds generally have

more complex structures. Many compounds of group 14 elements have

formulae reminiscent of carbon compounds but caution is needed – CO2

and SiO2 may appear to be similar but their structures are different.

Silane, SiH4, is tetrahedral like CH4, and the same isoelectronic and

isostructural relationship exists between SiH4 and [AlH4]
� as between CH4

and [BH4]
�. Similarly, GeH4 is isoelectronic and isostructural with

[GaH4]
�. Other tetrahedral molecules include SiF4, GeF4, SnCl4 and PbCl4.

Within group 14, coordination numbers greater than 4 are exemplified

by the [SnCl5]
� (6.17) and [Me2SnCl3]

� anions (which have trigonal bipyra-

midal structures) and in the octahedral [SnF6]
2� dianion.

Group 15

Structural diversity is further extended in the compounds formed by the

heavier group 15 elements.

The trigonal pyramid is a common shape for species containing phosphorus,

arsenic and antimony. Examples include PF3, AsF3, SbCl3, PMe3 (6.18) and

[PO3]
3�. Although our discussion concentrates on molecules and ions with a

(6.16)

CO2 and SiO2:
see Section 22.6

(6.17)

(6.18)

"

Fig. 6.11 The heavier p-block
elements (excluding the noble
gases – group 18).

Fig. 6.12 Molecular
shapes (in addition to

those shown in Figure 6.8)
observed for molecules of type
XYn where X is a heavier p-block
element.
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single group 15 atomic centre, it is worth remembering that each phosphorus

atom in the P4 molecule is in a trigonal pyramidal site (see Figure 4.2).

A coordination number of 4 for a group 15 element is usually associated

with a tetrahedral geometry but the disphenoidal or ‘see-saw’ structure

(Figure 6.12) is also observed. The ions [PCl4]
þ, [PBr4]

þ and [PO4]
3� are

tetrahedral, but the change of charge in going from [PBr4]
þ to [PBr4]

� is

associated with a change in shape and the anion is disphenoidal, as shown

in structure 6.19 (see end-of-chapter problem 6.21).

The number of 5-coordinate species is large. In the gas phase, the penta-

halides PF5, AsF5 and SbCl5 are trigonal bipyramidal, but a change in

charge leads to a change in shape – in the solid state, the [SbF5]
2� ion has

a square-based pyramidal structure (Figure 6.13).

Octahedral structures are common for anionic species in group 15 and

examples include [PF6]
�, [AsF6]

� and [SbF6]
�.

Group 16

For oxygen, only bent and trigonal pyramidal shapes are favoured, but for the

heavier elements in group 16, the variety of observed geometries is far greater.

(6.19)

Fig. 6.13 The square-
based pyramidal structure

of ½SbF5�2�: (a) a schematic
representation, (b) a
3-dimensional representation and
(c) the square-based pyramidal
arrangement of the F atoms.
Colour code: Sb, orange; F, green.

Table 6.3 Examples of molecules of general formula XYn in which X is a heavy p-block
element (see Figures 6.8 and 6.12). The atom X is shown in pink.

Shape Examples

Linear [ICl2]
�, [I3]

�

Bent SnCl2, H2S, SF2, SO2, H2Se, SeCl2, TeCl2

Trigonal planar AlCl3, AlBr3, SO3

Trigonal pyramidal
PF3, PCl3, AsF3, SbCl3, PMe3, AsMe3, [PO3]

3�, [SO3]
2�,

[SeO3]
2�, [ClO3]

�

T-shaped ClF3, BrF3

Tetrahedral SiH4, SiF4, SiCl4, SnCl4, PbCl4, [AlH4]
�, [GaBr4]

�,
[InCl4]

�, [TlI4]
�, [PBr4]

þ, [PO4]
3�, [SO4]

2�, [ClO4]
�

Disphenoidal (see-saw) SF4, [PBr4]
�, [ClF4]

þ, [IF4]
þ

Square planar [ClF4]
�, [BrF4]

�, [ICl4]
�

Trigonal bipyramidal PCl5, AsF5, SbF5, SOF4, [SnCl5]
�

Square-based pyramidal ClF5, BrF5, IF5, [SF5]
�, [TeF5]

�, [SbF5]
2�

Pentagonal planar ½IF5�2�

Octahedral SF6, [IF6]
þ, [PF6]

�, [SbF6]
�, [SnF6]

2�, [AlF6]
3�
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Bent molecules include H2S, SF2, SO2, SeCl2 and TeCl2. Trigonal planar

molecules are exemplified by SO3 (6.20), while trigonal pyramidal structures

are observed for SOCl2, SeOCl2, [SO3]
2� and [TeO3]

2�. Once again, a change

of shape accompanies a change in charge as is seen in going fromSO3 to [SO3]
2�.

4-Coordinate sulfur, selenium and tellurium atoms are found in both

tetrahedral and disphenoidal environments. The [SO4]
2� ion is tetrahedral,

but SF4, SeF4 andMe2TeI2 possess disphenoidal geometries. For 5-coordinate

atoms, both the trigonal bipyramidal (e.g. SOF4, 6.21) and square-based

pyramidal (e.g. [SF5]
�) geometries are observed. Octahedral molecules include

SF6, SeF6 (6.22) and TeF6.

Group 17

Unlike fluorine, the heavier halogens are found in a wide range of

geometrical environments. Iodine is the central atom in the linear anion

[I3]
� and the bent cation [I3]

þ. For 3-coordinate atoms, both T-shaped and

trigonal pyramidal species (Figure 6.12) are known; ClF3 is an example of

a T-shaped molecule in which the two F�Cl�F bond angles are 878. The
anion [ClO3]

� is trigonal pyramidal.

Elements from group 17 may adopt one of three different 4-coordinate

structures. Tetrahedral anions include [ClO4]
� and [IO4]

�, while the cations
[ClF4]

þ and [IF4]
þ are disphenoidal; [ClF4]

þ is isoelectronic with SF4 (see

above). On going from [ClF4]
þ to [ClF4]

�, there is a change in structure

from a disphenoidal to a square planar geometry.

5-Coordinate halogen atoms provide examples of trigonal bipyramidal

(e.g. ClO2F3), square-based pyramidal (e.g. ClF5 and IF5) and pentagonal

planar ([IF5]
2�) shapes. The cation [IF6]

þ is an example of a 6-coordinate,

octahedral species.

Overview of the heavier p-block elements

. Compounds of the heavier elements in groups 13 to 17 of the p-block

show a greater range of shapes than do the first row elements of each

respective group.

. The variety of molecular shapes increases on moving across the p-block

from group 13 to 17.

. A change in the overall charge of a species usually causes a change in

geometry.

(6.20)

(6.21)

(6.22)

MID-CHAPTER PROBLEMS

Before moving on to Section 6.6, use the information in Sections 6.1–6.5 to answer these questions.

1 n-Butane, CH3CH2CH2CH3, is a so-called ‘straight-

chain’ alkane and contains four tetrahedral carbon

centres. Is the C4 backbone linear or non-linear?

2 Give examples of three tetrahedral molecular species

of type XYn.

3 Are Me3N and ½Me3O�þ isoelectronic? Are they

isostructural?

4 Which of the following molecular species are trigonal

planar? (a) PBr3; (b) SO3; (c) AlCl3; (d) NH3; (e)

½NO3�� ; (f) ½CO3�2� ; (g) ½SO3�2� ; (h) BrF3.

5 Sketch diagrams to show the following shapes for XYn

molecules and check the answers in Figures 6.8 and

6.12: (a) octahedral; (b) tetrahedral; (c) trigonal

pyramidal; (d) trigonal bipyramidal; (e) square-based

pyramidal; (f) T-shaped; (g) pentagonal planar.

6 In which of the structures (a) to (g) in problem 5 are

the Y atoms equivalent?

7 (a) What shape is CF4? (b) Using isoelectronic

relationships to help you, determine which of the

following species are likely to have the same structure

as CF4: SF4, ½PF4�þ, ½IF4��, ½BF4��, ½AlF4��, SiF4.
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6.6 The valence-shell electron-pair repulsion (VSEPR) model

In the previous sections, we have discussed the shapes of molecules and

molecular ions purely as observables, and we have noted some trends in

the geometrical environments found for certain elements within both

groups and periods in the p-block. In this section, we consider a method

for predicting or rationalizing the shape of a molecule or ion.

The valence-shell electron-pair repulsion (VSEPR) model was initially

proposed by Sidgwick and Powell in 1940, and further developed by

Nyholm and Gillespie. The basis of the VSEPR model is the consideration

of the repulsive forces between pairs of valence electrons, and it is assumed

that only the electrons in the valence shell influence the molecular geometry.

Minimizing inter-electron repulsion

The VSEPR model assumes that for maximum stability pairs of valence

electrons will be as far apart from one another as possible. In this way,

inter-electron repulsions are minimized. Assume that in a molecule XYn,

the atoms Y are all bonded to a central atom X and that all the valence

electrons of X are involved in bonding. Let each X�Y bond be a single

bond; i.e. one pair of electrons is associated with each bond. For a minimum

energy system, the relative positions of the n pairs of electrons can be

determined by considering each pair of electrons as a point of negative

charge, and placing these points on the surface of a sphere.

For n ¼ 2, the repulsive interactions between the two point charges are at a

minimum if the charges are at opposite sides of the sphere (Figure 6.14a).

This corresponds to a linear arrangement for the atoms in the molecule XY2.

For n ¼ 3, the total inter-electron repulsion between the three point

charges is minimized when the charges are placed at the corners of a triangle

(Figure 6.14b). This corresponds to a trigonal planar arrangement for the

atoms in the molecule XY3.

Fig. 6.14 Pairs of valence electrons can be considered as point charges. They repel one
another and move as far away from one another as possible to minimize the energy of
the system. (a) Two points of negative charge take up positions at opposite sides of the
sphere and this results in a linear arrangement of atoms in the molecule XY2 if all the
valence electrons in the molecule are used for bonding. (b) The mutual repulsion between
three points of negative charge results in a triangular arrangement for minimum energy;
this gives a trigonal planar arrangement of Y atoms in the molecule XY3 if all the valence
electrons in the molecule are used for bonding.
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Similarly, for n ¼ 4, 5 and 6, the geometries that correspond to minimum

inter-electron repulsions are the tetrahedron, the trigonal bipyramid and

the octahedron. Figure 6.15 illustrates how these polyhedra relate to the

tetrahedral, trigonal bipyramidal and octahedral shapes of the XY4, XY5

and XY6 molecules.

Notice that, although in Table 6.1 we listed more than one geometrical

possibility for n ¼ 2, 3, 4 and 5, only one geometry corresponds to the

lowest energy structure in each case.

Lone pairs of electrons

Not all valence electrons are necessarily involved in bonding. The Lewis

structure for H2O (6.23) reveals that there are two lone pairs in the valence

shell of the oxygen atom. On the other hand, in CH4 (6.24) all of the valence

electrons are used for bonding.

Inter-electron repulsions in the valence shell of the central atom in a

molecule involve both lone and bonding pairs of electrons, and so the presence

of one or more lone pairs influences the molecular shape. Lewis structures for

BH3 and NH3 are shown on the left-hand side of Figures 6.16a and 6.16b.

The boron atom uses all of its valence electrons to form three B�H single

bonds, but the nitrogen atom has five valence electrons, and one lone pair

remains after the three N�H bonds have been formed. There are three

pairs of electrons in the valence shell of the boron atom in BH3, and by

the VSEPR model, the molecule will be trigonal planar (Figure 6.16a). In

NH3, there are four pairs of electrons in the valence shell of the nitrogen

Energy differences between
structures: see Section 6.12

(6.23)

(6.24)

"

Fig. 6.15 For four, five or six
points of negative charges,
repulsions are minimized when
they lie at the corners of a
tetrahedron, a trigonal
bipyramid or an octahedron,
respectively. For molecules XYn

in which all the valence electrons
are used for bonding, this
corresponds to tetrahedral,
trigonal bipyramidal or
octahedral shapes for the
molecules XY4, XY5 and XY6,
respectively.

Fig. 6.16 The application of the
VSEPR model to predict the
shapes of the (a) BH3 and
(b) NH3 molecules. Note the
role of the lone pair of electrons
in NH3.
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atom, and the VSEPR model predicts that the molecular shape will be based

upon a tetrahedron with the lone pair of electrons occupying one of the

vertices (Figure 6.16b). The NH3 molecule may be described as being derived

from a tetrahedron, although the nitrogen and three hydrogen atoms actually

define a trigonal pyramid (see Figure 6.10).

Relative magnitudes of inter-electron repulsions

In XYn compounds that contain only bonding pairs of electrons in the

valence shell of the central atom, we can assume that the electron–electron

repulsions are all equal provided that the bonds are all identical.

. Multiple bonds: multiple bonds contain greater densities of electrons

(more negative charge) than single bonds, and therefore inter-electron

repulsions involving multiple bonds are greater than those involving

single bonds (Figure 6.17).

. Lone pairs: if one or more lone pairs of electrons are present, the relative

magnitudes of the inter-electron repulsions are assumed to follow

the sequence: lone pair–lone pair> lone pair–bonding pair> bonding

pair–bonding pair.

These differences in repulsions affect the detailed geometry of a molecule

as illustrated in the series CH4, NH3 and H2O. The total number of

inter-electron repulsive interactions in each molecule is six (Figure 6.18a).

In the CH4 molecule, these are all between bonding pairs of electrons, but

Fig. 6.17 Multiple bonds
contain greater electron density
than single bonds, and so
inter-electron repulsions
involving multiple bonds are
greater than those involving
single bonds.

Fig. 6.18 (a) In a tetrahedral
arrangement of four electron
pairs, there are six repulsive
interactions. (b) In the CH4

molecule, there are six bonding
pair–bonding pair repulsions and
all the H�C�H bond angles are
equal. In NH3, there are three
lone pair–bonding pair repulsions
and three bonding pair–bonding
pair repulsions. The H�N�H
angle in NH3 is therefore smaller
than the H�C�H angle in CH4.
In the H2O molecule, there is one
lone pair–lone pair repulsion, one
bonding pair–bonding pair
repulsion, and four lone
pair–bonding pair repulsions.
The H�O�H angle is smaller
than the H�N�H angle in NH3

or the H�C�H angle in CH4.

The valence-shell electron-pair repulsion (VSEPR) model 227



 

in the NH3 and H2O molecules, lone pair–bonding pair or lone pair–lone

pair interactions are involved. The result of increased inter-electron repulsion

is a decrease in the bond angle as shown in Figure 6.18b.

The valence-shell electron-pair repulsion (VSEPR) model is used to predict or

rationalize molecular shapes. The model considers only the repulsions between

the electrons in the valence shell of the central atom in the molecule or

molecular ion.

. Pairs of valence electrons are arranged so as to minimize inter-electron

repulsions.
. The relative magnitudes of repulsive forces between pairs of electrons follow

the order:

lone pair–lone pair> lone pair–bonding pair> bonding pair–bonding pair

. For n ¼ 2 to 6 pairs of valence electrons, the ideal geometries are:

n ¼ 2 linear

n ¼ 3 trigonal planar

n ¼ 4 tetrahedral

n ¼ 5 trigonal bipyramidal

n ¼ 6 octahedral

Application of the VSEPR model to species involving p-block
elements

A molecular geometry can be predicted by using the valence-shell electron-

pair model by following the procedure set out below.

1. Draw a Lewis structure for the molecule or ion, and determine the number

of bonding and lone pairs of electrons in the valence shell of the central

atom.

2. The ‘parent’ geometry (Table 6.4) is determined by the number of points

of negative charge – a ‘point of charge’ is taken to be the electrons

involved in a single bond, a multiple bond or a lone pair.

3. If all bonds are single bonds, the amount of distortion away from the

ideal bond angles (see Table 6.1) for the arrangement determined in step (2)

can be estimated by using the sequence of relative inter-electron repulsions:

lone pair–lone pair> lone pair–bonding pair

> bonding pair–bonding pair

Table 6.4 Basic arrangements of points of charge (i.e. bonds or lone pairs of electrons)
that are used to predict molecular geometries using the VSEPR model. Ideal angles are
listed in Table 6.1.

Number of points of negative charge Arrangement

2 Linear

3 Trigonal planar

4 Tetrahedral

5 Trigonal bipyramidal

6 Octahedral
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4. If the electrons are involved in bonds other than single bonds, account

must be taken of the fact that:

repulsion due to the electrons in a triple bond> repulsion due to the

electrons in a double bond> repulsion due to the electrons in a

single bond

5. In a trigonal bipyramid, lone pairs of electrons usually occupy the

equatorial rather than axial sites. A multiple bond also tends to occupy

an equatorial site.

6. In an octahedron, two lone pairs are opposite (rather than next) to one

another.

Example 1: H2O Oxygen is in group 16 and has six valence electrons.

The hydrogen atom has one valence electron.

The Lewis structure for H2O is:

There are four points of negative charge (two bonding pairs and two lone

pairs of electrons).

The parent shape is a tetrahedron. The H2O molecule is therefore derived

from a tetrahedron and the three atoms define a bent structure 6.25.

The nH�O�H should be less than 109.58. (The experimentally determined

angle is 104.58.)

Example 2: [NH4]
þ Nitrogen is in group 15 and has five valence electrons.

The positive charge may be formally assigned to the nitrogen atom; Nþ has
four valence electrons.

The hydrogen atom has one valence electron.

The Lewis structure for the [NH4]
þ ion is:

There are four points of negative charge (four bonding pairs of electrons).

The parent shape is a tetrahedron.

The [NH4]
þ ion therefore has the tetrahedral structure 6.26 and the

nH�N�H will be 109.58. Compare the predicted result with the structure

drawn in Figure 6.10.

Example 3: CO2 Carbon is in group 14 and has four valence electrons.

Oxygen is in group 16 and has six valence electrons.

The Lewis structure for the CO2 molecule is:

(6.25)

(6.26)
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The carbon atom is involved in two double bonds; there are two points of

negative charge.

The CO2 molecule (6.27) is linear. Compare the predicted result with the

structure in Figure 6.2. Why do the lone pairs of electrons on the oxygen

atoms not affect the molecular shape?

Example 4: SO2 Sulfur and oxygen are both in group 16 and each has six

valence electrons.

The Lewis structure for the SO2 molecule is:

There are three points of negative charge around the sulfur atom consisting

of one lone pair of electrons, and two points of charge which are associated

with the S¼O double bonds.

The geometry of the SO2 molecule 6.28 is derived from a trigonal planar

arrangement, the ideal angles for which are 1208. In structure 6.28 it is not

easy to assess the relative magnitudes of the lone pair–double bond and

double bond–double bond inter-electron repulsions. The experimental

value for the angle nO�S�O is 1198.

Example 5: SF4 Sulfur is in group 16 and has six valence electrons. Fluorine

is in group 17 and has seven valence electrons.

The Lewis structure for the SF4 molecule is:

There are five points of negative charge around the sulfur atom consisting

of four bonding pairs and one lone pair of electrons.

The parent geometry is trigonal bipyramidal and the lone pair occupies an

equatorial site in order to minimize repulsive interactions. The atoms in the

SF4 molecule define the disphenoidal geometry 6.29. There are two different

fluorine environments – the axial (Fax) and equatorial (Feq) positions. Do the

fluorine lone pairs have an effect on the molecular shape?

The Feq�S�Feq bond angle defined by the fluorine atoms in the equatorial

plane will be larger than the angles nFax�S�Feq. Taking into account

the relative lone pair–lone pair, lone pair–bonding pair and bonding pair–

bonding pair inter-electron repulsions, we can predict bond angles as follows:

nFax�S�Fax � 1808 908 < nFeq�S�Feq < 1208

The experimentally determined bond angles in SF4 are nFax�S�Fax ¼
1738 (measured as shown in 6.29) and nFeq�S�Feq ¼ 1028.

Example 6: [ICl4]
� Iodine and chlorine are both in group 17 and each has

seven valence electrons. The negative charge may be formally assigned to the

central iodine atom; I� has eight valence electrons.

(6.27)

(6.28)

(6.29)
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The Lewis structure for the [ICl4]
� ion is:

There are six points of negative charge around the iodine atom (four bonding

pairs of electrons and two lone pairs of electrons).

The geometry of the [ICl4]
� ion 6.30 is derived from an octahedron. The

lone pairs will be opposite one another in order to minimize their mutual

repulsions. The five atoms define a square planar structure:

Apparent expansion of the octet of valence electrons

In examples 4–6 above, the central atom (S in SO2, S in SF4 and I in ½ICl4��) is
shown with more than an octet of electrons in its valence shell. This apparent

violation of the octet rule can be ignored when we apply VSEPR theory. The

VSEPR model considers the repulsions between pairs of electrons and

provides a successful method of rationalizing molecular structures of species

containing p-block elements. The VSEPR model implies nothing about the

actual bonding in a molecule; we return to this in Chapter 7.

6.7 The VSEPR model: some ambiguities

The advantage of the VSEPR model is that it is simple to apply. It is a

successful model in p-block chemistry and its use is widespread. However,

there are some species in which ambiguities can arise, and in this section we

look at several such cases.

Chlorine trifluoride

The structure of the interhalogen compound chlorine trifluoride can be

predicted as follows.

The Lewis structure of ClF3 is:

(6.30)
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There are five centres of negative charge around the chlorine atom, and the

geometry of ClF3 is based on a trigonal bipyramid.

The problem now is ‘which sites do the lone pairs prefer?’ The alternatives

are given below and the problem comes in assessing the relative merits of each.

1. Place the two lone pairs as far apart as possible as shown in structure 6.31.

This minimizes the lone pair–lone pair interaction, but maximizes the

number of 908 lone pair–bonding pair interactions.

2. Place the two lone pairs in the equatorial plane to give structure 6.32. This

places the two lone pairs of electrons at 1208 to one another. In addition,

there are four lone pair–bonding pair repulsive interactions acting at 908
and twoacting at 1208, plus two 908 bondingpair–bonding pair interactions.

3. Place the two lone pairs at 908 to each other, 6.33. This is the worst

possible arrangement in terms of repulsive interactions because the lone

pairs of electrons are at 908 to one another. Hence, structure 6.33 can

be discounted.

Structures 6.31 and 6.32 are possible but it is extremely difficult to judge

between them qualitatively in terms of minimizing the repulsive energy of

the system. The experimentally determined structure of ClF3 shows the

molecule to be T-shaped, with Fax�Cl�Feq bond angles of 878. This result
is consistent with structure 6.32 – the lone pairs are placed in the equatorial

plane of the trigonal bipyramid. The reduction in Fax�Cl�Feq bond angle

from an ideal value of 908 to an experimental one of 878 may be interpreted

in terms of lone pair–bonding pair repulsions.

The anions [SeCl6]2� and [TeCl6]2�

Selenium and tellurium are in group 16 and each possesses six valence

electrons. In the ions [SeCl6]
2� and [TeCl6]

2�, the valence shell of the central
atom contains 14 electrons (six from the group 6 element, one from each

chlorine atom and two from the dinegative charge). The VSEPR model

predicts that each ion possesses a structure based upon a 7-coordinate

geometry, with the lone pair occupying one site. However, the observed

structure of each of the [SeCl6]
2� and [TeCl6]

2� anions (6.34) is that of a

regular octahedron. This experimental result suggests that the lone pair of

electrons does not influence the shape in the way that the VSEPR model

predicts it should. Such a lone pair is said to be stereochemically inactive.

We cannot readily predict the structures of [SeCl6]
2� and [TeCl6]

2�, but we
can rationalize them in terms of the presence of a stereochemically inactive

pair of electrons. Stereochemically inactive lone pairs of electrons are usually

observed for the heaviest members of a periodic group, and the tendency for

valence shell s electrons to adopt a non-bonding role in a molecule is known

as the stereochemical inert pair effect.

When the presence of a lone pair of electrons influences the shape of a

molecule or ion, the lone pair is said to be stereochemically active.

If the geometry of a molecule or ion is not affected by the presence of a lone pair

of electrons, then the lone pair is stereochemically inactive.

The tendency for the pair of valence s electrons to adopt a non-bonding role in a

molecule or ion is known as the stereochemical inert pair effect.

(6.31)

(6.32)

(6.33)

(6.34)
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6.8 The Kepert model

The VSEPR model is most commonly used for the prediction and rationali-

zation of the shapes of molecules and ions containing central p-block atoms.

Kepert developed the VSEPR model so that it is applicable to molecules

containing a d-block metal as the central atom. Consider a molecule of

formula MLn where M is a d-block metal and L is a ligand – a group attached

to the metal centre.

In Kepert’s model, the metal lies at the centre of a sphere and the ligands

are free to move over the surface of the sphere. The ligands are considered to

repel one another in much the same way that the point charges repel one

another in the VSEPR model. Kepert’s approach predicts the relative

positions of the ligands in a molecule MLn in an analogous manner to

the way in which the VSEPR model predicts the relative positions of the

groups Y in a molecule XYn. Ions of the type [MLn]
mþ or [MLn]

m� can be

treated similarly. The polyhedra listed in Table 6.4 apply both to molecules

containing p-block and d-block atomic centres.

The prediction of the shapes of the d-blockmolecules is considered byKepert

to be independent of the ground state electronic configuration of the metal

centre. Themodel differs from the VSEPRmodel in that it ignores the presence

of any lone pairs of electrons in the valence shell of the metal centre.

The Kepert model rationalizes the shapes of d-block metal compounds MLn by

considering the repulsions between the groups L. Lone pairs of electrons are

ignored in the model. For coordination numbers between 2 and 6, the

following arrangements of donor atoms are predicted:

2 linear

3 trigonal planar

4 tetrahedral

5 trigonal bipyramidal or square-based pyramidal

6 octahedral

6.9 Application of the Kepert model

Linear geometry

In the anion [Au(CN)2]
�, two cyanide groups are bonded to the gold centre.

The repulsion between them is minimized if they are 1808 apart. The anion is

predicted to have the linear NC�Au�CN framework 6.35, and this agrees

with the observed structure in which the bond angle nC�Au�C is 1808.
The [HgCl2]

� and [AuCl2]
� anions have similar structures to that of

[Au(CN)2]
�.

Trigonal planar geometry

When three groups are present around the metal centre as in [Cu(CN)3]
2�,

the structure is predicted to be trigonal planar so that repulsions between

the cyanide groups are minimized. This agrees with the observed structure,

shown in Figure 6.19.

Ligand: see Section 23.3

(6.35)

"

Fig. 6.19 The trigonal
planar structure of the

copper(I) ion [Cu(CN)3]
2�

[D. S. Marlin et al. (2001) Angew.
Chem. Int. Ed., vol. 40, p. 4752].
Colour code: Cu, brown; C, grey;
N, blue.
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Tetrahedral geometry

Tetrahedrally coordinated d-blockmetals are reasonably common and an example

is the [CoCl4]
2� ion in which four chloride groups surround one cobalt(II) centre.

In the tetrahedral geometry 6.36, repulsions between the chlorides are minimized.

Similarly, tetrahedral structures are predicted (and found) for the ions [MnO4]
�,

[CrO4]
2�, [NiCl4]

2� and [VCl4]
� and for the neutral compounds TiCl4 and OsO4.

5-Coordinate geometries

For the cadmium(II) species [Cd(CN)5]
3�, the trigonal bipyramidal structure

6.37 is predicted so that repulsion between the five cyanide groups is minimized.

Similarly, structure 6.38 is predicted for the iron(0) compound [Fe(CO)5].

(6.37) (6.38) (6.39)

In the VSEPR model, lone pairs of electrons preferentially occupy the

equatorial sites of a trigonal bipyramidal structure because repulsions

involving lone pairs of electrons are relatively large. Similarly, in the

Kepert model, a sterically demanding (bulky) group is expected to occupy

such a site to minimize inter-ligand repulsions. Structure 6.39 is predicted

for the nickel(II) compound [NiCl2ðPMe2PhÞ3] – the PMe2Ph groups are

bulky organic phosphines and lie in the three equatorial sites.

The predicted geometry of the compound [NiBr3ðPMe2PhÞ2] is shown in

structure 6.40, and Figure 6.20a illustrates the structure as determined by

X-ray diffraction. Repulsions between the five groups are minimized if the

two phosphines are remote from one another. In addition, because the

bromides are also sterically demanding, bromide–bromide repulsions are

minimized if the Br�Ni�Br bond angles are 1208 rather than 908 (see end-

of-chapter problem 6.8).

(6.36)

Me = CH3 = methyl
Ph = C6H5 = phenyl

PMe2Ph =
dimethylphenylphosphine

(6.40)

"

Fig. 6.20 The structures
(determined by

X-ray diffraction) of
(a) [NiBr3ðPMe2PhÞ2] [J. K.
Stalick et al. (1970) Inorg.
Chem., vol. 9, p. 453] and
(b) [NiðOH2Þ6�2þ [L. R. Falvello
et al. (2003) Acta Crystallogr.,
Sect. C, vol. 59, p. m149].
Colour code: Ni, green; P,
orange; Br, brown; C, grey; O,
red; H, white.
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Octahedral geometry

Among molecular species involving the d-block elements, the octahedral

geometry is extremely common and is the geometry expected from the

Kepert model, for example, for the cobalt(II) ion [CoðOH2Þ6]2þ (6.41).

Similar structures are predicted (and found) for [NiðOH2Þ6]2þ (Figure 6.20b),

[Fe(CN)6]
3�, [Fe(CN)6]

4� and [NiF6]
2�.

6.10 An exception to the Kepert model: the square planar
geometry

Although the Kepert model succeeds in predicting the correct geometry for

many molecular species involving the d-block elements, the simple form of

the model described here can never predict the formation of a square

planar structure for a 4-coordinate species.

In the VSEPR model, a square planar structure such as [ICl4]
� (6.30) is

derived from an octahedral arrangement which contains four bonding

pairs and two lone pairs of electrons in the valence shell of the central

atom. However, Kepert’s model focuses on the repulsions between ligands,

and ignores lone pairs of electrons. For a 4-coordinate species, repulsive

interactions (i.e. steric effects) will always favour a tetrahedral geometry.

For [CoCl4]
2�, the tetrahedral shape 6.36 gives Cl�Co�Cl bond angles of

109.58. This structure is both predicted by Kepert and observed in practice.

However, the anion [PtCl4]
2� possesses the square planar structure 6.42 with

Cl�Pt�Cl bond angles of 908. Other square planar anions are [Ni(CN)4]
2�,

[PdCl4]
2� and [AuCl4]

�.
Many square planar molecules and ions, each with a d-block metal centre,

are known and their structures are clearly not controlled by steric effects.§

6.11 Stereoisomerism

If two compounds have the same molecular formula and the same atom

connectivity, but differ in the spatial arrangement of different atoms or

groups of atoms, then the compounds are stereoisomers.

We illustrate stereoisomerism by looking at the arrangements of atoms in

trigonal bipyramidal, square planar and octahedral species and in com-

pounds containing a double bond.

Trigonal bipyramidal structures

In the trigonal bipyramid, there are two different sites that atoms or groups can

occupy, the axial and equatorial sites, as shown for [Fe(CO)5] in structure 6.43.

When a carbonyl group in [Fe(CO)5] is replaced by another group such as

PMe3, two possible structures can be drawn. Structures 6.44 and 6.45 for

[FeðCOÞ4ðPMe3Þ] are stereoisomers.

(6.43) (6.44) (6.45)

(6.41)

(6.42)

If two compounds have the

same molecular formula

and the same atom

connectivity, but differ in

the spatial arrangement of

different atoms or groups

about a central atom or a

double bond, then the

compounds are

stereoisomers.

§ For a discussion of electronic effects relating to square planar structures, see: C. E. Housecroft
and A. G. Sharpe (2008) Inorganic Chemistry, 3rd edn, Prentice Hall, Harlow, Chapter 21.
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The trigonal bipyramidal molecule PCl2F3 has three stereoisomers

depending upon whether the two chlorine atoms are arranged in the two

axial sites (6.46), two equatorial positions (6.47), or one axial and one

equatorial (6.48). (The three isomers can also be described in terms of the

positions of the fluorine atoms.) As we saw for [NiCl2ðPMe2PhÞ3] 6.39,

one isomer may be favoured over another and electron diffraction studies

in the gas phase confirm that isomer 6.47 is observed.

(6.46) (6.47) (6.48)

Square planar structures

In the anion [PtCl4]
2� (6.42), all four chlorides are equivalent. If one chloride

is replaced by a new group, only one product can be formed. Thus,

[PtCl3ðNH3Þ]� (6.49) has no stereoisomers.

If two groups are introduced, they could be positioned next to or opposite

one another. This gives two stereoisomers for [PtCl2ðNH3Þ2] as shown in

structures 6.50 and 6.51. Isomer 6.50 is called the cis-isomer and 6.51 is the

trans-isomer of [PtCl2ðNH3Þ2].§ These structural differences are of more

than academic interest. The cis-isomer of [PtCl2ðNH3Þ2] is the drug cisplatin

(see Box 23.4), which is effective for the treatment of certain forms of

cancer; in contrast, trans-[PtCl2ðNH3Þ2] is orders of magnitude less active.

The structures of cis-[PtCl2ðPMePh2Þ2] and trans-[NiBr2ðPMe2PhÞ2] have
been determined by X-ray diffraction and are shown in Figure 6.21.

A square planar species of general formula XY2Z2 has two stereoisomers.

In cis-XY2Z2, the two Y groups (and thus the two Z groups) are next to each

other, and in trans-XY2Z2, the two Y groups (and thus the two Z groups) are

opposite to one another.

Octahedral structures

In each of the octahedral species SF6, [CoðOH2Þ6]2þ and [MoCl6]
3�, the six

groups around the central atom are the same. If one group is replaced by

another, a single product is formed, and, for example, [MoCl5ðOH2Þ]2�
(6.52) does not possess any stereoisomers.

(6.49)

(6.50)

(6.51)

(6.52)
§ The prefixes cis and trans are in common use, but the IUPAC has introduced a system of
configuration indexes.
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If we introduce two groups, two stereoisomers may be formed. The cation

[CoCl2ðNH3Þ4]þ can have the chlorides in a cis (6.53) or trans (6.54) arrangement.

(6.53) (6.54)

An octahedral species of general formula XY2Z4 has two stereoisomers.

In cis-XY2Z4, the two Y groups are in adjacent sites, whereas in trans-XY2Z4,

the two Y groups are in opposite sites.

If an octahedral compound has the general formula XY3Z3, two arrange-

ments of the Y and Z atoms or groups are possible as Figure 6.22 shows. The

Fig. 6.21 The observed structures (determined by X-ray diffraction) of two square planar compounds: (a) cis-[PtCl2
ðPMePh2Þ2] [H. Kin-Chee et al. (1982) Acta Crystallogr., Sect. B, vol. 38, p. 421] and (b) trans-[NiBr2ðPMe2PhÞ2]

[S. M. Godfrey et al. (1993) J. Chem. Soc., Dalton Trans., p. 2875]. Colour code: Pt, blue; Ni, green; C, grey; Cl, green; Br,
brown; P, orange; H, white.

Fig. 6.22 In an octahedral
compound of general formula
XY3Z3, two arrangements of the
Y and Z atoms or groups are
possible: the fac- and mer-
isomers.
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prefix fac (or facial) means that the three Y (and three Z) groups define one

face of an octahedron. The prefix mer (or meridional) indicates that the three

Y (or Z) groups are coplanar with the metal centre.

An octahedral species of general formula XY3Z3 has two stereoisomers.

In fac-XY3Z3, the three Y groups (and the three Z groups) define a face of the

octahedron, whereas in mer-XY3Z3, the three Y groups (and the three Z

groups) are coplanar with the metal centre.

The structures of fac-[MnðCOÞ3ðNH3Þ3]þ andmer-[RhCl3ðpyÞ3] (where py
is the abbreviation for pyridine) have been determined by X-ray diffraction

methods and are shown in Figure 6.23. A fac-arrangement of the CO

groups in the [MnðCOÞ3ðNH3Þ3]þ cation necessarily means that the three

NH3 groups are also in a fac-arrangement. Similarly, if the chloride groups

in [RhCl3ðpyÞ3] are in a mer-arrangement, the pyridine groups must also

be in a mer-arrangement.

Double bonds

Each carbon atom in ethene (6.55) is trigonal planar and the molecule is

planar and rigid. In 1,2-dichloroethene, the nomenclature indicates that

one chlorine atom is attached to each of the two carbon atoms in the

molecule. However, there are two stereoisomers of 1,2-dichloroethene. In

the (Z)-isomer (6.56), the two chlorine atoms are on the same side of the

Pyridine: see Section 34.4

Nomenclature of alkenes:
see Sections 24.4 and 26.2

"

"

Fig. 6.23 The octahedral
structures (determined by

X-ray diffraction) of (a) the
cation fac-[MnðCOÞ3ðNH3Þ3]þ
[M. Herberhold et al. (1978)
J. Organomet. Chem., vol. 152,
p. 329] and (b) the compound
mer-[RhCl3ðpyÞ3] (where
py ¼ pyridine, C5H5N)
[K. R. Acharya et al. (1984)
Acta Crystallogr., Sect. C, vol.
40, p. 1327]. Colour code: Mn,
yellow; Rh, brown; N, blue; O,
red; Cl, green; C, grey; H, white.
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double bond, and in (E)-1,2-dichloroethene (6.57), the two chlorines are

attached on opposite sides of the double bond.§

(6.55) (6.56) (6.57)

This type of isomerism is not restricted to organic alkenes. An inorganic

compound that shows a similar isomerism is N2F2. The bent geometry at

each nitrogen atom is caused by the presence of a lone pair of electrons

and gives rise to the formation of the stereoisomers 6.58 and 6.59.

6.12 Two structures that are close in energy: the trigonal
bipyramid and square-based pyramid

In the solid state

In the solid state, the structure of the [Ni(CN)5]
3� anion depends upon the

cation present. In some salts, the [Ni(CN)5]
3� ion is closer to being a

square-based pyramid (6.60) than a trigonal bipyramid (6.61). This illustrates

that these two 5-coordinate structures are often close in energy and this

is further emphasized by the observation that in the hydrated salt

½CrðenÞ3�½NiðCNÞ5� ? 1:5H2O, in which the cation is [Cr(en)3]
3þ, two forms

of the [Ni(CN)5]
3� ion are present. Four of the anions, in the arrangement

in which they occur in a single crystal of ½CrðenÞ3�½NiðCNÞ5� ? 1:5H2O, are

shown in Figure 6.24. Careful inspection of the bond angles reveals just

how similar the structures labelled ‘trigonal bipyramid’ and ‘square-based

pyramid’ actually are!

Although ligand–ligand repulsions are minimized in a trigonal bipyramidal

arrangement, only a minor change to the structure is needed to turn it into a

square-based pyramid. In a trigonal bipyramidal molecule, the two axial

groups are related by a bond angle (subtended at the central atom) of 1808.
The three equatorial groups are related by bond angles (subtended at the

central atom) of 1208. Consider what happens if the angle between the

two axial ligands is made a little smaller (<1808), and the angle between

two of the equatorial ligands is enlarged a little (>1208). This is shown in

Figure 6.25 – the result is to convert the trigonal bipyramid into a square-

based pyramid.

The small energy difference between the trigonal bipyramidal and square-

based pyramidal structures means that, in the solid state, the nature of a

5-coordinate molecule or ion can be influenced by the forces operating

between the species in the crystal. There are many 5-coordinate species

with structures that are best described as lying somewhere between the

trigonal bipyramid and square-based pyramid.

(6.58) (6.59)

en is the abbreviation for
H2NCH2CH2NH2: see Chapter

23, Table 23.2

(6.60)

(6.61)

"

§ In an older nomenclature, (Z) was termed ‘cis’ and (E) was termed ‘trans’. These names are still
sometimes encountered. (Z) and (E) come from German zusammen and entgegen, meaning
‘together’ and ‘opposite’.
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In solution: Berry pseudo-rotation

In solution, the small energy difference between the trigonal bipyramidal and

square-based pyramidal structures for a given 5-coordinate species can have

a dramatic effect. In solutions of PF5 or [Fe(CO)5] there are fewer restrictions

on the molecular motion than in the solid state, and it becomes possible for

the process shown in Figure 6.25 to become a dynamic one – the process

happens in real time. Moreover, further angular distortion can occur to

regenerate a trigonal bipyramidal structure. This low-energy process is

called Berry pseudo-rotation.

An important consequence of Berry pseudo-rotation is the interconversion

of axial and equatorial groups in the trigonal bipyramid (Figure 6.26).

Repeated structural interconversions of this type allow all five of the

groups attached to the central atom to exchange places, and the molecule

is said to be fluxional or stereochemically non-rigid.

How do we observe fluxional behaviour? Consider the 5-coordinate

molecule XY5. If the rate of exchange of the axial and equatorial atoms Y

is faster than the timescale of the experimental technique used, the experiment

will never be able to distinguish between the two types of Y atom. Hence, the

axial and equatorial atoms appear to be equivalent. If the rate of exchange of

Berry pseudo-rotation is the

name given to a low-energy

process that interconverts

trigonal bipyramidal and

square-based pyramidal

structures with the effect

that the axial and equatorial

groups of the trigonal

bipyramidal structure are

exchanged.

Fig. 6.25 The conversion of a
trigonal bipyramidal molecule
into a square-based pyramidal
one is achieved by an angular
distortion. This process usually
requires only a small amount of
energy. The view of the square-
based pyramid is not the
conventional one; compare with
Figure 6.12.

Fig. 6.24 Four of the
[Ni(CN)5]

3� anions,
shown in the arrangement in
which they occur in the crystal
lattice of [CrðenÞ3�½NiðCNÞ5� ?
1:5H2O (en is the abbreviation
for H2NCH2CH2NH2) [K. N.
Raymond et al. (1968) Inorg.
Chem., vol. 7, p. 1362]. The
[Cr(en)3]

3þ cations and the water
molecules of crystallization have
been omitted from the diagram
for clarity. Evaluation of the
bond angles illustrates how
similar the structures labelled
‘trigonal bipyramid’ and
‘square-based pyramid’ actually
are. Colour code: Ni, green;
C, grey; N, blue.
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the axial and equatorial atoms Y is slower than the timescale of the

experimental technique used, the experiment should be able to distinguish

between the two types of Y atom, and the axial and equatorial atoms

appear to be different.

A molecule or molecular ion is fluxional or stereochemically non-rigid if atoms

or groups in the system are involved in a dynamic process such that they

exchange places.

A technique that is often used to study stereochemically non-rigid systems

is nuclear magnetic resonance (NMR) spectroscopy. In this section, we

deal only with the result of such experiments, and more details of NMR

spectroscopy are given in Chapter 14.

Consider the trigonal bipyramidal molecule [Fe(CO)5] (6.62). The carbon

nucleus 13C is NMR active and each environment (axial 13C in the two axial

CO groups or equatorial 13C in the three equatorial CO groups) should

give rise to a different spectroscopic signal. At room temperature, sufficient

thermal energy is available and interconversion between structures is

facile – the 13C nuclei all appear to be identical, and only one NMR

spectroscopic signal is seen. Each structural interconversion requires a

minimum amount of energy called the activation energy. This is an ‘energy

barrier’ to interconversion of the 5-coordinate structures and at low

temperatures where less energy is available, fewer molecules possess

enough energy to overcome the barrier. As the temperature of the molecules

is lowered, it may become possible to freeze out the fluxional process.

However, the energy barriers for the fluxional process in [Fe(CO)5] are so

low that even at 103K, the axial and equatorial CO groups are still exchan-

ging their positions on the timescale of the NMR spectroscopic experiment.

6.13 Shape and molecular dipole moments

In Chapter 5, we discussed polar molecules and (electric) dipole moments (�).

In a polar diatomic, one end of the molecule is partially negatively charged

with respect to the other end. The situation with polyatomic molecules is

more complex, and requires careful consideration.

Timescale: see Section 11.3

(6.62)

‘NMR active’ means that the
nucleus can be observed
using NMR spectroscopy

Activation energy: see
Section 15.1

"

"

"

Fig. 6.26 The Berry pseudo-
rotation mechanism. This
interconverts one trigonal
bipyramidal structure into
another via a square-based
pyramidal intermediate. The
atom colour scheme emphasizes
that axial and equatorial sites in
the trigonal bipyramid are
interchanged. The first step in the
process is shown in more detail in
Figure 6.25.
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Linear molecules

Consider a molecule of CO2. From the Pauling electronegativity values

�PðCÞ ¼ 2:6 and �PðOÞ ¼ 3:4, we predict that each carbon–oxygen bond in

the molecule is polar (C�þO��). However, the molecular dipole moment of

CO2 is zero. This is understood if we consider the shape of the molecule

and recall that a dipole moment is a vector quantity, i.e. it has magnitude

and direction. Figure 6.27a shows that, although each bond is polar, the

two dipole moments act equally in opposite (at 1808) directions. The net

result is that the molecule is non-polar (� ¼ 0D).

The CO2 (Figure 6.27a) and OCS (Figure 6.28) molecules are both linear,

but the former is symmetrical about the carbon atom while the latter is not.

The Pauling electronegativity values (Figure 6.28) suggest that OCS will have

a net molecular dipole moment acting in the direction shown (the oxygen end

of the molecule is ��). The observed value of � for the OCSmolecule is 0.72D

(Table 6.5).

Bent molecules

Dipole moments for several bent molecules are listed in Table 6.5. First, we

compare the dipole properties of CO2 and SO2. Although sulfur and carbon

have the same Pauling electronegativity values (�P ¼ 2:6), the dipole

moments of CO2 and SO2 are 0 and 1.63D respectively. This dramatic

difference is due to a difference in molecular shape. Figure 6.27 shows that

the bond dipoles in CO2 oppose one another and cancel each other out, but

in SO2 they reinforce one another, leading to a significant molecular dipole

moment. This example emphasizes how important it is to differentiate

between bond and molecular polarities.

The ability of water to function as a solvent is partly due to the presence of

a molecular dipole. The values listed in Table 6.5 show that the dipole

moment for H2O is relatively large, but in going from H2O to H2S the

molecular dipole moment decreases from 1.85D to 0.97D. Although the

shape of the molecule is unchanged (Figure 6.28), the bond polarities

decrease and hence the resultant molecular dipole decreases.

Fig. 6.27 (a) In a CO2 molecule,
each carbon–oxygen bond is
polar but the two dipole
moments shown in blue (which
are vectors) cancel out. (b) In an
SO2 molecule, each sulfur–
oxygen bond is polar and the
bent structure means that the two
bond dipoles shown in blue
reinforce one another. The
direction of the molecular dipole
moment is shown in pink. By SI
convention, the arrow
representing the dipole moment
points towards the �þ part of a
bond or molecule.

Fig. 6.28 Polar and non-polar polyatomic molecules. The pink numbers correspond
to values of the electronegativity (�P) for each atom. The pink arrows represent the
direction of the molecular dipole moment; by SI convention, the arrow points from ��

to �þ.
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Trigonal planar and trigonal pyramidal molecules

A trigonal planar molecule such as BCl3 (Figure 6.28) has no net molecular

dipole moment. Although each B�Cl bond is polar, the three bond dipoles

cancel each other out. The Pauling electronegativity values are:

�PðBÞ ¼ 2:0

�PðClÞ ¼ 3:2

Each B�Cl bond is polar, and each bond dipole is a vector quantity. The

three bond dipoles have the same magnitude but act in different directions.

Let each vector be V . The three vectors act as follows:

60º60º

Resolving the vectors into two directions gives:

In a downward direction:

total vector ¼ V

In an upward direction:

total vector ¼ 2� ðV � cos 60Þ

¼ 2�
�
V

2

�
¼ V

Table 6.5 Dipole moments for selected polyatomic molecules.

Molecule Molecular shape Dipole moment / D Molecule Molecular shape Dipole moment / D

BCl3 Trigonal planar 0 OF2 Bent 0.30

NCl3 Trigonal pyramidal 0.39 SF2 Bent 1.05

NF3 Trigonal pyramidal 0.24 SF4 Disphenoidal 0.63

NH3 Trigonal pyramidal 1.47 CF4 Tetrahedral 0

PCl3 Trigonal pyramidal 0.56 CO2 Linear 0

PF3 Trigonal pyramidal 1.03 OCS Linear 0.72

PH3 Trigonal pyramidal 0.57 SO2 Bent 1.63

H2O Bent 1.85 NO2 Bent 0.32

H2S Bent 0.97 N2O Linear 0.16
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Therefore, two equal vectors act in opposite directions and cancel each other

out. The net molecular dipole is zero, and therefore the BCl3 molecule does

not possess a dipole moment.

The molecules NCl3, NF3, NH3, PCl3, PF3 and PH3 all possess trigonal

pyramidal structures, and are all polar (Table 6.5). However, the magnitude

and direction of each molecular dipole moment depend on the relative

electronegativities of the atoms in each molecule and on the presence of lone

pairs. Consider NH3 (� ¼ 1:47D) (see Figure 6.28). Each N�H bond is

polar in the sense N��–H�þ and the nitrogen atom also carries a lone pair of

electrons. The resultant molecular dipole is such that the nitrogen atom has a

partial negative charge (N��). Although NF3 is structurally related to NH3,

its molecular dipole is smaller (� ¼ 0:24D). Each N�F bond is polar in the

sense N�þ–F�� but the net dipole due to the three bond dipole moments is

almost cancelled by the effect of the lone pair of electrons on the nitrogen atom.

4-Coordinate structures

A tetrahedral molecule XY4 with four identical Y atoms or groups is non-

polar. In CF4, for example, a vector analysis similar to that shown for

BCl3 (see above) shows that there is no net molecular dipole moment

(6.63). Similarly, a square planar molecule XY4 in which the Y atoms or

groups are identical has no overall dipole moment.

A 4-coordinate molecule with a disphenoidal structure does have a dipole

moment – the dipole moment for SF4 (structure 6.64) is 0.63D. Each S�F
bond is polar and the two bond dipoles that act along the axial directions

cancel each other. However, in the equatorial plane there is a net dipole moment.

5- and 6-Coordinate species

An octahedral molecule of formula XY6 (in which the Y groups are the same)

is non-polar, because, although each X�Y bond may be polar, pairs of bond

dipoles oppose one another: � ¼ 0D for SF6.

A trigonal bipyramidal molecule XY5 (in which the Y atoms or groups are

identical) does not possess a molecular dipole. In PF5, the two axial P�F
bond dipole moments cancel out, and the three equatorial P�F bond dipoles

oppose each other with a net cancellation of the dipole. It is more difficult to pre-

dict whether a square-based pyramidal molecule XY5 will have a dipolemoment,

since much depends upon the exact molecular geometry. The molecular dipole

moment of IF5 is 2.18D.Here, resolution of the individual bond dipolemoments

(vectors) into two directions does not lead to equal and opposite vectors.

A summary of molecular dipole moments

. Molecular geometry has an important influence on the property of

molecular dipole moments.

. The presence of polar bonds in a molecule does not necessarily mean that

the molecule will possess a dipole moment.

. A casual glance at the electronegativity values of the atoms in a molecule

may not be enough to establish whether or not a molecule is polar, or in

what direction the dipole acts.

(6.63)

(6.64)

In a polyatomic molecule,

the presence of a molecular

dipole moment depends on

both the presence of bond

dipole moments and the

shape of the molecule.
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6.14 Carbon: an element with only three common geometries

In this chapter, we have considered the geometries that are available for 2-,

3-, 4-, 5- and 6-coordinate species. For the heavier group 15, 16 and 17

elements and for d-block metals, a larger range of coordination numbers

and molecular shapes is possible. However, we have also seen that elements

in the first row of the p-block have fewer structural choices available. We

now briefly consider carbon in order to appreciate the restrictions that its

geometrical preferences impose on it. This has an effect on the chemistry

of this element, as we shall see in later chapters.

Linear environments

Apart from diatomic and triatomic systems such as CO, [CN]�, CO2, CS2
and HCN, 2-coordinate carbon atoms are most commonly encountered in

alkynes (6.65) and allenes§ (6.66) (R is any organic substituent). A linear

structure is forced on the atom by the presence of a triple bond (in the

alkyne) or two adjacent double bonds (in the allene), and the structural

restriction imposes rigidity in the molecular backbone.

Trigonal planar environments

Two of the carbon atoms in structure 6.66 are 3-coordinate and trigonal

planar. This is a characteristic of an alkene as shown in structure 6.67.

The presence of C¼C or C¼O bonds in a molecule leads to compounds with

trigonal planar carbon centres. One of the fundamental building blocks of

aromatic chemistry is the benzene ring (6.68 and Figure 6.29a) which contains

six carbon atoms, each of which is trigonal planar. The effect of the geometrical

restriction is that the ring itself is planar. Planar rings are observed in a

multitude of molecular systems that are related to benzene, e.g. pyridine

(6.69 and Figure 6.29b) and naphthalene (6.70 and Figure 6.29c).

(6.65)

(6.66)

(6.67)

Aromatic compounds
including bonding in

benzene: see Chapter 32

"

Fig. 6.29 The planar structures of (a) benzene, (b) pyridine, (c) naphthalene. (d) The structure of nonane (an example of
an alkane, CnH2nþ 2) showing the zigzag carbon backbone.

§ An allene is a type of diene in which the two double bonds are in adjacent positions in the
carbon chain.
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(6.68) (6.69) (6.70)

With the exception of diamond, allotropes of carbon (Figure 1.1) also have

structures containing trigonal planar carbon atoms – graphite consists of

layers of fused 6-membered rings, while in fullerenes, there is some deviation

from strict planarity because the 6-membered rings are fused with 5-membered

rings to generate approximately spherical Cn (e.g. n ¼ 60) structures. Carbon

nanotubes with open ends (Figure 1.1d) consist of fused 6-membered rings

like those in graphite.

Tetrahedral environments

In diamond (Figure 1.1a), each carbon atom is in a tetrahedral environment,

and the overall 3-dimensional structure is very rigid. Saturated hydrocarbons

(alkanes) and their derivatives contain tetrahedral carbon atoms, and in a so-

called ‘straight chain’ alkane their presence leads to a zigzag backbone as

illustrated by the structure of nonane, C9H20 (Figure 6.29d). Such an organic

chain is far more flexible than one containing 3- or 2-coordinate carbon

atoms. This has important consequences in terms of the number of possible

arrangements of the chain.

C60 and graphite: see
Sections 9.9 and 9.10

"

SUMMARY

The theme of this chapter has been the shapes of polyatomic molecules. We have also looked at how
molecular (as opposed to bond) dipole moments arise and seen how molecules that contain polar
bonds may not be polar overall.

Do you know what the following terms mean?

. polyatomic

. coordination number

. isostructural

. trigonal planar

. tetrahedral

. trigonal bipyramidal

. square-based pyramidal

. octahedral

. square planar

. disphenoidal

. VSEPR model

. Kepert model

. stereochemically inactive lone pair

. stereochemical inert pair
effect

. stereoisomers

. trans- and cis-isomers

. mer- and fac-isomers

. stereochemically non-rigid

. Berry pseudo-rotation

. molecular dipole moment

You should now be able:

. to provide examples of molecular species
that possess 2-, 3-, 4-, 5- and 6-coordinate
structures

. to discuss why boron, carbon and nitrogen exhibit
a greater structural diversity than fluorine and
oxygen
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. to discuss the range of geometries observed for
the p-block elements

. to predict the shapes of species containing a
central p-block or d-block element

. to draw out stereoisomers for square planar,
trigonal bipyramidal and octahedral species
and for molecules containing double bonds

. to discuss the limited range of geometrical
environments found for carbon and to give

examples of organic molecules with 2-, 3- and
4-coordinate carbon atoms

. to outline a mechanism that exchanges
axial and equatorial atoms or groups in a
5-coordinate molecule

. to determine whether a polyatomic molecule is
likely to possess a dipole moment

PROBLEMS

6.1 Draw diagrams showing Lewis structures for CO2,

½NO2�þ, ½N3�� and N2O.

6.2 Using VSEPR theory, predict the shape of ½I3��.
Following from this answer and using isoelectronic

relationships, suggest the shapes of ½IBr2�� and

½ClF2��.
6.3 (a) What shapes are molecules of CO2 and SO2?

(b) Using your answer to (a) and the isoelectronic

principle, suggest structures for ½NO2�þ, ½NO2��,
CS2, N2O and ½NCS��.

6.4 Use VSEPR theory to suggest structures for (a)

BCl3, (b) NF3, (c) SCl2, (d) ½I3�þ, (e) PCl5, (f )
½AsF6��, (g) ½AlH4�� and (h) XeF4.

6.5 In each series of molecular species, pick out the one

member that is structurally different and specify its

shape and the shapes of the remaining members of

the series:

(a) CH4, ½BH4��, ½AlCl4��, ½SO4�2�, SF4;

(b) AlBr3, PBr3, ½H3O�þ, SOCl2, NH3;

(c) ½NO2�þ, ½N3��, ½ClO2�þ, ½NCO��, OCS;

(d) PF5, SbF5, IF5, SOF4, AsF5.

6.6 Use the Kepert model to predict the shapes of the

following molecular species containing d-block

metal centres: (a) ½AuCl2�� ; (b) ½FeF6�3� ;
(c) ½AgðCNÞ2�� ; (d) ½NiðOH2Þ6�2þ ; (e) TiCl4 ;

(f ) ½MoS4�2� ; (g) ½MnO4�� ; (h) ½FeO4�2�.
6.7 (a) Briefly discuss similarities and differences

between the VSEPR and Kepert models, and

comment on when it is appropriate to apply a

particular model. (b) The ½AuCl4�� ion is square

planar. Is this expected by the Kepert model? (c) The

½ICl4�� ion is square planar. Is this expected by the

VSEPR model?

6.8 (a) What structure does the Kepert model predict

for a 5-coordinate compound of general formula

ML5? (b) Based on this structure, howmany isomers

are possible for the compound ½NiBr3ðPMe2PhÞ2�?

6.9 Howmany stereoisomers are possible for each of the

following (not all species possess isomers)?

(a) Square planar ½PdCl2ðPPh3Þ2�; (b) octahedral
WCl3F3; (c) octahedral WCl2F4; (d) CCl3H;

(e) octahedral ½CrðOH2Þ5Cl�2þ; (f ) BBrCl2;
(g) trigonal bipyramidal PCl3F2; (h) trigonal

bipyramidal PClF4. Draw structures of the isomers

and give them distinguishing labels where

appropriate.

6.10 Which of the following molecules contain double

bonds? (a) H2O2; (b) N2F2; (c) N2F4; (d) C2H4;

(e) C2H2Cl2; (f ) COCl2.

6.11 Of those compounds in problem 6.10 that do

contain a double bond, which possess

stereoisomers? Draw the structures of the isomers

and label them appropriately.

6.12 A representation of the structure of the dye Sudan

red B is shown in 6.71. What is wrong with this

structural representation? Redraw the structure so

as to give a better representation of the molecule and

comment on the result.

(6.71)

6.13 Give structures for the following molecules: (a) PF3;

(b) BBr2F; (c) H2CO; (d) H2S; (e) SO3; (f ) PCl5;

(g) AlCl3. Which do you expect to possess a

molecular dipole moment? For those that do,

suggest the direction in which it acts. (�P values are

given in Appendix 7.)
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6.14 Table 6.6 gives values of the dipole moments of a

series of related organic molecules. Rationalize

the trends in values; �P values are given in

Appendix 7.

Table 6.6 Data for problem 6.14.

Molecule Dipole moment, � / D

CH4 0

CF4 0

CCl4 0

CH3F 1.86

CH2F2 1.98

CH3Cl 1.89

6.15 The dipole moment of (Z)-N2F2 in the gas phase is

0.16D, but (E)-N2F2 is non-polar. Explain how this

difference arises.

6.16 (a) How many different fluorine environments are

there in PF5 and SF4? By what names are the sites

differentiated? (b) At 298K, NMR spectroscopic

investigations of PF5 and SF4 indicate that each

possesses only one F environment. Rationalize these

data.

6.17 Describe the Berry pseudo-rotation process using

Fe(CO)5 as an example. During the process, are any

bonds broken?

6.18 (a) Discuss, giving examples, the geometrical

environments that carbon usually adopts in

organic molecules. (b) Look at Figure 1.1 which

shows allotropes of carbon. Do these allotropes fit

into the general pattern of shapes for ‘organic

carbon’?

ADDITIONAL PROBLEMS

6.19 Comment on each of the following observations.

(a) ½IF5�2� and ½XeF5�� are pentagonal planar.

(b) ½PCl4�½PCl3F3� contains tetrahedral and
octahedral P centres, and the anion possesses

isomers.

(c) Members of the series of complexes ½PtCl4�2�,
½PtCl3ðPMe3Þ��, ½PtCl2ðPMe3Þ2�,
½PtClðPMe3Þ3�þ do not possess the same number

of isomers.

6.20 Give explanations for each of the following.

(a) Sn rings are non-planar.

(b) In Br2O5 (which contains a Br�O�Br bridge),
the Br atoms are trigonal pyramidal.

(c) In S2F10, each S is octahedral, and the molecule

is non-polar.

(d) H2O2 is non-planar.

6.21 Give explanations for the following observations.

(a) The [PBr4]
þ ion is tetrahedral but the [PBr4]

�

ion has a disphenoidal (see-saw) shape. In the

salt [PI4]
þ[AlCl4]

�, both ions are tetrahedral.

(b) In the [P2I5]
þ ion (which contains a P–P bond),

one P atom is in a trigonal pyramidal

environment while the other is tetrahedral.

(c) In OCF2 (which is trigonal planar), the bond

distances are C–O¼ 117 pm and C–F¼ 132 pm,

and the F–C–F bond angle is 1088. In OCCl2
(also trigonal planar), the bond distances are

C–O ¼ 118 pm and C–Cl ¼ 174 pm, and the

Cl–C–Cl bond angle is 1128.

CHEMISTRY IN DAILY USE

6.22 Figure 6.30 shows the use of balloons to construct a

model of a dog. How might you use balloons to

illustrate VSEPR theory to a group of students?

Why does this method work?

Fig. 6.30 Balloon dog sculpture.
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7
Polyatomic
molecules:
bonding

7.1 Introduction

In Chapters 4 and 5, we considered the bonding in diatomic molecules in

terms of Lewis structures, valence bond theory and molecular orbital

theory. We concentrated on species containing hydrogen or elements from

the period Li to F. In this chapter, we extend our discussion to polyatomic

molecules. Bonding schemes are necessarily more complicated than in

diatomics because we must consider a greater number of atomic centres.

We begin this chapter with a look at the octet rule, and then move on to

ways in which valence bond and molecular orbital theories provide bonding

descriptions for polyatomic molecules. Although we shall look at

coordination numbers from 3 to 6, we are still limited to relatively simple

molecular species. Later in the book, we introduce additional ways of

dealing with the bonding in more complex organic and inorganic

compounds.

7.2 Molecular shape and the octet rule: the first row elements

In Sections 6.4 and 6.5 we saw that:

. in the first row of the p-block, boron, carbon and nitrogen show a

greater variation in geometrical environment than do oxygen and fluorine;
. heavier elements in groups 13 to 17 of the p-block show a greater range of

geometries in their compounds than do the first row elements of each

group;
. for the heavier p-block elements, the range of structures increases in going

from group 13 to 17.

Topics

The octet rule

Localization of charge

Resonance structures

Hybridization of atomic

orbitals

Hybridization and

shape

Ligand group orbital

approach



 

In this and the following sections we show how the bonding in compounds

XYn (where X is a p-block element) can be considered in terms of the

central atom X obeying the octet rule.

Fluorine

The ground state electronic configuration of fluorine is [He]2s22p5. The

addition of an electron is required to complete an octet in the valence

shell. A fluorine atom forms a single bond and the structural restrictions

that we described in Chapter 6 follow from this. As an exercise, draw

Lewis structures for F2, HF and ClF and show that in each, the F atom

forms a single bond and obeys the octet rule.

Oxygen

The ground state electronic configuration of oxygen is [He]2s22p4. An octet is

completed if oxygen adds two electrons to its valence shell. This can be done

by forming either:

. two single bonds (e.g. H2O, OF2); or

. one double bond (e.g. O¼O, O¼C¼O)

We can rationalize the limited geometries in which oxygen atoms are found

in terms of the octet rule. The formation of two single bonds leads to a bent

molecule (e.g. H2O). When an oxygen atom is involved in the formation of a

double bond, it is terminally attached to another atom (e.g. CO2).

At first glance it may appear that an oxygen atom cannot form three single

bonds. However, Figure 6.10 showed the structure of the trigonal pyramidal

½H3O�þ ion. 3-Coordinate species in which oxygen is the central atom

have one thing in common – they are cationic. If we formally localize the

positive charge in ½H3O�þ on the oxygen centre, then the geometry of the

ion can be explained in terms of the Oþ ion (and not the O atom) obeying

the octet rule. Figure 7.1 explains this point. In Figure 7.1a, the neutral

To achieve an octet of

valence electrons, a neutral

O atom forms two bonds

and an Oþ centre forms

three bonds.

Fig. 7.1 (a) A neutral oxygen
atom obeys the octet rule when
it forms two single bonds. (b) A
cationic oxygen centre obeys the
octet rule when it forms three
single bonds. The localization of
the positive charge on the oxygen
centre is a formalism used to aid
the interpretation of the bonding
in the ½H3O�þ ion.
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oxygen centre gains an octet if it forms two single bonds. The VSEPR model

predicts that the H2O molecule has a bent structure because the O atom has

two bonding pairs and two lone pairs of electrons in its valence shell. Figure

7.1b shows that the cationic oxygen centre achieves an octet if it forms three

single bonds. The VSEPR model predicts that the ½H3O�þ cation is trigonal

pyramidal in shape because the O atom has one lone pair and three bonding

pairs of electrons in its valence shell.

Nitrogen

Anitrogen atomhas five valence electrons and can achieve an octet by forming:

. three single bonds (e.g. NH3, NF3, NMe3);

. one double bond and one single bond (e.g. Cl�N¼O, F�N¼O);

. one triple bond (e.g. H�C�N, ½C�N��).

The geometries then follow as a matter of course. Remembering that there is

a lone pair of electrons present on the nitrogen atom, three single bonds lead

to a trigonal pyramidal geometry (Figure 7.2a). One double bond and one

single bond give a bent molecule (structure 7.1). When N forms a triple

bond, it is terminally attached.

The number of species in which nitrogen is 4-coordinate is large. We need

only consider the wide range of salts containing ammonium ½NH4�þ or

tetramethylammonium ½NMe4�þ ions to realize that 4-coordinate nitrogen

is important in the chemistry of this element. Bearing in mind that

nitrogen obeys the octet rule, we rationalize the formation of four single

bonds by considering an Nþ centre rather than a neutral N atom. This is

shown in Figure 7.2b and the VSEPR model predicts that the ½NH4�þ
cation is tetrahedral.

(7.1)

To achieve an octet of

valence electrons, a neutral

N atom forms three bonds,

and an Nþ centre forms

four bonds.

Fig. 7.2 (a) A neutral nitrogen
atom obeys the octet rule when it
forms three single bonds. (b) A
cationic nitrogen centre obeys the
octet rule when it forms four
single bonds.
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Carbon

Application of the octet rule shows that carbon ([He]2s22p2Þ requires four
electrons to complete a noble gas configuration, i.e. ½He�2s22p6 � ½Ne�. The
four electrons can be gained by forming:

. four single bonds (e.g. CH4); or

. two single bonds and one double bond (e.g. O¼CCl2); or

. one single and one triple bond (e.g. H�C�N); or

. two double bonds (e.g. O¼C¼O).§

These bonding options correspond to the three structural preferences we

have seen for carbon – tetrahedral, trigonal planar and linear.

Boron

Neutral molecules that contain a single boron centre are often trigonal planar

in shape. This follows directly from the ground state electronic configuration

of boron ([He]2s22p1). The three valence electrons can be involved in the

formation of three single bonds, but in so doing boron does not achieve

an octet. Instead, the boron atom has a sextet of electrons in its valence

shell.

Species such as ½BH4�� and ½BF4�� which contain a 4-coordinate boron

centre have a feature in common – they are anionic. The B� centre is

isoelectronic with a carbon atom and has four valence electrons. It can

form four single bonds and so achieve an octet. The tetrahedral shapes of

½BH4�� and ½BF4�� follow directly from the VSEPR model.

Worked example 7.1 The [BH4]� ion

Show that the B atom in the [BH4]
�
ion obeys the octet rule. What shape is the

[BH4]
�
ion?

B is in group 13, and the B atom has three valence electrons.

In [BH4]
�, formally assign the negative charge to the B centre.

B� has four valence electrons, and forms four single B�H bonds.

Using the VSEPR model, a tetrahedral structure is predicted for [BH4]
�.

The bonding in [BH4]
� is summarized as follows:

 

§ The formation of a quadruple bond is, in theory, an option but is not observed.
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Formal localization of charge on a central atom

Assuming that the octet rule is obeyed, the examples above illustrate that in

some molecular species, the number of bonds formed by the central atom

appears to be inconsistent with the number of valence electrons available.

In these cases we can adopt a formalism which involves localizing an

overall charge on the central atom. For example, in ½H3O�þ, the oxygen

centre forms three O�H bonds. This is readily understood in terms of an

Oþ centre (and not a neutral O atom) obeying the octet rule. In ½BF4��,
there are four B�F single bonds. Their formation can be rationalized in

terms of a B� centre attaining an octet of electrons.

While this method of working is simple and extremely useful, it is important

to realize that it is only a formalism. We are not implying that the central

atom actually carries all of the overall charge in the ion concerned. In

½H3O�þ, the charge distribution is not such that the oxygen centre necessarily

bears a charge of þ1. It is also important to realize that the formal

charge assignment does not imply anything about the oxidation state of the

central atom:

. in ½H3O�þ, the oxidation state of the oxygen is �2; each hydrogen atom

has an oxidation state of þ1;
. in ½BF4��, the oxidation state of each fluorine is �1 and that of the boron

is þ3.

Worked example 7.2 Satisfying the octet rule

How many single bonds may an O
�
centre form while obeying the octet rule?

First write down the valence electronic configuration of the O atom:

2s22p4

; For O�, the ground state configuration is 2s22p5.

; Only one electron is needed to form an octet and O� forms only one

single bond, e.g. in [OH]�, a Lewis structure for which is:

O H
–

It is helpful to use the periodic table to note that O� is isoelectronic with

an F atom and so should behave in a similar manner: HF and [OH]� are

isoelectronic.

Resonance structures

The bonding models that we have considered so far in this section have taken

into account only covalent contributions. In Chapters 4 and 5, we described

the bonding in diatomic molecules in terms of both covalent and ionic

contributions. This was achieved by representing the bonding by a set of

resonance structures (see, for example, structure 4.7). We can approach the

bonding in polyatomic molecules in a similar way, but we must keep in

mind that any bonding description must be in accord with experimental

Resonance structures: see
Sections 4.11 and 5.3

"
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data. For example, the O�H bonds in H2O are equivalent and therefore a

description of the bonding in H2O must reflect this fact.

Resonance structures for the H2O molecule are drawn in Figure 7.3a. The

resonance forms labelled ‘covalent’ and ‘ionic’ treat the molecule in a

symmetrical manner and therefore the equivalence of the O�H
interactions is maintained. ‘Partial ionic’ resonance structures for the water

molecule can also be drawn but pairs of structures are needed to produce

equivalent O�H interactions in the molecule.

Even for a triatomic molecule (which is actually a very ‘small’ molecule),

drawing out a set of resonance structures is tedious. Are all the structures

necessary? Do they all contribute to the same extent? In order to assess

this, we have to use chemical intuition. Three points are crucial:

. Charge separation should reflect the relative electronegativities of the atoms.

. We should avoid building up a large positive or negative charge on any

one atom.
. Adjacent charges should be of opposite sign (two adjacent positive or two

adjacent negative charges will have a destabilizing effect).

Consider again the resonance structures in Figure 7.3a bearing in mind

the electronegativities �PðOÞ ¼ 3:4 and �PðHÞ ¼ 2:2. The ionic resonance

structures will contribute negligibly because the charge separation in the

molecule is unreasonably large. The three resonance structures shown in

Figure 7.3b provide an approximate, but adequate, description of the

bonding in H2O.

Exercise In Figure 7.3a, we included resonance forms containing Oþ and

H� ions. Why did we ignore them in Figure 7.3b?

Fig. 7.3 (a) Resonance structures for H2O. (b) The bonding can be adequately described in terms of the three resonance
structures shown in pink.
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The bonding in molecules such as BF3 and CH4 can also be represented

by a series of resonance structures. Figure 7.4a illustrates just how tedious

the process is becoming! Boron trifluoride is still a ‘small’ molecule and yet

there are 11 possible resonance structures. We can group the resonance

structures for BF3 according to the charge on the central atom and

eliminate some of them on the grounds that they will contribute only

negligibly to the overall bonding description. On this basis, structures

with a multiple charge on the boron atom may be neglected. Figure 7.4b

shows the resonance structures that will contribute the most to the

bonding in the BF3 molecule, and this approximate picture is quite

satisfactory. Note that we require all three members of a set of related

partial ionic structures if we are to maintain B�F bond equivalence, an

experimentally observed fact that must be reproduced by the bonding

scheme.

BF3: see also Sections 7.4
and 7.7

"

Fig. 7.4 (a) Resonance structures for the BF3 molecule. (b) Only some of the resonance structures contribute significantly and
the bonding picture can be approximated to include only these forms. (c) The experimental (gas phase) structure of BF3 shows
that all the bonds are the same length.
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Worked example 7.3 Resonance structures for the nitrate ion

Draw resonance structures for the nitrate ion and predict its shape.

The nitrate ion is ½NO3��.
Nitrogen is in group 15 and has five valence electrons.

Oxygen is in group 16 and has six valence electrons.

The (major contributing) resonance structures for the nitrate ion are:

In each resonance structure, each N and O atom obeys the octet rule.

The ion has a trigonal planar geometry.

It is tempting to write down a structure for [NO3]
�involving two N¼O

bonds and one N�O� bond but this is incorrect. Why?

7.3 Molecular shape and the octet rule: the heavier p-block
elements

A striking difference as one descends a group of the p-block is the tendency

for increased coordination numbers (Figure 7.5). For example:

. molecular PF5, AsF5, SbF5 and BiF5 exist, whereas NF5 does not;

. a coordination number of 6 is found in SF6, ½PF6�� and ½SiF6�2� , but is
not typical for the analogous first row elements O, N and C;

. the heavier group 17 elements form compounds such as ClF3, BrF5, IF7

in which F is always a terminal atom and forms only one single bond.

It can be argued that a compound such as NF5 does not exist because an

N atom is too small to accommodate five F atoms around it. Historically,

the differences between, for example, N and P, or O and S, have been

attributed to the availability of d-orbitals on atoms of the heavier elements

which enable the atom to ‘expand its octet of valence electrons’. This led

to the bonding in, for example, ½SO4�2� (7.2) in which all the S�O bond

(7.2)

Fig. 7.5 The p-block elements;
the noble gases in group 18 are
included, although compounds
are only well established for Kr
and Xe. The first row elements
(shown in beige) tend to exhibit
coordination numbers �4. The
heavier elements (shown in
green) exhibit a wider range of
coordination numbers.
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lengths are equal, being represented by a set of resonance structures in which

S¼O double bonds are important:

This bonding picture for ½SO4�2� results in the S atom having 12 electrons in

its valence shell. Current views, however, are that d-orbitals on the central

atom play no significant role in the bonding in compounds of the p-block

elements. Even in the presence of highly electronegative atoms such as F

or O, the energies of the d-orbitals are too high to allow these orbitals to

participate in bonding. How, then, can we represent the bonding in species

such as SF4, SF6, PF5, ½PF6��, ½SO4�2� and ½ClO4��, while allowing the

central atom to obey the octet rule? The answer is found by considering

charge-separated species as the following examples illustrate.

Example 1: SF4 S is in group 16 and has six valence electrons. If we simply

form four S�F single bonds, the central S atom ends up with 10 electrons in

its valence shell (see example 5 in Section 6.6). In order to maintain an octet

of electrons around the S atom, we have to apply a similar principle as we

described for ½NH4�þ (Figure 7.2b). Instead of considering S as the central

atom, consider how many S�F single bonds can be formed by an Sþ

centre that obeys the octet rule:

We can now write SF4 as a charge-separated species in which the S centre

obeys the octet rule:

This structure suggests that one S�F interaction is ionic while the other three

are covalent. Amore realistic representation of the bonding is to draw a set of

resonance structures as shown below:

Example 2: PF5 P is in group 15 and has five valence electrons. The

formation of five P�F bonds would lead to 10 electrons in the valence shell

Resonance structures: see
Sections 4.11 and 5.3

"
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of the P atom. Instead of taking the neutral P atom as the centre of PF5, take a

Pþ centre:

Now write PF5 as a charge-separated species in which the P centre obeys the

octet rule:

A more realistic view of the bonding is in terms of a set of resonance

structures:

In PF5, the two axial P�F bonds are longer than the three equatorial P�F
bonds. The different environments of the axial and equatorial F atoms

mean that the resonance forms involving axial F� need not make the same

contributions as those involving equatorial F�.

Example 3: SF6 S is in group 16 and has six valence electrons. If we draw a

Lewis structure consisting of six S�F covalent bonds, the valence shell of the

S atom contains 12 electrons. However, if we consider SF6 in terms of a

charge-separated species formally containing an S2þ centre, then S obeys

the octet rule:

This leads to the following description of the bonding in SF6:
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A more realistic description of the bonding involves a set of resonance

structures so that all the S�F bonds are equivalent.

Example 4: [SO4]
2� We saw earlier that if the bonding in ½SO4�2� involves

contributions from two S¼O double bonds, the S atom ends up with

12 electrons in its valence shell. A valence bond model for the bonding in

½SO4�2� in which S obeys the octet rule involves bond formation by an S2þ

centre:

This representation of the bonding results in equivalence of the four S�O
interactions, consistent with experimental observations.

Worked example 7.4 Valence bond treatment of the bonding in SF2 and SO2

SF2 and SO2 are both bent molecules (see Figure 6.3). Give bonding descrip-

tions for SF2 and SO2 in which the S atom obeys the octet rule.

SF2

S is in group 16 and has six valence electrons. It requires two electrons to

complete an octet.

F is in group 17 and has seven valence electrons. It requires one electron to

complete an octet.

The bonding in SF2 can be described in terms of two S�F single bonds:

SO2

S is in group 16 and has six valence electrons.

O is in group 16 and has six valence electrons.

If we describe the bonding in SO2 in terms of two S¼O double bonds, each

O atom obeys the octet rule, but the S atom has 10 electrons in its valence

shell:

This model is unsatisfactory. For the octet rule to be obeyed, consider SO2

in terms of a charge-separated species formally containing an Sþ centre:
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While this model allows each atom to obey the octet rule, it implies that the

two S�O interactions are different. Experimentally, the S�O bonds are

equivalent. Therefore, draw a set of resonance structures to take account

of this:

This now gives a satisfactory bonding picture for SO2 within VB theory.

By using the methods shown above, we can describe the bonding in a

wide range of p-block compounds so that atoms obey the octet rule.

Experimentally determined bond lengths provide information about the

equivalence of bonds. Proposed bonding schemes must be consistent with

these data as the examples in Figure 7.6 illustrate.

Although the bonding pictures described above are satisfactory in that

they show atoms obeying the octet rule, some diagrams (e.g. those for PF5

and SF6 in examples 2 and 3) hide structural information. In addition,

when your interest is in emphasizing molecular structure, it is not always

convenient to draw sets of resonance structures. Throughout this book,

therefore, when we wish to focus on the structure of a molecule rather than

on its bonding, we shall use representations such as 7.3 and 7.4. Provided

that you remember that a connecting line between two atoms does not

necessarily mean the presence of a localized pair of bonding electrons, then

these representations are perfectly satisfactory.

Fig. 7.6 Experimentally determined structures and bond lengths for (a) POCl3, (b) SO3 and (c) ½ClO4��. For each, a bonding
picture is given in which each atom obeys the octet rule. In (b), the set of resonance structures is needed to account for the
equivalence of the S�O bonds. Colour code: P, orange; O, red; Cl, green; S, yellow.

(7.3)

(7.4)
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7.4 Valence bond theory and hybridization

In earlier parts of this chapter we used the ground state electronic

configuration to determine the number of valence electrons available to an

atom, and hence to say how many bonds that atom can form. We also

noted that the tendency for an element in the p-block to achieve an octet

arises from a desire to occupy the 2s and 2p atomic orbitals completely.

In this section, we consider how VB theory views the participation of the

atomic orbitals in bond formation in polyatomic molecules and ions.

The directional properties of atomic orbitals

With the exception of the spherically symmetric s orbital, an atomic orbital

has directional properties. The question is: when atoms are bonded together,

are their relative positions restricted by the directional properties of the

atomic orbitals involved in the bonding?

Consider the formation of a trigonal planar molecule such as BF3. The

valence shell of the boron atom consists of the 2s and three 2p atomic

orbitals. These are shown in Figure 7.7; while the 2s atomic orbital is

spherically symmetrical, each 2p orbital lies on one of the three axes.

Figure 7.7 also shows a convenient relationship between the relative

positions of the atoms in a BF3 molecule and the axes. The boron atom has

been placed at the origin and one fluorine atom lies on the þx-axis. The
molecule lies in the xy plane. Although one B�F bond vector coincides with

the 2px atomic orbital, the other two B�F bond vectors do not coincide

with either of the remaining two 2p atomic orbitals. Similar difficulties arise

with other molecular shapes.

Shapes of atomic orbitals:
see Section 3.11

"

Fig. 7.7 In order to approach the
bonding in a trigonal planar
molecule such as BF3, we need to
consider the valence atomic
orbitals of a boron atom, and
define a convenient relationship
between the relative positions of
the atoms in BF3 and the
Cartesian axis system. It is not
possible for all three of the B�F
bond vectors to coincide
simultaneously with the
directions of the three 2p atomic
orbitals.
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We can now define the problem. How do we describe the bonding in a

molecule in terms of localized orbitals when the directional properties of

the valence atomic orbitals do not match the bond vectors defined by the

atoms in the molecule?

Hybridization of atomic orbitals

In the remainder of this section, we describe a method that allows us to

generate spatially directed orbitals which may be used to produce localized

bonds in a valence bond scheme. These are known as hybrid orbitals, and

may be used to construct bonding orbitals in exactly the same way as

atomic orbitals. Although hybridization (orbital mixing) is a useful way to

describe bonding within the valence bond framework, there is no

implication that it is an actual process.

Hybridization of atomic orbitals can be considered if the component

atomic orbitals are close in energy. The character of the hybrid orbitals

depends on the atomic orbitals involved and the percentage contribution

that each makes. The number of hybrid orbitals generated is equal to

the number of atomic orbitals used; this reiterates the rule in MO theory

that equates the number of MOs formed to the initial number of atomic

orbitals.

The simplest case is where we have one p atomic orbital and one s atomic

orbital, both from the same principal quantum level (2s and 2p, or 3s and 3p,

etc.). Figure 7.8 shows that when the s and p atomic orbitals combine in-

phase, the orbital will be reinforced (constructive interference). Where the

s and p atomic orbitals combine out-of-phase, the orbital will be

diminished in size (destructive interference). The net result is that two

hybrid orbitals are formed which retain some of the directional properties

of the atomic p orbital. These hybrid orbitals are denoted sp, and each sp

hybrid orbital contains 50% s and 50% p character.

We can repeat the exercise with a combination of one 2s and two 2p atomic

orbitals. Since we begin with three atomic orbitals, we form three equivalent

hybrid orbitals as shown in Figure 7.9. The resultant orbitals are called sp2

hybrids and they lie in the same plane (here, the xy plane because we chose

to hybridize the s, px and py atomic orbitals) and define a trigonal planar

arrangement. We look at this hybridization in detail in Box 7.1.

Hybridization means
‘mixing’

Constructive and destructive
interference: see Figure 4.12

"

"

Fig. 7.8 The formation of two
sp hybrid orbitals from in- or
out-of-phase combinations of an
s and a p atomic orbital. The
effect of altering the phase of the
orbital (the s atomic orbital) is
shown pictorially in the lower
part of the figure.
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A set of four equivalent sp3 hybrid orbitals is formed by combining the s,

px, py and pz atomic orbitals as shown in Figure 7.10. Together, they define a

tetrahedral arrangement, and each sp3 hybrid orbital possesses 25%

s character and 75% p character.

For the principal quantum level with n ¼ 2, only sp, sp2 and sp3 hybrid

orbitals can be formed because only s and p atomic orbitals are available.

For higher principal quantum levels, d atomic orbitals may also be available.

The mixing of s, px, py, pz and dz2 atomic orbitals gives a set of five sp3d

hybrid orbitals. The spatial disposition of the sp3d hybrid orbitals

corresponds to a trigonal bipyramid (Figure 7.11a). This set of hybrid

orbitals is unusual because, unlike the other sets described here, the sp3d

hybrid orbitals are not equivalent and divide into two groups: axial and

equatorial.

Fig. 7.9 The combination of one
2s and two 2p atomic orbitals to
generate three equivalent sp2

hybrid orbitals.

Fig. 7.10 The combination of
one 2s and three 2p atomic
orbitals to generate four
equivalent sp3 hybrid orbitals.
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THEORY

Box 7.1 Directionality of sp2 hybrid orbitals

Figure 7.9 shows that a combination of s, px and py
atomic orbitals gives three sp2 hybrid orbitals which

are identical except for the directions in which they

point. How do the directionalities arise?

First, remember that each p orbital has a directional

(vector) property – the px orbital lies on the x-axis and

the py orbital lies on the y-axis.

The three hybrid orbitals lie in the xy plane. There

is no contribution from the pz atomic orbital and

therefore the hybrid orbitals do not include any

z-component.

The process of combining the s, px and py atomic

orbitals can be broken down as follows:

1. The character of the s atomic orbital must be divided

equally between the three hybrid orbitals.

2. Each hybrid orbital must end up with the same

amount of p character.

3. Let us fix the direction of one of the hybrid orbitals

to coincide with one of the initial p atomic orbitals,

say the px atomic orbital (this is an arbitrary choice).

The first sp2 hybrid orbital therefore contains

one-third s and two-thirds px character:

4. The remaining components are one-third of the px
atomic orbital, all of the py atomic orbital, and

two-thirds of the s atomic orbital. These must be

combined to give two equivalent hybrid orbitals.

The directionality of each hybrid is determined by

components from both the px and py atomic

orbitals. When s character is added in, two sp2

hybrid orbitals result:

(Remember that changing the sign of a p atomic

orbital alters its direction.)

Note that the fact that the sp2 hybrid orbitals lie in

the xy plane is wholly arbitrary. They could equally

well contain py and pz components (and lie in the yz

plane) or px and pz components (and lie in the xz plane).

The approach given above is not rigorous, but does

provide a satisfactory and readily visualized method

of working out the directionalities and composition of

the three sp2 hybrid orbitals.

Consider again an XY3 molecule lying in the xy

plane with atom positions as shown below:

Mathematically, the normalized wavefunctions (see

Section 3.8) for a set of sp2 hybrid orbitals are written

as follows:

 sp2ð1Þ ¼ c1 s þ c2 px
þ c3 py

 sp2ð2Þ ¼ c4 s þ c5 px
þ c6 py

 sp2ð3Þ ¼ c7 s þ c8 px þ c9 py

We can find the normalized coefficients c1 to c9 as

follows:

. The contributions made by  s to each  sp2 must be

equal:

; c1 ¼ c4 ¼ c7

. The sum of the squares of the coefficients of  s

must equal 1:

; c1
2 þ c4

2 þ c7
2 ¼ 1

and since c1 ¼ c4 ¼ c7:

3c1
2 ¼ 1

; c1 ¼
1ffiffiffi
3
p ¼ c4 ¼ c7

. Now define the orientation of  sp2ð1Þ to lie along

the x-axis. This means that there is no contribu-

tion from  py :

; c3 ¼ 0
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. With c1 and c3 known, we can find c2 because for a

normalized wavefunction:

c1
2 þ c2

2 ¼ 1

;
1

3
þ c2

2 ¼ 1

c2 ¼
ffiffiffi
2

3

r

. The normalized wavefunction for  sp2ð1Þ can now

be written as:

 sp2ð1Þ ¼
1ffiffiffi
3
p  s þ

ffiffiffi
2

3

r
 px

The fractional contribution of each atomic orbital

to the hybrid orbital is equal to the square of

the normalized coefficient, and so the equation

for  sp2ð1Þ indicates that the hybrid orbital is

composed of one-third s character and two-

thirds p character. This is consistent with the

pictorial scheme we derived earlier.
. To find c5, c6, c8 and c9, we again make use of the

fact that the sum of the squares of the coefficients

of each atomic orbital must equal 1, and so must

the sum of the squares of the coefficients of each

hybrid orbital. Therefore:

c2
2 þ c5

2 þ c8
2 ¼ 2

3
þ c5

2 þ c8
2 ¼ 1 ð1Þ

c6
2 þ c9

2 ¼ 1 ð2Þ

c4
2 þ c5

2 þ c6
2 ¼ 1

3
þ c5

2 þ c6
2 ¼ 1 ð3Þ

c7
2 þ c8

2 þ c9
2 ¼ 1

3
þ c8

2 þ c9
2 ¼ 1 ð4Þ

. Before attempting to solve these equations, look

back at the diagram that shows the orientation

of the XY3 molecule with respect to the x- and

y-axes. The wavefunction  sp2ð1Þ describes the

hybrid orbital which points along the x-axis.

Wavefunctions  sp2ð2Þ and  sp2ð3Þ are related to

each other in that they contain equal contributions

from  py
and equal contributions from  px

.

Therefore:

c5
2 ¼ c8

2 and c6
2 ¼ c9

2

Therefore, equation (1) becomes:

2

3
þ 2c5

2 ¼ 1

; c5
2 ¼ 1

2
1� 2

3

� �
¼ 1

6

c5 ¼ �
1ffiffiffi
6
p

Since  sp2ð2Þ and  sp2ð3Þ point along the �x-axis
(look again at the diagram opposite):

c5 ¼ �
1ffiffiffi
6
p ¼ c8

Equation (2) becomes:

2c6
2 ¼ 1

; c6 ¼ �
1ffiffiffi
2
p ¼ c9

One hybrid orbital must have a þy contribution

and the other a �y contribution, so let:

c6 ¼ þ
1ffiffiffi
2
p and c9 ¼ �

1ffiffiffi
2
p

The normalized wavefunctions are therefore:

 sp2ð2Þ ¼
1ffiffiffi
3
p  s �

1ffiffiffi
6
p  px

þ 1ffiffiffi
2
p  py

 sp2ð3Þ ¼
1ffiffiffi
3
p  s �

1ffiffiffi
6
p  px

� 1ffiffiffi
2
p  py

These coefficients are consistent with the pictorial

representations derived earlier since the contri-

butions of each atomic orbital are given by the

squares of the normalized coefficients.

Fig. 7.11 (a) A set of five sp3d hybrid orbitals and (b) a set of six sp3d2 hybrid orbitals, shown in relationship to the Cartesian
axis set.

Valence bond theory and hybridization 265



 

The characters of atomic orbitals can be mixed to generate hybrid orbitals.

Each set of hybrid orbitals is associated with a particular shape:

sp linear

sp2 trigonal planar

sp3 tetrahedral

sp3d trigonal bipyramidal

sp3d2 octahedral

A combination of s, px, py, pz, dz2 and dx2�y2 atomic orbitals generates

six sp3d2 hybrid orbitals, and the spatial arrangement of these hybrids is

octahedral (Figure 7.11b).

Other hybridization schemes can be developed in a similar manner to

describe other spatial arrangements. As we shall see in the next section,

hybridization schemes provide a convenient model within VB theory for

rationalizing molecular geometries. However, we must keep in mind

current views that in compounds of the p-block elements, d-orbitals on the

central atom do not play a significant role in bonding.

7.5 Hybridization and molecular shape

In the previous section, we saw that each particular set of hybridized orbitals

has an associated spatial arrangement. Now we consider the use of

hybridization schemes to describe the bonding in some molecules

containing p-block atoms. By matching the geometries of the hybrid

orbital sets with molecular shapes we see that in a linear triatomic

molecule (e.g. CO2) the central atom is sp hybridized, in a trigonal

planar molecule (e.g. BF3) the central atom is sp2 hybridized, and in a

tetrahedral molecule (e.g. CH4) the central atom is sp3 hybridized.

A most important point is that a molecule does not adopt a particular shape

because the central atom possesses a particular hybridized set of orbitals.

Hybridization is a convenient model within VB theory which successfully

accounts for an observed molecular geometry.

Consider a molecule of NH3. The VSEPR model predicts that the

molecular shape is derived from a tetrahedral arrangement of electron pairs

(see Figure 6.16b). It follows that the N atom may be sp3 hybridized with

the lone pair of electrons occupying one of the sp3 orbitals (Figure 7.12).

Fig. 7.12 The VSEPR model predicts that the geometry of the NH3 molecule is based on
a tetrahedral arrangement of electron pairs, with the four atoms defining a trigonal
pyramidal shape. The N atom is sp3 hybridized.
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BIOLOGY AND MEDICINE

Box 7.2 Hybridization means mixing

Field of oilseed rape in Hochwald, Switzerland.

The termhybridization isusednotonly fororbitalmixing,

but also for plant breedingprogrammes.Hybridizationof

genetically different plants can produce more vigorous

strains (hybrids), and controls the character of a

commercially grown crop. For example, oilseed rape

(the crop that is responsible for the bright yellow fields

in many parts of the world) is grown for its edible oil.

Oil yields represent approximately 40% of the seed

crop, and the residues are manufactured into farm

animal feed. In North America, the oil is manufactured

under the label of ‘Canola’ oil.

Vegetable oils contain fats (triglycerides, see Section

35.4) which are derivatives of fatty acids, i.e. organic

acids containing long carbon chains. Metabolism of fats

in the human body involves enzyme-catalysed hydrolysis

into fatty acids. One factor that influences this process is

the length of the carbon chain in the fatty acid. A second

factor is whether the chain contains single carbon–

carbon bonds (saturated), one carbon–carbon double

bond (monounsaturated), or several carbon–carbon

double bonds (polyunsaturated). The presence of one or

more double bonds alters the shape of the molecule as is

illustrated below. Oilseed rape belongs to the Cruciferae

family and is a member of the Brassica genus. Early

oilseed rape cultivars (Brassica napus) were rich in

icosanoic and erucic acids. Icosanoic acid (older name,

eicosanoic acid, C19H39CO2H) is a saturated fatty acid,

while erucic acid (C21H41CO2H) is a monounsaturated

fatty acid. Both are relatively long chain acids.

High levels of erucic acid result in the formation of

fatty deposits in the heart, and therefore plant-

breeding programmes were initiated to produce

hybrids of Brassica rapa and Brassica napus with

lower amounts of erucic acid. Such strains have been

available since about 1970.

A second problem with some strains of oilseed rape

is the presence of high levels of glucosinolates in

the animal feeds manufactured from the residues of

oil production. Glucosinolates are thioglucosides

(glucosides, see Box 35.2 and associated text) which

occur in plants of the Cruciferae family, and their

general structure is shown below. Enzymic hydrolysis of

thioglucosides leads to the formation of isothiocyanates

(RN¼C¼S), thiocyanates (RS�C:N) and nitriles

(RC:N). If present in feedstuffs, the sulfur-containing

products have adverse effects on farm animals (e.g. liver

disease, inhibit iodine uptake into the thyroid gland,

reduce growth). Plant-breeding programmes have

resulted in the development of oilseed rape hybrids that

are low in both erucic acid and glucosinolates.

Cultivars of oilseed rape must also be developed for

different climates (e.g. Europe, India, China, Canada),

and for crops suitable for oils with industrial

applications.

For further insight into plant hybrid projects, see:

www.pioneer.com
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Worked example 7.5 Hybridization schemes

Suggest a hybridization scheme that is appropriate for the O atom in H2O.

First draw a Lewis structure for H2O and then apply VSEPR theory to

suggest a molecular shape:

The tetrahedral arrangement of two bonding and two lone pairs is

consistent with an sp3 hybridization scheme for the O atom.

Where d-orbitals are available to an atom, sp3d and sp3d2 hybridization

schemes can be used for 5-coordinate and octahedral geometries.§

However, as we have already mentioned, it is generally accepted that

d-orbitals make little or no contribution to the bonding in molecules in

which the central atom is from the p-block. Thus, sp3d and sp3d2

hybridization schemes are most readily applied to d-block metal-

containing species such as those shown in Figure 7.13.

§ For a fuller discussion of hybridization schemes, see: C. E. Housecroft and A. G. Sharpe (2008)
Inorganic Chemistry, 3rd edn, Prentice Hall, Harlow, Chapter 21.

Fig. 7.13 (a) An sp3d
hybridization scheme
can be applied to the
trigonal bipyramidal [CuCl5]

3�

ion, and (b) an sp3d 2

hybridization scheme is
appropriate for the
octahedral [Ni(OH2)6]

2þ ion.
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7.6 Hybridization: the �-bonding framework

A tetrahedral molecule: CH4

Methane contains four singleC�Hbonds. TheCH4 molecule is tetrahedral and

the carbon atom is considered to be sp3 hybridized. The mutual orientations of

the four sp3 hybrid orbitals coincide with the orientations of the four C�H
single bonds (Figure 7.14). Each hybrid orbital overlaps with a hydrogen 1s

atomic orbital, and two valence electrons (one from carbon and one from

hydrogen) occupy each resultant localized bonding orbital. Each C�H single

bond is a localized �-bond, and the set of four such orbitals describes a �-

bonding framework. This completely describes the bonding in CH4 within the

valence bond model. Similarly, VB theory gives a description of the bonding

in the NH3 molecule in terms of three N�H �-bonds and one lone pair of

electrons occupying an sp3 hybrid orbital.

A trigonal planar molecule: BH3

The boron atom in the BH3 molecule is sp2 hybridized. Valence bond theory

describes the bonding in BH3 in terms of the overlap between the B sp2

hybrid orbitals and the H 1s orbitals (Figure 7.15). Each resultant bonding

orbital contains two electrons (one from B and one from H) and defines a

localized B�H �-bond. In BH3, the B atom retains an unhybridized, empty

2p orbital orthogonal to the plane of the four atoms.

7.7 Hybridization: the role of unhybridized atomic orbitals

‘Left-over’ atomic orbitals

A set of one s and three p ( px, py and pz) atomic orbitals can be involved in

one of three types of hybridization. If an atom is sp3 hybridized, all four of

the atomic orbitals are used in the formation of the four hybrid orbitals.

Fig. 7.14 Valence bond theory in CH4. The orientations of the four sp3 hybrid orbitals
centred on the C atom coincide with the orientations of the four C�H single bonds.
Each hybrid orbital overlaps with an H 1s orbital, to give four localized C�H � bonds.

Fig. 7.15 Valence bond theory in BH3. The orientations of the three sp2 hybrid orbitals
centred on the B atom coincide with the orientations of the B�H single bonds. Each
hybrid orbital overlaps with an H 1s orbital, giving three localized B�H �-bonds. If the
molecule lies in the xy plane, then the unused atomic orbital is a 2pz orbital.
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However, in the case of an sp2 hybridized atom, the atom retains one pure

p atomic orbital, while an sp hybridized atom has two ‘left-over’ p atomic

orbitals. Similarly, when an atom is sp3d or sp3d2 hybridized, either four or

three (respectively) atomic d orbitals on the central atom remain unhybridized.

In this section we consider the roles that ‘left-over’ p atomic orbitals play

in bonding.

A trigonal planar molecule: BF3

In BF3, the �-bonding framework is similar to that in BH3. Each localized

B�F �-bond is formed by the overlap of a B sp2 hybrid orbital and an

orbital from an F atom; each resultant �-bonding orbital is occupied by two

electrons.

As in BH3, once the �-bonding framework has been formed in the BF3

molecule, an unhybridized, empty 2p atomic orbital remains on the B atom.

However, unlike the situation in BH3, in BF3 each F atom possesses three

lone pairs, and one may be considered to occupy a 2p atomic orbital with the

same orientation as the unused 2p atomic orbital on the B atom (for

example, they may be 2pz atomic orbitals). Figure 7.16 illustrates that it is

possible for the B atom to form a �-bond with any one of the F atoms by

overlap between the B and F 2p atomic orbitals. Look back at the resonance

structures for BF3 in Figure 7.4. One group of three resonance structures

includes B¼F double bond character.

The valence bonding picture for the BF3 molecule illustrates a general

point: unhybridized p orbitals can be involved in �-bonding. Related

examples are BCl3, ½BO3�3�, ½CO3�2� and ½NO3��. These species all possess

trigonal planar structures in which the central atom may be sp2 hybridized.

In each case, the central atom possesses an unhybridized 2p atomic orbital

which can overlap with a p atomic orbital on an adjacent atom to form a

�-bond.

Exercise Which atomic orbitals are involved in �-bond formation in BCl3
and ½CO3�2� ?

A linear molecule: CO2

The C atom in the linear CO2 molecule is sp hybridized and retains two 2p

atomic orbitals (Figure 7.17). The �-bonding framework in the molecule

involves two sp hybrids on C which overlap with orbitals on the two O

atoms. Each localized �-bonding orbital contains two electrons (one from C

and one from O).

Fig. 7.16 Valence bond theory in
BF3. After the formation of the
�-bonding framework using an
sp2 hybridization scheme, the
remaining 2p atomic orbital on
the B atom is of the correct
symmetry to overlap with an
occupied 2p atomic orbital of an
F atom. A �-bond is formed.
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The two remaining 2p atomic orbitals on the C atom lie at right angles to

one another and each overlaps with a 2p atomic orbital on one of the O

atoms. This produces two C�O �-bonds (Figure 7.17) and each �-bonding

orbital is occupied by two electrons (formally, one from C and one from O).

The overall result is the formation of two C¼O double bonds, each

consisting of a �- and a �-component.

7.8 Molecular orbital theory and polyatomic molecules

Polyatomic molecules create a problem

In this section, we look briefly at the way in which MO theory is used to

approach the bonding in polyatomic molecules.§ A key question is how to

represent the problem. If we look back at MO diagrams such as Figure 4.15

(the formation of H2) and Figure 5.8 (the formation of HF), we notice that

each side of each diagram represents one of the two atoms of the diatomic

molecule. What happens if we wish to represent an MO diagram for a

polyatomic molecule? Any diagram that represents the composition of MOs

in terms of contributions from various atomic orbitals will become very

complicated, and, probably, unreadable!

An approach that is commonly used is to resolve the MO description of a

polyatomic molecule into a two-component problem. Instead of looking at

the bonding in CH4 in terms of the interactions of the 2s and 2p atomic

orbitals of the carbon atom with the individual 1s atomic orbitals of the

hydrogen atoms (this would be a five-component problem), we consider

the way in which the atomic orbitals of the carbon atom interact with the

set of four hydrogen atoms. This is a two-component problem, and is

called a ligand group orbital approach.

Ligand group orbitals

Methane is tetrahedral and to make an MO bonding analysis for CH4 easier,

it is useful to recognize that the tetrahedron is related to a cube as shown in

Figure 7.18. This conveniently relates the positions of the H atoms to the

Cartesian axes, with the C atom at the centre of the cube.

The valence orbitals of C are the 2s, 2px, 2py and 2pz atomic orbitals

(Figure 7.19a). Remember that the 2s atomic orbital is spherically

Fig. 7.18 The relationship
between the tetrahedral shape
of CH4 and a cubic framework.
Each edge of the cube runs
parallel to one of the three
Cartesian axes.

§ For a more detailed introduction including the use of group theory, see: C. E. Housecroft and
A. G. Sharpe (2008) Inorganic Chemistry, 3rd edn, Prentice Hall, Harlow, Chapter 5.

Fig. 7.17 Valence bond theory
in CO2. After forming the
�-bonding framework using an
sp hybridization scheme, the two
remaining 2p atomic orbitals on
the C atom can be used to form
two C�O �-bonds. Each O atom
uses a 2p atomic orbital for
�-bonding.
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symmetric. The orientations of the 2p atomic orbitals are related to a cubic

framework; the same axis set is used in Figures 7.18 and 7.19.

Consider now the four 1s atomic orbitals that the 4 H atoms contribute.

Each 1s orbital has two possible phases and, when the four orbitals are taken

as a group, various combinations of phases are possible. With four atomic

orbitals, we can construct four ligand group orbitals (LGOs) as shown in

Figure 7.19b. The in-phase combination of the four 1s atomic orbitals is

labelled as LGO(1). We now make use of the relationship between the

arrangement of the H atoms and the cubic framework. Each of the xy, xz

and yz planes bisects the cube in a different direction. In Figure 7.18,

mentally sketch the xy plane through the cube – two H atoms lie above this

plane, and two lie below. Similarly, the four H atoms are related in pairs

across each of the yz and xz planes. Now look at Figure 7.19b. In LGO(2),

the four 1s orbitals are drawn as two pairs, one pair on each side of the yz

plane. The orbitals in one pair are in phase with one another, but are out of

phase with the orbitals in the second pair. Ligand group orbitals LGO(3)

and LGO(4) can be constructed similarly.

Combining the atomic orbitals of the central atom with the ligand
group orbitals

The next step in the ligand group orbital approach is to ‘match up’ the

valence orbitals of the C atom with LGOs of the four H atoms. The

criterion for matching is symmetry. Each carbon orbital has to ‘find a

matching partner’ from the set of LGOs.

The carbon 2s orbital has the same symmetry as LGO(1). If the 2s orbital is

placed at the centre of LGO(1), overlap will occur between the 2s orbital and

The number of ligand group

orbitals formed ¼ the

number of atomic orbitals

used.

Fig. 7.19 (a) The 2s, 2px, 2py and 2pz atomic orbitals are the valence orbitals of carbon. (b) The four hydrogen 1s atomic
orbitals combine to generate four ligand group orbitals (LGOs). The rigorous approach to the construction of ligand group
orbitals uses group theory.
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each of the hydrogen 1s orbitals. This interaction leads to one bondingMO in

the CH4 molecule: �(2s). This is the lowest-lying MO in Figure 7.20. It

possesses C�H bonding character which is delocalized over all four of the

C�H interactions.

The carbon 2px orbital has the same symmetry as LGO(2), and if it is

placed at the centre of LGO(2), overlap occurs between the 2px orbital and

each of the hydrogen 1s orbitals. This interaction leads to a second

bonding MO in the methane molecule: �(2px). This MO contains a nodal

plane coincident with the yz plane. Similarly, we can match the carbon 2py
orbital with LGO(3), and the 2pz orbital with LGO(4). These

combinations generate two more bonding molecular orbitals. The three

MOs that are formed from the combinations of the carbon 2p orbitals and

LGOs (2) to (4) are equivalent to one another except for their orientations.

These MOs are degenerate and are labelled �ð2pÞ in Figure 7.20. Each MO

contains C�H bonding character which is delocalized over all four of the

C�H interactions.

There are therefore four bonding MOs (and hence four antibonding MOs)

that describe the bonding in CH4. In each orbital, the C�H bonding

character is delocalized.

Putting in the electrons

As usual in MO theory, the last part of the operation is to count the available

valence electrons and place them in the molecular orbitals according to the

aufbau principle.

In CH4 there are eight valence electrons and these occupy the MOs as

shown in Figure 7.20. All the valence electrons in the molecule are

paired and CH4 is predicted to be diamagnetic, in keeping with

experimental data.

Fig. 7.20 Molecular orbital diagram for the formation of CH4.
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7.9 How do the VB and MO pictures of the bonding
in methane compare?

The valence bond and molecular orbital descriptions of methane

Valence bond theory describes the bonding in the CH4 molecule in terms

of an sp3 hybridized carbon atom, and four equivalent �-bonding orbitals

(see Figure 7.14). Each orbital is localized, meaning that each C�H bond

is described by one �-bonding orbital.

Molecular orbital theory also produces a description of CH4 which

involves four molecular orbitals. However, unlike the valence bond model,

the molecular orbital approach gives one unique MO and a set of three

degenerate MOs (see Figure 7.20). In each MO, the C�H bonding

character is delocalized over all four of the C�H vectors.

Are these two pictures really different? If so, is one of them wrong? Indeed,

is either of them realistic?

Photoelectron spectroscopy

One of the major differences between the results of the VB and MO

treatments of the bonding in the CH4 molecule is that the former suggests

that there are four equivalent MOs (equal energy) while the latter is

consistent with there being two molecular orbital energy levels, one

associated with a uniqueMO and one with a set of three degenerate orbitals.

In Box 4.4, we briefly mentioned the experimental technique of

photoelectron spectroscopy in the context of probing the energies of

molecular orbitals. This method can be used to investigate the question of the

MO energy levels in CH4 and the photoelectron spectroscopic data

support the results of MO theory. But, does this mean that the VB model

gives the wrong ‘answer’?

Valence bond versus molecular orbital theory

Molecular orbital theory describes the bonding in the CH4 molecule in terms

of four MOs. The unique �ð2sÞ MO is spherically symmetric and provides

equal bonding character in all of the four C�H interactions. The �ð2pxÞ,
�ð2pyÞ and �ð2pzÞ MOs are related to one another by rotations through

908. Because they are degenerate, we must consider them as a set and not

as individual orbitals. Taken together, they describe the four C�H bonds

equally. Thus, the MO picture of CH4 is of a molecule with four

equivalent C�H bonds. This result arises despite the fact that the four

MOs are not all identical.

The sp3 hybrid model (VB theory) of CH4 describes four equivalent C�H
bonds in terms of four localized �-bonds. The associated bonding orbitals are

of equivalent energy.

Both the VB andMO approaches are bondingmodels. Both models achieve

a goal of showing that theCH4 molecule contains four equivalent bonds.While

the MO model appears to give a more realistic representation of the energy

levels associated with the bonding electrons, the VB method is simpler to

apply. While MO theory can be applied to small and large molecules alike, it

very quickly goes beyond the ‘back-of-an-envelope’ level of calculation.
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SUMMARY

In this chapter, we have considered the bonding in polyatomic molecules. We have considered the octet
rule, and introduced hybridization schemes that can be applied to different spatial arrangements of
bonding and lone pairs of electrons around a central atom. Finally, we have introduced the use of
MO theory, applying it to a simple example, methane.

Do you know what the following terms mean?

. the valence shell . hybrid orbital . ligand group orbital approach

You should now be able:

. to work out the number of electrons in the
valence shell of atom X in a molecule XYn

. to draw a set of resonance structures for a
simple polyatomic molecule or molecular ion

. to discuss what is meant by orbital hybridization

. to relate hybridization schemes to arrangements
of bonding and lone pairs of electrons around a
central atom

. to relate hybridization schemes to molecular
shapes

. to use hybridization schemes to describe the
bonding in simple polyatomic molecules
containing both single and multiple bonds

. to develop a bonding scheme for CH4 using MO
theory and to understand why a ‘ligand group
orbital approach’ is useful

PROBLEMS

7.1 In which of the following molecular species does

the central atom possess an octet of valence

electrons? (a) BBr2F; (b) OF2; (c) PH3; (d) CO2;

(e) NF3; (f ) ½PCl4�þ; (g) AsF3; (h) BF3;

(i) AlCl3.

7.2 In which of the molecular species in problem 7.1

does the central atom possess a sextet of valence

electrons?

7.3 What is the origin of the ‘octet rule’?

7.4 For each of the following, draw Lewis structures

that are consistent with the central atom in each

molecule obeying the octet rule: (a) H2O; (b) NH3;

(c) AsF3; (d) SF4.

7.5 N2O4 is a planar molecule. Explain why 7.5 is not a

reasonable resonance structure. Suggest what

resonance structures do contribute to the bonding in

N2O4. Does this approach indicate why N2O4

readily decomposes to give NO2?

(7.5)

7.6 How many single bonds may each of the (a) N�,
(b) B� and (c) C� centres form while obeying the

octet rule?

7.7 Place charges on the atomic centres in each of the

following resonance structures such that each centre

obeys the octet rule.

(a) For ½N3��:
N N N

(b) For ½NCS��:
N C S

(c) For ½NO2�þ:
O N O

(d) For ½NO2��:
O N O O N O

Comment on the shapes of these species.

7.8 The azide ion, ½N3��, is linear with equal N�N bond

lengths. Give a description of the bonding in ½N3��
in terms of valence bond theory.

7.9 Outline how the combination of carbon 2s

and 2p atomic orbitals leads to hybrid orbitals

that can be used to describe the carbon centres in
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(a) CCl4, (b) H2CO (7.6), (c) 7.7 and (d) C2H2

(7.8).

(7.6) (7.7) (7.8)

7.10 Write down the hybridization of the central atom

in each of the following species: (a) SiF4; (b) NH3;

(c) ½NH4�þ; (d) BH3; (e) ½CoF6�3�; (f) AsF3;

(g) H2S.

7.11 What hybridization scheme would you assign to

the carbon atoms in each of the following

molecules? (a) CO2; (b) C2H6; (c) CH2Cl2;

(d) CH3CH2OH; (e) CH3CH¼CHCH2CH3;

(f ) COCl2; (g) ½CO3�2�.
7.12 Explain why double bond character in a

carbon-containing compound may be described in

terms of an sp2 hybridization scheme but is

incompatible with sp3 hybridization.

7.13 Consider the molecule CO2. (a) Use VSEPR theory

to rationalize its shape. (b) Draw resonance

structures for CO2 and indicate which structure will

make the major contribution to the bonding.

(c) Describe the bonding in terms of a hybridization

scheme, including full descriptions of the formation

of �- and �-bonds.

7.14 Repeat problem 7.13 for HCN.

7.15 Repeat problem 7.13 for H2CO (7.6).

7.16 Give appropriate hybridization schemes for the P

atom in each of the following species: (a) ½PF4�þ;
(b) PF3; (c) POCl3; (d ) PMe3. (e ) For ½PF6��, draw
Lewis structures that are consistent with P obeying

the octet rule, and with the P�F bonds being

equivalent.

7.17 What is the ‘ligand group orbital approach’ and why

is it used in MO treatments of polyatomic

molecules?

7.18 ½BH4�� is isoelectronic with CH4. By using a ligand

group orbital approach, construct an MO diagram

to show the interactions between B� and four H

atoms for form ½BH4��.

ADDITIONAL PROBLEMS

7.19 In Box 7.1, we showed how to solve equations

for the normalized wavefunctions for a set of sp2

hybrid orbitals. Follow the same method to

derive equations for the normalized

wavefunctions to describe (a)  sp and (b)  sp3 hybrid

orbitals.

7.20 Comment on each of the following observations:

(a) XeF6 has a distorted octahedral structure.

(b) ½N3�� is linear with equal N�N bond lengths;

[N5]
þ is bent at the central N atom.

(c) NOF3 is well established; it has N�O and

N�F bond lengths of 116 and 146 pm

respectively.

(d) BH3 can accept a pair of electrons to form

compounds such as H3BNMe3 in which the

B atom is tetrahedral.

7.21 Figure 7.21 shows four of the eight occupied

molecular orbitals of the CO2 molecule. The

O�C�O axis runs left to right through each MO

and lies in the plane of the paper. (a) Say what

you can about the character of each of the orbitals.

(b) How do the orbitals in Figures 7.21c and 7.21d

compare with the valence bond treatment of

�-bonds described in Figure 7.17? Account for

differences between the diagrams in the two

figures.

Fig. 7.21 Four of the eight filled molecular orbitals of CO2, generated computationally using Spartan ’04,#Wavefunction Inc.
2003. The two orbitals labelled (c) and (d) are degenerate.
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CHEMISTRY IN DAILY USE

7.22 Figure 7.22 illustrates the structures of three drugs

used as local or general anaesthetics. The structures

do not give information about bond order. (a) By

studying the environments about each atom,

determine the hybridization at each carbon,

nitrogen and oxygen centre. (b) Which compounds

contain carbon-oxygen double bonds? (c) Do

any of the compounds contain carbon-nitrogen

�-character? Explain how you have reached your

answer. (You can view and rotate 3-dimensional

structures by going to the website

www.pearsoned.co.uk/housecroft and following

the links to the rotatable structures for Chapter 7

of the book.)

Fig. 7.22 The structures of the anaesthetic drugs (a) enflurane, (b) propofol and (c) tetracaine. Colour code:
C, grey; F, small green; Cl, large green; O, red; N, blue; H, white.
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8
Ions

8.1 Introduction

In the previous four chapters, we discussed covalent bonding. The electron

density in a homonuclear bond is concentrated between the two atoms in

the bond, but in a heteronuclear covalent bond, the electron density may

be displaced towards one of the atoms according to the relative electro-

negativities of the atoms.

A review of the HF molecule

Within the valence bondmodel, resonance structures represent different bond-

ing descriptions of a molecule. In a molecule such as HF, the difference

between the electronegativities of hydrogen (�P ¼ 2:2) and fluorine

(�P ¼ 4:0) means that the resonance structure describing an ionic form

contributes significantly to the overall bonding model. When we used

molecular orbital theory to describe the bonding in the HF molecule, the

differences in energy between the H and F atomic orbitals meant that the

�-bonding MO possessed considerably more F than H character. The

electron density in the H�F bond is displaced towards the F atom and the

bond is polar. In both of these bonding models, the F atom in HF carries a par-

tial negative charge (��) and the H atom bears a partial positive charge (�þ).

Approaching the bonding in sodium fluoride by VB
and MO theories

In the gas phase, sodium fluoride contains NaFmolecules (or more correctly,

NaF formula units), although in aqueous solution, the liquid or solid state,

Naþ and F� ions are present.

Topics

Ions

Electron density maps

Ionization energy

Electron affinity

Electrostatic interactions

Ionic lattices

Unit cells

Structure-types

Lattice energy

Born-Haber cycle

Determining the

Avogadro constant

Resonance structures for
HF: see Section 5.3

MO approach to HF: see
Section 5.5

"
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The difference between the electronegativities of Na (�P ¼ 0:9) and F

(�P ¼ 4:0) is larger than the difference between H and F. When we write

out resonance structures for sodium fluoride, the ionic form (NaþF�) pre-
dominates.

AnMOdiagram for the formation of anNaFmolecule is shown in Figure 8.1.

The 3s valence atomic orbital of the Na atom lies at higher energy than the

valence 2s and 2p atomic orbitals of F. The energy matching of these orbitals

is poor, and the bonding MO contains far more F than Na character. We are

tending towards a situation in which this MO has so little Na character that it

is almost non-bonding.§ There are eight valence electrons (one from the Na

atom and seven from the F atom) and these occupy the orbitals in NaF

according to the aufbau principle. The important consequence of this is

that three of the filled MOs in NaF possess only fluorine character and one

filled MO possesses virtually all fluorine character. It follows that the electron

density between the sodium and fluorine nuclei is displaced so far in one

direction that we are tending towards the point at which one electron has

been transferred from the sodium atom to the fluorine atom. If the

transfer is complete, the result is the formation of a fluoride ion (F�) and a

sodium ion (Naþ).

Ions

In Section 1.11, we reviewed ion formation. An F atom (with a ground

state electronic configuration [He]2s22p5) may accept one electron to form

Orbital energy matching:
see Sections 4.12 and 5.4

"

§ We are using ‘non-bonding’ in the sense usually adopted in discussions of MO diagrams;
specifically, there is little sharing of electrons between the nuclei. The charge separation results
in ‘ionic bonding’.

Fig. 8.1 An MO diagram for the
formation of a gas phase NaF
molecule. Only the valence
atomic orbitals and electrons are
shown. The break in the vertical
(energy) axis signifies that the
energy of the fluorine 2s atomic
orbital is much lower than is
actually shown. The �-bonding
MO contains mainly fluorine
character.
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a fluoride anion (F�) with the noble gas configuration [He]2s22p6 (or [Ne]).

The loss of one electron from a neutral Na atom (ground state electronic con-

figuration [Ne]3s1) generates a positively charged cation (Naþ) with the noble

gas configuration of [Ne].

In the same way that van der Waals forces or dipole–dipole interactions

arise between atoms or molecules that possess dipole moments (transient

or permanent), so there are strong electrostatic interactions between spheri-

cally symmetrical ions of opposite charge. In sodium fluoride, there are

attractive interactions between the Naþ cations and all the nearby F� ions.

Similarly, there are electrostatic (attractive) interactions between the F�

anions and all nearby Naþ cations. An electrostatic interaction depends

upon distance and not upon direction. Ultimately this leads to the assembly

of an ionic lattice.

This chapter is concerned with ions and the enthalpy changes that accom-

pany the processes of cation and anion formation. What forces operate

between oppositely charged ions? How much energy is associated with

these interactions? How are ions arranged in the solid state?

Ionic bonding is a limiting model, just as a covalent model is. However, just

as valence bond theory can be improved by including ionic resonance struc-

tures, we see later in this chapter that the ionic model can be adjusted to take

account of some covalent character. In fact, very few systems can be consid-

ered to be purely ionic or purely covalent. The bonding in many species is

more appropriately described as lying somewhere between these two limits.

8.2 Electron density maps

The distinction between a fully covalent bond X�Y and an ionic interaction

XþY� is made by considering the regions of electron density around the

nuclei X and Y. We are already familiar with the idea that a covalent

bond is synonymous with the presence of ‘shared’ electron density. The dis-

tribution of the electron density between the atomic centres in a molecule can

be investigated by means of appropriate calculations using forms of the

Schrödinger equation. Such results can be represented in the form of a

contour map. An electron density map is composed of contour lines which

connect points of equal electron density. Contours drawn close to the nucleus

relate mainly to core electron density.

Figure 8.2 shows three electron density maps. Each is drawn as a section

through a formula unit and indicates the electron density distribution in

that plane. Figure 8.2a shows an electron density map for the homonuclear

diatomic molecule Li2. The map has a symmetrical appearance, with the

electron density at one Li centre mirrored at the other. There is a region of

electron density located symmetrically between the two atomic nuclei

and this represents the bonding electron density; the Li�Li bond is mainly

covalent in character.

An electron density map for HF is shown in Figure 8.2b. The electron

density contours in this diagram are typical of those in a polar covalent

bond. The map is asymmetrical and the region of electron density is ovate

(i.e. ‘egg-shaped’). More electron density is associated with the fluorine

centre than the hydrogen centre. There is, however, still a region of electron

density between the nuclei, and this corresponds to the electron density in the

covalent bond.

An anion is a negatively

charged ion and a cation is a

positively charged ion.

A lattice is an infinite and

regular 3-dimensional array

of atoms or ions in a

crystalline solid.

Schrödinger equation:
see Section 3.7

"
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Figure 8.2c illustrates the electron density distribution in an LiF molecule.

Now we can best describe the electron density as being concentrated in two

circular regions (that is, spherical in three dimensions). Each region is centred

around one of the two nuclei. The peripheral contour lines join points of only

low electron density. The bonding in LiF may be described as tending towards

being ionic.

The electron density map in Figure 8.2c illustrates the same situation that

we discussed for sodium fluoride in Section 8.1. As the covalent interaction

between two atoms diminishes, the tendency is towards the formation of

two spherical ions. In the extreme case, the electron density map will

appear as shown in Figure 8.3. To a first approximation, we can assume

that an ion is spherical, but later in this chapter we discuss to what extent

this description is valid.

8.3 Ionization energy

In Section 5.10 we mentioned ionization energies in the context of the

Mulliken electronegativity scale, and we defined the first ionization energy

(IE1) of an atom as the internal energy change at 0K (�U(0K)) associated

with the removal of the first valence electron (equation 8.1). The energy

change is defined for a gas phase process. The units are kJmol�1 or electron
volts (eV).

XðgÞ ��"XþðgÞ þ e� ð8:1Þ

The first ionization energy (IE1) of a gaseous atom is the internal energy

change at 0K (�U(0K)) associated with the removal of the first valence

electron:

XðgÞ ��"XþðgÞ þ e�

For thermochemical cycles, an associated change in enthalpy is used:

�Hð298KÞ � �Uð0KÞ

Fig. 8.3 An idealized electron
density map showing sections
through a pair of spherical ions.

1 eV¼ 96:485� 96:5 kJ mol�1

"

Fig. 8.2 Electron density maps for (a) Li2, (b) HF and (c) LiF. In Li2, the distribution of electron density is symmetrical and a
region of electron density is situated between the two lithium nuclei. This corresponds to a region of Li�Li bonding electron
density. Hydrogen fluoride is a polar molecule, and the electron density is displaced towards the fluorine centre, shown on
the left-hand side of the figure. A region of bonding electron density between the H and F nuclei is apparent. In LiF, the circular
electron density contours correspond to sections through two spherical regions of electron density. The tendency is towards the
formation of spherical Liþ and F� ions. [From A.C. Wahl (1966) Science, vol. 151, p. 961. Reprinted with permission from
AAAS (Figure 8.2a); Reprinted with permission fromR.F.W. Bader et al. (1967) J. Chem. Phys., vol. 47, p. 3381,# 1967 American
Institute of Physics (Figure 8.2b); R.F.W. Bader et al. (1968) J. Chem. Phys., vol. 49, p. 1653, # 1968 American Institute of
Physics (Figure 8.2c).]
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We often need to incorporate the values of ionization energies into Hess

cycles and it is then convenient to use a change in enthalpy ð�H(298K))

rather than an internal energy change (�U(0K)). We have already come

across this problem in Section 4.5. There are two approximations to

consider:

� �UðT KÞ � �HðT KÞ
� �Uð0 KÞ � �Hð298 KÞ

In Chapter 17, we shall see that, at a given temperature, �U and �H are

related by the equation:

�U ¼ �H�P�V

In general, the P�V term is very much smaller than the �U and �H terms,

and hence, to a first approximation, the P�V term can be ignored. Thus,

�UðT KÞ � �HðT KÞ. However, what happens when we are considering

two different temperatures, i.e. 0 K and 298 K? If X, Xþ and e� are all con-

sidered to be ideal monatomic gases, then the molar heat capacity at constant

pressure, CP (see Section 17.4), of each is 5=2R. The difference between

�Hð0KÞ and �Hð298KÞ is given as follows, where R is the molar gas con-

stant (8.314 � 10�3 kJ K�1mol�1) and �T is the difference between the two

temperatures (0 K and 298 K):

�Hð298KÞ ��Hð0KÞ ¼ 5

2
R��T

�Hð298KÞ ¼ �Hð0KÞ þ ð5
2
R��TÞ

¼ f�Hð0KÞkJmol�1g þ
n 5

2
� ð8:314� 10�3 kJ K�1mol�1Þ � ð298 KÞ

o
¼ f�Hð0KÞ þ 6:2g kJ mol�1

Typically, an enthalpy change associated with the removal of valence electrons

is of the order of 103 kJ mol�1, and so the addition of about 6 kJ mol�1 to the

enthalpy value makes little difference. Therefore, the approximation

�Hð298KÞ � �Hð0KÞ is valid. By combining this with the approximation,

�UðT KÞ � �HðT KÞ, we can write:

�Uð0KÞ � �Hð298 KÞ

For most purposes, therefore, we can use tabulated values of ionization ener-

gies (i.e. �Uð0KÞ) when we need enthalpies of ionization at 298K:

IE ¼ �Uð0KÞ � �IEHð298KÞ

The second ionization energy (IE2) of an atom refers to the process defined

in equation 8.2 – it is also the first ionization step of cation Xþ. Successive
ionizations can also occur. The third ionization energy (IE3) of atom X

refers to the loss of the third electron (equation 8.3), and so on. We are

generally concerned only with the removal of electrons from the valence

shell of an atom. Removing core electrons requires considerably more

energy. For example, with an atom in group 2 of the periodic table, the first

and second ionization energies refer to the removal of the two valence

electrons, while higher values of IE refer to the removal of core electrons.

XþðgÞ ��"X2þðgÞ þ e� ð8:2Þ
X2þðgÞ ��"X3þðgÞ þ e� ð8:3Þ

Values of some ionization energies for the elements are listed in Appendix 8.

Hess cycle: see Section 2.7

We discuss the differences
between �U and �H more

fully in Chapter 17

The variation of �H with
temperature is given by

Kirchhoff’s equation:
see Section 17.5

"

"

"
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8.4 Trends in ionization energies

First ionization energies across the first period

The first period runs from lithium (group 1) to neon (group 18). The ground

state electronic configurations of the two s-block elements in the period

(lithium and beryllium) are [He]2s1 and [He]2s2 respectively, and of the six

p-block elements (boron to neon) are [He]2s22p1, [He]2s22p2, [He]2s22p3,

[He]2s22p4, [He]2s22p5 and [He]2s22p6 respectively.

Figure 8.4 shows the trend in the first ionization energies (IE1) as the

period is crossed; the value of IE1 for helium (the noble gas which precedes

lithium in the periodic table) is also included in the figure. Three features in

the graph can be seen:

. there is a sharp decrease in the value of IE1 in going from He to Li;

. there is a general increase in the values of IE1 in crossing the period;

. two apparent discontinuities (between Be and B, and between N and O) in

the general increase from Li to Ne occur.

These observations can be rationalized in terms of the arrangement of the

valence electrons.

Helium to lithium The first ionization energy for He refers to the process in

equation 8.4. An electron is removed from a filled 1s shell, but as we have

already seen there is some special stability associated with the 1s2 con-

figuration. Removing an electron from the filled 1s orbital requires a

relatively large amount of energy.

HeðgÞ
1s2

��"HeþðgÞ
1s1

þ e� ð8:4Þ

The ground state electronic configuration of Li is [He]2s1 and the first ioniza-

tion energy is the energy required to remove the 2s electron. This is the only

electron in the valence shell and removing it is a relatively easy process.

More about ionization
energies in Section 20.4

Stability of 1s2

configuration:
see Section 4.4

"

"

Fig. 8.4 The trend in first
ionization potentials on going
from helium (Z ¼ 2) to neon
(Z ¼ 10). The elements from
lithium to neon make up the
first period.

Trends in ionization energies 283



 
Lithium to neon In going from Li to Ne, two significant changes occur:

firstly, the valence shell is filled with electrons in a stepwise manner and

secondly the effective nuclear charge increases and the atomic orbitals

contract. It follows that it becomes increasingly difficult (more energy is

needed) to remove an electron from the valence shell on going from an

atom with the [He]2s1 ground state configuration (Li) to one with the

[He]2s22p6 configuration (Ne).

Beryllium to boron In Section 3.15, we noted that the nuclear charge experi-

enced by an electron in the 2p orbital is less than that experienced by an

electron in the 2s orbital in the same atom. This is because electrons in the 2s

atomic orbital shield electrons in the 2p orbital. In going from Be to B, the

ground state electronic configuration changes from [He]2s2 to [He]2s22p1.

But we must be careful. The number of protons also increases by one. The

real increase in the nuclear charge does not, however, outweigh the effect of

shielding, and it is easier to remove the 2p electron from the B atom than

one of the 2s electrons from the Be atom.

Nitrogen to oxygen The trend of increasing ionization energies across a row

in the p-block is interrupted between N and O. The slight fall in values

between these two elements is associated with the fact that N possesses the

ground state electronic configuration [He]2s22p3 (Figure 8.5). The 2p level

is half full and this imparts a degree of stability to the N atom.§ Thus, it is

slightly harder to remove an electron from the valence shell of the N atom

than might otherwise be expected.

First ionization energies across the second period

Figure 8.6 shows the trend in first ionization energies on going from neon to

argon. The dramatic fall from Ne to Na corresponds to the difference

between removing an electron from the full octet in Ne, and removing an

electron from a singly occupied 3s atomic orbital in Na.

Orbital contraction:
see Section 4.21

"

Fig. 8.5 The ground state
electronic configuration of
nitrogen. Note that the 2p level
is half-full.

§ The origin of this stability is complex and originates in exchange energies. We merely note
that there is a particular stability associated with half-filled configurations such as p3 and d5.
For further details, see: A. B. Blake (1981) Journal of Chemical Education, vol. 58, p. 393;
D. M. P. Mingos (1998) Essential Trends in Inorganic Chemistry, Oxford University Press,
Oxford, p. 14.
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FromNa to Ar, the second period is crossed. The same pattern of values in

ionization energies is observed in Figure 8.6 as in Figure 8.4 and, not surpris-

ingly, the same arguments explain the trends for the second period as the

first, except that now we are dealing with the 3s and 3p atomic orbitals.

First ionization energies across the third period

The third period includes elements from the d-block as well as from the s- and

p-blocks. The first ionization energies for the elements from Ar (the last ele-

ment in the second period) to Kr (the last element in the third period) are

plotted in Figure 8.7. Compare this figure with Figures 8.4 and 8.6: the

same pattern in values of IE1 is observed on crossing the first, second and

third rows of the s- and p-blocks.

The elements from scandium (Sc) to zinc (Zn) possess ground state

electronic configurations [Ar]4s23d1 to [Ar]4s23d10 respectively. In these

elements, the similarity in first ionization energies is associated with the

closeness in energy of the 4s and 3d atomic orbitals. The rise on going from

Fig. 8.7 The trend in first ionization potentials on going from Ar (Z ¼ 18) to Kr (Z ¼ 36). The elements from K to Kr make up
the third period. The elements in groups 1 and 2 are in the s-block, elements from groups 3 to 12 inclusive are in the d-block, and
elements in groups 13 to 18 inclusive are in the p-block.

Fig. 8.6 The trend in first
ionization potentials on going
from neon (Z ¼ 10) to argon
(Z ¼ 18). The elements from
sodium to argon make up the
second period.
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Cu to Zn can be attributed to the particular stability of the Zn atom, the

ground state electronic configuration of which is [Ar]4s23d10 with the 4s and

3d levels fully occupied. We return to d-block metal ions in Chapter 23.

First ionization energies down a group

If we lookmore closely at the graphs in Figures 8.4, 8.6 and 8.7, we observe that,

although the trends for the first ionization energies of the s- and p-block elements

are similar, the plots are displaced to lower energies on going from Figure 8.4 to

8.6, and fromFigure 8.6 to 8.7. This new trend corresponds to a general decrease

in the values of the first ionization energy as a group is descended.

Consider the elements in group 1. Values of IE1 for lithium, sodium,

potassium, rubidium and caesium are plotted in the left-hand graph in

Figure 8.8. A decrease in values is observed. The first ionization of Li involves

the removal of an electron from the 2s orbital; for Na, a 3s electron is lost,

while for K, Rb or Cs, a 4s, 5s or 6s electron is removed, respectively. The

decrease in IEs reflects an increase in the distance between the nucleus and

the valence electron with an increase in the principal quantum number.

We use the same arguments to explain the trends observed in the values of

IE1 for the elements in groups 2, 15 and 17 (Figure 8.8).

Successive ionization energies for an atom

So far, we have been concerned with the formation of singly charged cations

(equation 8.1). For an alkali metal with a valence ground state configuration

of ns1, the loss of more than one electron requires a considerable amount of

energy. The first and second ionizations of Na involve the processes shown in

equations 8.5 and 8.6.

First ionization: NaðgÞ ��"NaþðgÞ þ e� ð8:5Þ
Second ionization: NaþðgÞ ��"Na2þðgÞ þ e� ð8:6Þ

The value of IE1 for Na is 496 kJmol�1 but IE2 is 4563kJmol�1. This almost

10-fold increase is due to the fact that the second electron must be removed:

1. from a positively charged ion, and

2. from the fully occupied 2p level.

Fig. 8.8 First ionization
potentials decrease as a group in
the s- or p-block is descended.
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Discussions above about neon cover point (2) – Ne and Naþ are isoelec-

tronic. Point (1) addresses the fact that the outer electrons in the Naþ ion

experience a greater effective nuclear charge than the outer electron in the

neutral Na atom.

The first five ionization energies for Na are plotted in Figure 8.9. Sharp

increases are seen as successive core electrons are removed.

Consider the successive ionizations of magnesium which has a ground

state electronic configuration of [Ne]3s2. The first five ionization energies

are plotted in Figure 8.9; the first three values refer to the processes given

in equations 8.7–8.9.

First ionization: MgðgÞ ��"MgþðgÞ þ e� ð8:7Þ

Second ionization: MgþðgÞ ��"Mg2þðgÞ þ e� ð8:8Þ

Third ionization: Mg2þðgÞ ��"Mg3þðgÞ þ e� ð8:9Þ

The plot of successive ionization energies for Mg in Figure 8.9 shows an

initial increase which is followed by a much sharper rise. The discontinuity

occurs after the second electron has been removed (equation 8.9). Whereas

the first two electrons are removed from the valence 3s shell, successive

ionizations involve the removal of core electrons.

Similarly, a plot (see Figure 8.9) of the first five ionization energies for Al

(ground state electronic configuration [Ne]3s23p1) shows a gradual increase

in energy corresponding to the loss of the three valence electrons, followed

by a much sharper rise as we begin to remove core electrons.

In both Mg and Al, it is harder to remove the second valence electron than

the first, because the second electron is being removed from a positively

charged ion. Similarly, the energy required to remove the third valence

electron from Al involves a contribution that reflects the work done in

overcoming the attraction between the effective nuclear charge in the Al2þ

ion and the electron to be removed (equation 8.10).

Al2þðgÞ ��"Al3þðgÞ þ e� ð8:10Þ

Although it is tempting to rationalize the observed oxidation states of Na,

Mg and Al (and of other elements) in terms of only the successive ionization

energies, this is actually dangerous. As an exercise, you should calculate

Fig. 8.9 A plot of the first five
ionization potentials for sodium
(ground state configuration
[Ne]3s1), magnesium (ground
state configuration [Ne]3s2) and
aluminium (ground state
configuration [Ne]3s23p1).
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(using IE values from Appendix 8) the sums of the first two IEs for Na (the

total energy needed to form the Na2þ ion from a gaseous Na atom) and the

first three IEs for Al (the total energy needed to form the Al3þ ion from a gas-

eous Al atom). Is it still obvious why, in compounds of these elements, the

Al3þ ion may be present but the Na2þ ion is not? And why, for example,

are Al2þ compounds very rare when the expenditure of energy to form this

ion is less than that involved in forming Al3þ? The answer is that ionization
energy is not the only factor governing the stability of a particular oxidation

state. This reasoning will become clearer later in the chapter.

8.5 Electron affinity

Definition and sign convention

It is unfortunate (and certainly confusing) that the sign convention used for

electron affinity values is the opposite of the normal convention used in

thermodynamics. The first electron affinity (EA1) is minus the internal

energy change (EA ¼ ��U(0K)) which accompanies the gain of one

electron by a gaseous atom (equation 8.11). The second electron affinity of

atom Y refers to reaction 8.12.

YðgÞ þ e� ��"Y�ðgÞ ð8:11Þ

Y�ðgÞ þ e� ��"Y2�ðgÞ ð8:12Þ

In a thermochemical cycle, it is the enthalpy change (�H(298K)) associated

with a process such as reaction 8.11 or 8.12 that is appropriate, rather than

the change in internal energy (�U(0K)). A correction can be made, but the

difference between corresponding values of �H(298K) and �U(0K) is

small. Thus, values of electron affinities are usually used directly in thermo-

chemical cycles, remembering of course to ensure that the sign is appropriate:

a negative enthalpy (�H), but a positive electron affinity (EA), corresponds

to an exothermic process.§

Values of the enthalpy changes (�EA) associated with the attachment of

an electron to an atom or negative ion are listed in Appendix 9. The units

are kJmol�1 or electron volts (eV).

The first electron affinity (EA1) of an atom is minus the internal energy change

at 0K (��U(0K)) which is associated with the gain of one electron by a

gaseous atom:

YðgÞ þ e� ��"Y�ðgÞ

In thermochemical cycles, an associated enthalpy is used:

�Hð298KÞ � �Uð0KÞ ¼ �EA

See the discussion at the end
of Section 8.3

1 eV¼ 96:485� 96.5 kJ mol�1

"

"

§ Some tables of data list enthalpy values and others, electron affinities. Particular attentionmust
be paid to such data before the numbers are used in calculations.

288 CHAPTER 8 . Ions



 

Worked example 8.1 Enthalpy of formation of an anion

The bond dissociation enthalpy (at 298K) of Cl2 is 242 kJmol
�1

and the first

electron affinity (EA) of chlorine is 3.62 eV. Determine the standard enthalpy

of formation (at 298K) of the gas phase chloride ion. (1 eV ¼ 96:5 kJmol
�1
)

First, ensure that the standard sign convention is used, and that the units

are consistent. The data given refer to the following processes.

Bond dissociation:

Cl2ðgÞ ��" 2ClðgÞ D ¼ 242 kJmol�1

This is an enthalpy value, with a conventional use of sign. Breaking the

Cl�Cl bond is an endothermic process.

Gaining an electron:

ClðgÞ þ e� ��"Cl�ðgÞ

EA ¼ 3:62 eV ¼ ð3:62� 96:5ÞkJmol�1 ¼ 349 kJmol�1

Firstly, the sign convention for EA is the reverse of the convention used in

thermodynamics. When a chlorine atom gains one electron, the process is

exothermic.

Secondly, EA is not an enthalpy term, but is an internal energy,

specifically:

�EA ¼ �Uð0KÞ � �Hð298KÞ

�Hð298KÞ � �EA � �349 kJmol�1

The aim of the question is to find the standard enthalpy of formation (�fH
o

at 298K) of the chloride ion. This is the enthalpy change for the process:

1
2
Cl2ðgÞ

Standard state

þ e� ��"Cl�ðgÞ

Set up a Hess cycle:

�H1 ¼ �aH
oðClÞ ¼ standard enthalpy of atomization of Cl

¼ 1
2
DðCl2; gÞ ¼ 121 kJmol�1

�H2 � �EA ¼ �349 kJmol�1

�fH
oðCl�; gÞ ¼ �H1 þ�H2

¼ 121� 349

¼ �228 kJmol�1

The enthalpy changes accompanying the attachment of the first
and second electrons

Values of the enthalpy changes which accompany the attachment of one

electron to a range of s- and p-block atoms are listed in Table 8.1. With
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one exception, the values are negative indicating that the reactions are

exothermic; for nitrogen, the enthalpy change is approximately zero.

Enthalpy changes for the attachment of an electron to gaseous O� and S�

are also given: both are endothermic reactions.

When an electron is added to an atom, there is repulsion between the

incoming electron and the valence shell electrons, but there will also be an

attraction between the nucleus and the extra electron. In general, the overall

enthalpy change for the process shown in equation 8.11 is negative.

When an electron is added to an anion, the repulsive forces are significant

and energy must be provided to overcome this repulsion. As a result, the

enthalpy change is positive.

Now consider the formation of a gaseous oxide ion O2� from an atom of

oxygen (equation 8.13). The enthalpy change for the overall process is the sum

of the values of �H for the two individual electron attachments (equation 8.14).

OðgÞ þ 2e� ��"O2�ðgÞ ð8:13Þ
�H½OðgÞ ��" O2�ðgÞ� ¼ �H½OðgÞ ��" O�ðgÞ� þ�H½O�ðgÞ ��" O2�ðgÞ�

¼ �141þ 798

¼ þ657 kJmol�1 ð8:14Þ

The formation of the O2� ion from an oxygen atom in the gas phase is an

endothermic process and may appear unfavourable. In Sections 8.6 and

8.16 we examine the formation of an ionic salt, and this illustrates how

Table 8.1 Approximate enthalpy changes (�EAH(298K)) associated with the gain of
one electron to a gaseous atom or anion.

Process ��H / kJmol
�1

HðgÞ þ e� ��"H�ðgÞ �73

LiðgÞ þ e� ��" Li�ðgÞ �60

NaðgÞ þ e� ��"Na�ðgÞ �53

KðgÞ þ e� ��"K�ðgÞ �48

NðgÞ þ e� ��"N�ðgÞ �0

PðgÞ þ e� ��" P�ðgÞ �72

OðgÞ þ e� ��"O�ðgÞ �141

O�ðgÞ þ e� ��"O2�ðgÞ þ798

SðgÞ þ e� ��" S�ðgÞ �201

S�ðgÞ þ e� ��" S2�ðgÞ þ640

FðgÞ þ e� ��" F�ðgÞ �328

ClðgÞ þ e� ��"Cl�ðgÞ �349

BrðgÞ þ e� ��" Br�ðgÞ �325

IðgÞ þ e� ��" I�ðgÞ �295

290 CHAPTER 8 . Ions



 

endothermic changes are offset by exothermic ones in order to make salt

formation thermodynamically favourable.

8.6 Electrostatic interactions between ions

Consider the formation of a gas phase ion-pair, XþY�. It is important to

remember that in any isolable chemical compound, a cation cannot occur

without an anion.§ In a simple process, an electron lost in the formation of

a singly charged cation, Xþ, is transferred to another atom to form an

anion, Y�. The overall reaction is given in equation 8.15.

XðgÞ ��"XþðgÞ þ e�

YðgÞ þ e� ��"Y�ðgÞ

XðgÞ þYðgÞ ��"XþðgÞ þY�ðgÞ

9>>>=
>>>;

ð8:15Þ

Electrostatic (Coulombic) attraction

A spherical ion can be treated as a point charge. Electrostatic (or Coulombic)

interactions operate between point charges. Oppositely charged ions attract

one another, while ions with like charges repel each other. Although isolated

pairs of ions are not usually encountered, we initially consider the attraction

between a pair of Naþ and Cl� ions for the sake of simplicity. Equation 8.16

shows the formation of an Naþ ion and a Cl� ion, and the subsequent

formation of an isolated ion-pair in the gas phase.

NaðgÞ ��"NaþðgÞ þ e�

ClðgÞ þ e� ��"Cl�ðgÞ

NaðgÞ þ ClðgÞ ��"NaþðgÞ þ Cl�ðgÞ

9>>>=
>>>;

ð8:16Þ

The change in internal energy, �U(0K), associated with the electrostatic

attraction between the two isolated ions Naþ and Cl� is given by equation

8.17, and the units of �U(0K) from this equation are joules.

For an isolated ion-pair: �Uð0KÞ ¼ �
�
jzþj � jz�j � e2

4� �� "0 � r

�
ð8:17Þ

where:y

jzþj ¼ modulus of the positive charge (for Naþ, jzþj ¼ 1; for Ca2þ, jzþj ¼ 2)

jz�j ¼ modulus of the negative charge (for Cl�, jz�j ¼ 1; for O2�, jz�j ¼ 2)

e ¼ charge on the electron ¼ 1:602� 10�19 C

"0 ¼ permittivity of a vacuum ¼ 8:854� 10�12 Fm�1

r ¼ internuclear distance between the ions (units ¼ m)

If we have a mole of sodium chloride in which each Naþ ion interacts with only

oneCl� ion, and each Cl� ion interacts with only oneNaþ ion, equation 8.17 is

The term ion-pair refers to a

single pair of oppositely

charged ions; in sodium

chloride, NaþCl� is an

ion-pair.

A spherical ion can be

treated as a point charge.

Electrostatic (Coulombic)

interactions operate between

ions. Oppositely charged

ions attract one another

and ions of like charge repel

each other.

§ In one or two remarkable cases, the anion is not a chemical species, but an electron. An
example is a solution of sodium in liquid ammonia – see Section 21.11.

y Themodulus of a real number is its positive value; although the charges zþ and z� have positive
and negative values respectively, jzþj and jz�j are both positive.

Electrostatic interactions between ions 291



 

corrected by multiplying by the Avogadro constant (L ¼ 6:022� 1023 mol�1)
to give equation 8.18, in which the units of �U(0K) are Jmol�1.

For a mole of ion-pairs: �Uð0KÞ ¼ �
�
L� jzþj � jz�j � e2

4� �� "0 � r

�
ð8:18Þ

Worked example 8.2 Coulombic attractions between ions

Calculate the internal energy change, �U(0K), which is associated with the

attractive forces operating between the cations and anions in a mole of ion-

pairs of sodium chloride in the gas phase. The internuclear distance between

an Na
þ
and Cl

�
ion in each ion-pair is 236 pm.

Data required: L ¼ 6:022� 10
23
mol

�1
, e ¼ 1:602� 10

�19
C and "0 ¼ 8:854�

10
�12

Fm
�1
.

For a mole of ion-pairs: �Uð0KÞ ¼ �
�
L� jzþj � jz�j � e2

4� �� "0 � r

�
Jmol�1

but, remember that in this equation, the distance r is in m:

r ¼ 236 pm ¼ 2:36� 10�10 m

�Uð0KÞ ¼ �
�
ð6:022� 1023 mol�1Þ � 1� 1� ð1:602� 10�19 CÞ2

4� 3:142� ð8:854� 10�12 Fm�1Þ � ð2:36� 10�10 mÞ

�

¼ � ð6:022� 1023 mol�1Þ � 1� 1� ð1:602� 10�19 A sÞ2

4� 3:142� ð8:854� 10�12 A2 s4 kg�1 m�2 m�1Þ
� ð2:36� 10�10 mÞ

2
6664

3
7775

¼ �589 000 kgm2 s�2 mol�1 ¼ �589 000 Jmol�1

¼ �589 kJmol�1

Coulombic repulsion

If ion-pairs are close to each other, then one cation in one ion-pair will repel

cations in other ion-pairs, and anions will repel other anions.

The internal energy associated with Coulombic repulsions can be cal-

culated using a form of equation 8.17 (or equation 8.18 on a molar scale).

However, while the internal energy associated with the attractive forces has

a negative value (stabilizing), that associated with the repulsive forces has a

positive value (destabilizing). If we are dealing only with repulsive inter-

actions, equation 8.19 is appropriate.

For two similarly charged ions: �Uð0KÞ ¼ þ
�
jz1j � jz2j � e2

4� �� "0 � r

�
ð8:19Þ

where jz1j and jz2j are the moduli of the charges on the two ions

The repulsive forces between ions in different ion-pairs become important

only when the ion-pairs are relatively close together, and so for the gas phase

ion-pairs that we have been discussing, we can effectively ignore Coulombic

repulsions. However, in the solid state their contribution is important.

Avogadro constant:
see Section 1.8

See Table 1.2 for derived
units C, F and J

"

"
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8.7 Ionic lattices

Ions in the solid state

In gaseous sodium chloride, each ion-pair consists of one Naþ cation and

one Cl� anion. In a ‘thought-experiment’, we can condense the gas phase

ion-pairs to give solid sodium chloride. The cations and anions will now be

close to each other, and if we consider a purely electrostatic model with

ions as point charges, then each Naþ cation experiences Coulombic attractive

forces from all nearby Cl� anions. Conversely, each Cl� anion is attracted to

all the nearby Naþ cations. At the same time, any chloride ions that are close

to one another will repel one another, and any Naþ ions that approach one

another will be repelled.

The net result of the electrostatic attractions and repulsions is the forma-

tion of an ordered array of ions called an ionic lattice in which the internal

energy associated with the electrostatic forces is minimized. This is achieved

by the systematic arrangement of ions such that, wherever possible, ions of

opposite charge are adjacent.

For many compounds which contain simple ions, the ions are arranged so

as to give one of several general ionic structure types. Each structure type is

described by the name of a compound (e.g. sodium chloride or caesium chloride)

or mineral that possesses that particular structure (e.g. fluorite, rutile, zinc

blende or wurtzite). These are prototype structures. In this chapter we have

chosen some of the more common structure types to illustrate the ways in

which ions can be arranged in the solid state.§ For example, a description

of the sodium chloride structure type not only indicates the way in which

Naþ and Cl� ions are arranged in crystalline NaCl, but it also describes

the way in which Ca2þ and O2� ions are arranged in solid CaO, and the

arrangement of Mg2þ and S2� ions in crystalline MgS.

The unit cell

An ionic lattice may be extended indefinitely in three dimensions, and is

composed of an infinite number of repeating units. Such a building block

is called a unit cell and must be large enough to carry all the information

necessary to construct unambiguously an infinite array (see end-of-chapter

problem 8.10). We illustrate how the concept of a unit cell works by consid-

ering several common structure types in the following sections.

Coordination number

The coordination number of an ion in a solid state, 3-dimensional structure is

the number of closest ions of opposite charge.

In the following sections, we look at the structures of NaCl, CsCl, CaF2,

TiO2 and ZnS. Within the 3-dimensional structures of these compounds,

Ionic lattices can be
described in terms of the

close-packing of spheres: see
Chapter 9

In the solid state, a

compound that is composed

of ions forms an ordered

structure called an ionic

lattice. There are a number

of common structure types

which are adopted by

compounds containing

simple ions.

The smallest repeating unit

in an ionic lattice is a unit

cell.

Usage of the term
‘coordination number’ in

molecules: see Section 6.1

"

"

§ For detailed information about a far wider range of ionic lattices, see: A. F. Wells (1984)
Structural Inorganic Chemistry, 5th edn, Oxford University Press, Oxford.
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ions are found with coordination numbers of 3, 4, 6 and 8. Figure 8.10a

shows the octahedral environment of a 6-coordinate ion (shown in

orange). Remember that the ‘octa’ in octahedron refers to the number of

faces (eight), not the number of vertices (six). In Figure 8.10b, the orange

ion has a coordination number of 4: four ions of opposite charge (the

green ions) are arranged tetrahedrally around the central ion.

The coordination number of an ion in a 3-dimensional structure is the number

of closest ions of opposite charge.

8.8 The sodium chloride (rock salt) structure type

Inorganic compounds adopt a relatively limited number of structure types in

the solid state. The structure may be a distorted variant of a particular

structure type but the structure is still clearly recognizable as being derived

from a certain parent structure. Each structure type is named according

to a compound that adopts that structure and in this section we describe

the sodium chloride structure type. In Sections 8.10–8.13, other common

structure types are introduced.

Figure 8.11a shows a unit cell of the sodium chloride structure. The

structure is cubic, with alternating Naþ (shown in purple) and Cl� ions

(shown in green). The unit cell has a chloride ion at its centre.§ The closest

neighbours are six Naþ cations, making the Cl� ion 6-coordinate and

octahedrally sited (Figure 8.11b).

Now consider an Naþ ion at the centre of a square face in Figure 8.11a. If

we extend the lattice by adding another unit cell to that face (Figure 8.11c),

the coordination sphere around that Naþ is completed. It too is octahedral

(Figure 8.11d), and the coordination number of Naþ is 6.

Selected compounds that possess the same structure type in the solid

state as sodium chloride are listed in Table 8.2. Note that each has a 1 : 1

stoichiometry: the ratio of cations to anions is 1 : 1.
Stoichiometry:

see Section 1.15

"

§ An alternative unit cell could be drawn with a sodium ion at the centre, since all of the sites in
the lattice are equivalent.

Fig. 8.10 (a) A
6-coordinate ion in an

octahedral environment;
(b) a 4-coordinate ion in a
tetrahedral environment.
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Table 8.2 Selected compounds that possess a sodium chloride structure in the solid state
(see Figure 8.11) under room temperature conditions.

Compound Formula Cation Anion

Sodium chloride NaCl Naþ Cl�

Sodium fluoride NaF Naþ F�

Sodium hydride NaH Naþ H�

Lithium chloride LiCl Liþ Cl�

Potassium bromide KBr Kþ Br�

Potassium iodide KI Kþ I�

Silver fluoride AgF Agþ F�

Silver chloride AgCl Agþ Cl�

Magnesium oxide MgO Mg2þ O2�

Calcium oxide CaO Ca2þ O2�

Barium oxide BaO Ba2þ O2�

Iron(II) oxide FeO Fe2þ O2�

Magnesium sulfide MgS Mg2þ S2�

Lead(II) sulfide PbS Pb2þ S2�

Fig. 8.11 (a) A unit cell of
the sodium chloride

structure type; Naþ ions are
shown in purple, Cl� ions are
shown in green. This unit cell is
drawn placing a chloride ion at
the centre; equally, we could
construct a unit cell with a
sodium ion at the centre. (b) The
coordination number of each
chloride ion is 6. (c) Two units
cells of sodium chloride with one
shared face. (d) The coordination
number of each sodium ion is 6.
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8.9 Determining the stoichiometry of a compound from the
solid state structure: NaCl

We stated in Section 8.7 that wemust be able to generate an infinite 3-dimensional

structure from the information provided in the unit cell. It follows that the

stoichiometry of an ionic compound can be determined from its unit cell.

InFigure 8.11a, the number ofNaþ ions drawn in the diagramdoes not equal

the number of Cl� ions. However, since the diagram is of a unit cell, it must

indicate that the ratio of Naþ :Cl� ions in sodium chloride is 1 : 1. Let us

look more closely at the structure. The important feature is that in the NaCl

structure, the unit cell shown in Figure 8.11a is immediately surrounded by

six other unit cells. One of these adjacent cells is shown in Figure 8.11c.

When unit cells are connected, ions that are at points of connection are

shared between more than one cell. We can identify three different types of

sites of connection and these are illustrated for a cubic unit cell in Figure 8.12.

Figure 8.12a shows two unit cells, with an ion sited in the centre of the

shared face. Figure 8.12b shows that for an ion sited in the middle of an

edge of a unit cell, the ion is shared between four cells. Figure 8.12c shows

that an ion at the corner of a unit cell is shared between eight unit cells.

Let us now apply this to the unit cell of NaCl shown in Figure 8.13. Firstly,

we must identify the different types of site. These are:

. the unique central site;

. 6 sites, one at the centre of each face;

. 12 sites, one in the middle of each edge; and

. 8 sites, one at each corner.

Next, we must determine what fraction of each ion actually ‘belongs’ to this

one unit cell – how does the connection of adjacent unit cells affect the ions in

the different sites?

Fig. 8.12 The sharing of ions
between cubic unit cells. (a) An
ion at the centre of a face is
shared between two unit cells.
(b) An ion in the middle of an
edge is shared between four unit
cells. (c) An ion in a corner site is
shared between eight unit cells. In
each diagram, the boundaries of
a unit cell are shown in yellow.
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The unique central site This ion is not shared with any other unit cell. In

Figure 8.13, the central Cl� ion belongs wholly to the unit cell shown.

The sites at the centres of the faces An ion in this site is shared between two

unit cells. In Figure 8.13, there are six such ions (all Naþ cations) and half of

each ion belongs to the unit cell shown.

The edge sites When unit cells are connected together to form an infinite

lattice, each edge site is shared between four unit cells. In Figure 8.13,

there are 12 such ions, all Cl� anions. One-quarter of each ion belongs to

the unit cell shown.

The corner sites When unit cells are placed together in a lattice, each corner

site is shared between eight unit cells. In Figure 8.13, there are eight such Naþ

ions, and one-eighth of each ion belongs to the unit cell shown.

The stoichiometry of sodium chloride is determined by summing the

fractions of ions that belong to a particular unit cell and Table 8.3 shows

how this is done. The total number of Naþ ions belonging to the unit cell

is four and this is also the number of Cl� ions in the unit cell. The ratio of

Naþ : Cl� ions is 4 : 4, or 1 : 1, and it follows that the empirical formula of

sodium chloride is NaCl.

Table 8.3 Determination of the stoichiometry of sodium chloride from a consideration of
the structure of the unit cell.

Site (see Figure 8.13) Number of Na
þ
ions Number of Cl

�
ions

Central 0 1

Centre of face ð6� 1
2
Þ ¼ 3 0

Edge 0 ð12� 1
4
Þ ¼ 3

Corner ð8� 1
8
Þ ¼ 1 0

Total 4 4

Fig. 8.13 In a unit cell of NaCl,
there are four different sites in
which an ion can reside. There is
one unique site at the centre of
the unit cell; this ion (a Cl� ion
shown in green) belongs entirely
to the unit cell. There are six sites
at the centres of faces, 12 sites
situated in the middle of edges
and eight corner sites.
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8.10 The caesium chloride structure type

A unit cell of caesium chloride, CsCl, is shown in Figure 8.14a. The unit cell

of CsCl could equally well be drawn with the Cl� ion (shown in green) at the

centre of a cube of Csþ ions (shown in yellow). In Figure 8.14b, the structure

is extended into parts of adjacent unit cells to illustrate the fact that the

extended structure is made up of interpenetrating cubic units of Csþ ions

(shown in yellow) and Cl� ions (shown in green). Each Csþ ion is sited at

the centre of a cubic arrangement of Cl� ions, and each Cl� ion is sited at

the centre of a cubic arrangement of Csþ ions. Each Csþ ion and each Cl�

ion is therefore 8-coordinate. Figure 8.14b illustrates that a unit cell of

CsCl can be drawn either with a Csþ ion at the centre of a cubic arrangement

of Cl� ions, or with a Cl� ion at the centre of a cubic arrangement of Csþ ions.

We can confirm the stoichiometry of caesium chloride from the arrange-

ment of ions in the unit cell as follows. In Figure 8.14a, the Csþ ion is in

the centre of the unit cell and it belongs in its entirety to this cell. There

are 8 Cl� ions, each in a corner site, so the number of Cl� ions belonging

to a unit cell is ð8� 1
8Þ ¼ 1. The ratio of Csþ : Cl� ions is 1 : 1.

In the solid state, thallium(I) chloride also adopts a CsCl structure type

with Tlþ replacing Csþ.

8.11 The fluorite (calcium fluoride) structure type

The mineral fluorite is calcium fluoride, CaF2, a unit cell of which is shown in

Figure 8.15a. Note that the arrangement of the Ca2þ ions is the same as the

arrangement of the Naþ ions in NaCl (Figure 8.11a). However, the relation-

ship between the positions of the F� and Ca2þ ions in fluorite is different

from that of the Cl� and Naþ ions in NaCl.

Each fluoride ion in CaF2 is in a 4-coordinate, tetrahedral site (Figure 8.15b).

The coordination number of the Ca2þ ions can only be seen if we extend the

structure into the next unit cell, and this is best done by considering one of

the Ca2þ ions at the centre of a face. It is at the centre of a cubic arrangement

of F� ions and is 8-coordinate (Figure 8.15c).

The number of Ca2þ andF� ions per unit cell in fluorite are calculated in equa-
tions 8.20 and 8.21 (see end-of-chapter problem 8.11). The ratio of Ca2þ :F� ions

is 4 :8, or 1 :2, and this confirms a formula for calcium fluoride of CaF2.

Number of Ca2þ ions per unit cell of fluorite ¼ ð6� 1
2
Þ þ ð8� 1

8
Þ

¼ 4 ð8:20Þ
Number of F� ions per unit cell of fluorite ¼ ð8� 1Þ ¼ 8 ð8:21Þ

Fig. 8.14 (a) A unit cell of
the caesium chloride

structure; Csþ ions are shown in
yellow and Cl� ions in green. The
central Csþ ion is 8-coordinate.
The edges of the unit cell are
shown in yellow. (b) An
extension of the unit cell shows
the Cl� ion is also 8-coordinate.
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Some compounds that adopt a fluorite-type structure in the solid state are

listed in Table 8.4.

8.12 The rutile (titanium(IV) oxide) structure type

The three structural types discussed so far possess cubic unit cells. In

contrast, the solid state structure of the mineral rutile (titanium(IV) oxide,

TiO2) has a unit cell which is a rectangular box (Figure 8.16a).

Eight Ti(IV) centres are sited at the corners of the unit cell and one resides

within the unit cell. Each of these is 6-coordinate, in an octahedral environ-

ment (Figure 8.16b). The structure must be extended in several directions in

order to see that the Ti centres in the corner sites of the unit cell are octa-

hedrally coordinated in the infinite structure. Each O2� ion is 3-coordinate

and is trigonal planar (Figure 8.16c).

The stoichiometry of rutile can be confirmed from the solid state

structure. The method of calculating the number of titanium(IV) and oxide

ions in the unit cell is shown in equations 8.22 and 8.23. The ratio of Ti :O

in rutile is 2 : 4, or 1 : 2. This confirms a formula for titanium(IV) oxide of TiO2.

Number of Ti(IV) centres per unit cell of rutile ¼ ð1� 1Þ þ ð8� 1
8
Þ

¼ 2 ð8:22Þ

Number of O2� ions per unit cell of rutile ¼ ð4� 1
2
Þ þ ð2� 1Þ ¼ 4 ð8:23Þ

Commercial applications
of TiO2: see Box 8.1

"

Table 8.4 Selected compounds with a fluorite (CaF2) structure in the solid state (see
Figure 8.15) under room temperature conditions.

Compound Formula Compound Formula

Calcium fluoride CaF2 Lead(II) fluoride (b-form) b-PbF2

Barium fluoride BaF2 Zirconium(IV) oxide ZrO2

Barium chloride BaCl2 Hafnium(IV) oxide HfO2

Mercury(II) fluoride HgF2 Uranium(IV) oxide UO2

Fig. 8.15 (a) A unit cell of
the fluorite (CaF2)

structure; Ca2þ ions are shown in
silver, F� ions in green. The
edges of the unit cell are shown in
yellow. (b) Each F� ion is
4-coordinate and (c) each Ca2þ

ion is 8-coordinate.
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APPLICATIONS

Box 8.1 Titanium(IV) oxide: brighter than white

Needles of crystalline rutile (TiO2) growing in quartz (SiO2)

Titanium(IV) oxide (titanium dioxide) is a white crys-

talline, non-toxic compound that is thermally stable.

Its applications as a white pigment are widespread in

the paints, paper and plastics industries – TiO2 is

responsible for the brightness of ‘brilliant white’

paint. Lead(II) compounds used to be applied as pig-

ments in paints, but the health risks associated with

lead make these compounds far less desirable than pig-

ments based upon TiO2. Titanium dioxide occurs natu-

rally in three forms: anatase, rutile and brookite. In the

manufacture of titanium dioxide for the pigments

industries, crude rutile is treated with Cl2 and carbon

at 1200 K to give TiCl4. After oxidation with O2 at

about 1500 K, TiCl4 is converted back into pure

TiO2. An alternative manufacturing process involves

treating the natural ore ilmenite, FeTiO3, with H2SO4

to give TiOSO4 which is hydrolysed to TiO2. Seed crystals

of rutile have to be added in the last stages of produc-

tion, otherwise the TiO2 crystallizes as anatase. Tita-

nium dioxide has a very high refractive index, but

that of crystalline rutile is higher than that of anatase.

For applications in paints, rutile is dispersed as parti-

cles of approximate diameter 250 nm, because this opti-

mizes the light-scattering properties of the titanium

dioxide. Water-based gloss paints for domestic use con-

tain 21% TiO2 (by weight), while undercoat paints con-

tain 25%. Titanium dioxide is also used as a UV filter in

suncreams and cosmetics.

In addition to its use in paints, the semiconducting

properties of TiO2 make it valuable as a photocatalyst,

for example as a catalyst for the photodegradation of

pollutants (e.g. some pesticides and herbicides) in water.

Titanium dioxide in a warehouse awaiting use in the paints,

plastics, paper, textiles or rubber industries.

Fig. 8.16 (a) A unit cell of
the rutile (TiO2) structure

with the titanium centres shown
in silver and oxide ions in red.
The edges of the unit cell are
shown in yellow. (b) The
coordination number of each
titanium(IV) centre is 6, and
(c) each oxide ion is 3.
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Table 8.5 lists some compounds that adopt the rutile structure type.

8.13 The structures of the polymorphs of zinc(II) sulfide

There are two structural forms (i.e. polymorphs) of zinc(II) sulfide (ZnS) in

the solid state and both are structure types: zinc blende and wurtzite.

The zinc blende structure type

A unit cell of zinc blende is drawn in Figure 8.17a. If we compare this with

Figures 8.11a and 8.15a, we see that the S2� ions in zinc blende are arranged

in the same way as the Naþ ions in NaCl and the Ca2þ ions in CaF2. How-

ever, the arrangement of the Zn2þ ions in zinc blende differs from those of the

counter-ions in eitherNaCl or CaF2. Each Zn
2þ ion in zinc blende is 4-coordinate

(tetrahedral) (Figure 8.17b).

None of the S2� ions lies within the unit cell, and so the coordination

environment can only be seen if the lattice is extended. Each S2� ion is

4-coordinate (tetrahedral) as shown in Figure 8.17c.

If a substance exists in more

than one crystalline form, it

is polymorphic. The

different crystalline forms

of the substance are

polymorphs.

Fig. 8.17 (a) A unit cell of
the zinc blende structure

with the Zn2þ ions shown in grey
and the S2� ions in yellow. The
edges of the unit cell are shown in
yellow. (b) Each Zn2þ ion is
4-coordinate and (c) each S2� ion
is 4-coordinate. Both sites are
tetrahedral.

Table 8.5 Selected compounds that possess a rutile (TiO2) structure in the solid state
(see Figure 8.16) under room temperature conditions.

Compound Formula Compound Formula

Titanium(IV) oxide TiO2 Lead(IV) oxide PbO2

Manganese(IV) oxide (b-form) b-MnO2 Magnesium fluoride MgF2

Tin(IV) oxide SnO2 Iron(II) fluoride FeF2
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The stoichiometry of zinc blende can be confirmed by considering the

structure of the unit cell. From equations 8.24 and 8.25, the ratio of

Zn2þ : S2� ions is 4 : 4, or 1 : 1, giving an empirical formula of ZnS.

Number of S2� ions per unit cell of zinc blende ¼ ð6� 1
2
Þ þ ð8� 1

8
Þ

¼ 4 ð8:24Þ

Number of Zn2þ ions per unit cell of zinc blende ¼ ð4� 1Þ ¼ 4 ð8:25Þ

The wurtzite structure type

Figure 8.18a shows three unit cells of the mineral wurtzite with the Zn2þ

ions in grey and the S2� ions in yellow. This compound provides an example

of a structure with a hexagonal motif, and three unit cells are needed to see

clearly the hexagonal unit. Each Zn2þ cation and S2� anion in wurtzite is

4-coordinate (tetrahedral) (Figures 8.18b and 8.18c).

The stoichiometry of wurtzite may be confirmed from the solid state

structure by using equations 8.26 and 8.27. Note that in a 3-dimensional

structure containing hexagonal units, ions in the centre of faces are shared

between two units, ions on vertical edges are shared between three units,

and ions in corner sites are shared between six units. In this example, we

choose to determine the stoichiometry by considering three unit cells for

clarity of presentation.

Number of Zn2þ ions per 3 unit cells of wurtzite ¼ ð6� 1
3
Þ þ ð4� 1Þ

¼ 6 ð8:26Þ

Number of S2� ions per 3 unit cells of wurtzite ¼ ð2� 1
2
Þ þ ð12� 1

6
Þ þ ð3� 1Þ

¼ 6 ð8:27Þ

The ratio of Zn2þ : S2� ions in wurtzite is 6 : 6, or 1 : 1, giving an empirical

formula of ZnS.

Hexagonal close-packed
structure: see Section 9.2

"

Fig. 8.18 (a) Three unit
cells of the wurtzite

structure; the Zn2þ ions are
shown in grey and the S2� ions in
yellow. The yellow lines complete
the edges of the hexagonal prism
that encloses the three unit cells.
(b) Each Zn2þ centre is 4-
coordinate and
(c) each S2� ion is 4-coordinate.
Both sites are tetrahedral.
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8.14 Sizes of ions

Determining the internuclear distances in an ionic lattice

X-ray diffraction may be used to determine the solid state structure of an

ionic compound and gives the distances between the nuclei. Thus, the results

of an X-ray diffraction experiment give an Na�Cl distance in solid NaCl of

281 pm, and an Na�F distance of 231 pm in crystalline NaF. Each distance

corresponds to the equilibrium separation of the closest, oppositely charged

ions in the respective crystal lattices.

In the electrostatic model, we assume that the ions are spherical with a

finite size. We can also assume that in the solid state structure, ions of oppo-

site charge touch one another. This is shown in Figure 8.19 for the NaþF�

and NaþCl� ion-pairs. Note that the diagrams of the NaCl, CsCl, CaF2,

TiO2 and ZnS structures drawn earlier show the ions with significant gaps

between them; this representation is used simply for the purposes of clarity.

The ions effectively occupy the space as is illustrated in Figure 8.20 for a unit

cell of CsCl.

Ionic radius

We have previously defined the van der Waals and covalent radii of atoms.

For an ion, a new parameter, the ionic radius (rion), may be derived from

X-ray diffraction data. As Figure 8.19 shows, however, there is a problem.

The experimental data give only an internuclear distance which is the sum

of the ionic radii of the cation and anion (equation 8.28).

Internuclear distance between a cation
and the closest anion in an ionic lattice

¼ rcation þ ranion ð8:28Þ

X-ray diffraction:
see Section 4.2

"

Fig. 8.19 The results of X-ray
diffraction experiments give
internuclear distances. In sodium
fluoride, the internuclear distance
is 231 pm. In sodium chloride, it
is 281 pm. If we assume that the
ions are spherical and touch each
other, then the sum of the ionic
radii equals the internuclear
distance in each case.

Fig. 8.20 A space-filling
diagram of a unit cell of

CsCl is shown in (a). Compare
this with the representation of
the same unit cell in (b). The
space-filling diagram is more
realistic, but the lattice structure
is easier to see if we use the type
of diagram shown in (b).
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In some cases, electron density contour maps have been obtained. The

contour map in Figure 8.21 shows the presence of two different types of

ions, Naþ and Cl� ions. The positions of the nuclei coincide with the centres

of the spherical§ regions of electron density. The distance between the nuclei

of two adjacent Naþ and Cl� ions is the internuclear separation (281 pm).

Between the two nuclei, the electron density falls to a minimum value as

can be seen in Figure 8.21. In a model compound, the minimum electron

density would be zero. This point corresponds to the ‘boundary’ between

the Naþ and Cl� ions, and we can partition the internuclear distance

into components due to the radius of the cation (rcation) and the radius of

the anion (ranion). For NaCl, we can then write equation 8.29. If we can

accurately measure the electron density between the nuclei, we can use the

‘boundary’ to find the radius of the two ions.

281 pm ¼ rNaþ þ rCl� ð8:29Þ

In general, estimated values of ionic radii are not obtained by the method

described above. Instead, given a sufficiently large data set of internuclear

distances, it is possible to estimate a self-consistent set of ionic radii by

assuming the relationship given in equation 8.28 and setting up a series of

simultaneous equations. We assume that if an ion is in a similar environment

in two ionic compounds (e.g. octahedral coordination), then its radius is

transferable from one compound to another. We must also assume that, in

at least one compound in the set of compounds, the anion–anion distance

can be measured experimentally. The need for this assumption is explained

in Box 8.2.

Values of ionic radii for selected ions are listed in Table 8.6. The ionic

radius of a cation or anion may vary with coordination number; for example,

rion (Ca2þ) is 100 pm for a 6-coordinate ion and 112 pm for an 8-coordinate

ion. The values in Table 8.6 all refer to 6-coordinate ions.

Fig. 8.21 An electron density
contour map of part of a sodium
chloride lattice showing two Naþ

and two Cl� ions. [From
G. Schoknecht (1957)
Z. Naturforsch., Teil A, vol. 12,
p. 983.]

§ The contour map is a section through the lattice and the circles in such maps correspond to
sections through spherical regions of electron density.
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THEORY

Box 8.2 Obtaining a self-consistent set of ionic radii

The following compounds all possess a sodium chloride

structure in the solid state. For each, the internuclear

distance between a cation and the closest anion has

been measured by using X-ray diffraction methods.

Compound Formula Internuclear

distance / pm

Lithium chloride LiCl 257

Sodium chloride NaCl 281

Lithium fluoride LiF 201

Sodium fluoride NaF 231

Using equation 8.28, we can write down a set of four

simultaneous equations:

rLi þ rCl ¼ 257

rNa þ rCl ¼ 281

rLi þ rF ¼ 201

rNa þ rF ¼ 231

but there are not enough data to solve these equations

and find the four ionic radii. Introducing another com-

pound necessarily introduces another variable and does

not improve the situation.

In order to solve the equations, we need to estimate

the value of one of the radii by another means. If we

choose a lattice that contains a large anion and a small

cation we can make the assumption that, not only do

the closest anions and cations touch one another, but

so do the closest anions. This is shown below, for

LiCl, where the assumption is reasonably valid.

The internuclear distances a and b can both be found

experimentally:

a ¼ rLi þ rCl ¼ 257 pm ðiÞ
b ¼ 2� rCl ¼ 363 pm ðiiÞ

From equation (ii):

rCl ¼ 181:5 pm

and substituting this value into equation (i) gives:

rLi ¼ 257� 181:5 ¼ 75:5 pm

As an exercise, use these results in the set of four

simultaneous equations given above to see what happens

when you solve the equations to find the radii of the

Naþ and F� ions. Use all the data to double check the

answers. You will find that the answers are not fully

consistent with one another and that a larger data set

is required to give reliable average values.

Table 8.6 Ionic radii for selected ions. The values are given for 6-coordinate ions. The ionic radius varies with the coordination
number of the ion (see Section 8.14). A more complete list is given in Appendix 6.

Anion Ionic radius

(rion) / pm
Cation Ionic radius

(rion) / pm
Cation Ionic radius

(rion) / pm

F� 133 Liþ 76 Cr3þ 62

Cl� 181 Naþ 102 Mn2þ 67

Br� 196 Kþ 138 Fe2þ 61

I� 220 Rbþ 149 Fe3þ 55

O2� 140 Csþ 170 Co2þ 65

S2� 184 Mg2þ 72 Co3þ 55

Se2� 198 Ca2þ 100 Ni2þ 69

N3� 171 Al3þ 54 Cu2þ 73

Ti3þ 67 Zn2þ 74

Cr2þ 73

Sizes of ions 305



 

For an element that exhibits a variable oxidation state, more than one type

of ion is observed. This is commonly seen for the d-block metals; for example,

both Fe2þ and Fe3þ are known. A consideration of the effective nuclear

charges in these species shows why the Fe3þ ion (rion ¼ 55 pm) is smaller

than the Fe2þ ion (rion ¼ 61 pm). Several other pairs of ions are listed in

Table 8.6.

The ionic radius (rion) of an ion provides a measure of the size of a spherical

ion.

Internuclear distance between a
cation and the closest anion in a lattice

¼ rcation þ ranion

For a given ion, rion may vary with the coordination number.

Group trends in ionic radii

In Section 3.21 we noted that the van der Waals radii of the noble gas

atoms increased on going down group 18, and Figure 4.5 illustrated an

increase in values of the covalent radii of atoms on descending groups 15,

16 and 17. Similar trends are observed for series of ionic radii (Table 8.6),

provided that we are comparing the radii of ions with a constant charge,

for example M2þ ions. Figure 8.22 shows that, upon descending group 1,

the ionic radius of the Mþ ions increases. A similar trend is seen for the

halide anions (X�) in group 17, and for the dianions of the group 16 elements

(Figure 8.23).

Fig. 8.22 The increase in ionic radii of
the alkali metal ions on descending
group 1.

Fig. 8.23 The increase in the ionic radii of the halide
ions on descending group 17, and of the dianions of the
group 16 elements.
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8.15 Lattice energy – a purely ionic model

The lattice energy, �U(0K), of an ionic compound is the change in internal

energy that accompanies the formation of one mole of the solid from its

constituent gas phase ions at a temperature of 0K. It can be estimated by

assuming that the solid state structure of an ionic compound contains

spherical ions. We shall examine the extent to which this approximation is

true in Sections 8.17 and 8.18. In order to calculate the lattice energy, all

attractive and repulsive interactions between ions must be considered.

Coulombic forces in an ionic lattice

In Section 8.6, we discussed the electrostatic interactions between two

oppositely charged ions. For a mole of ion-pairs, the change in internal

energy associated with the Coulombic attraction between the ions within

an ion-pair was given by equation 8.18. We assumed that each ion-pair

was isolated and that there were no inter-ion-pair forces.

Once the ions are arranged in an extended structure, each ion will experi-

ence both attractive and repulsive Coulombic forces from surrounding ions.

This is apparent if we look at a particular ion in any of the structures shown

in Figure 8.11, 8.14, 8.15, 8.16, 8.17 or 8.18. The electrostatic interactions can

be categorized as follows:

. attraction between adjacent cations and anions;

. weaker attractions between more distant cations and anions;

. repulsions between ions of like charge that are close to one another;

. weaker repulsions between ions of like charge that are distant from one

another.

The number and magnitude of these forces depend upon the arrangement of

the ions and the internuclear distance between the ions.

The change in internal energy associated with Coulombic forces

In order to determine the change in internal energy, �U(0K), associated

with the formation of an ionic lattice, it is convenient to consider the for-

mation as taking place according to equation 8.30 – that is, the aggregation

of gaseous ions to form a solid state lattice.

XþðgÞ þY�ðgÞ ��"XþY�ðsÞ ð8:30Þ

In forming the ionic lattice, there are contributions to �U(0K) from

Coulombic attractive (equation 8.18) and repulsive (equation 8.19) inter-

actions. Equations 8.18 and 8.19 are of the same form and can be readily

combined. The total number and relative magnitudes of the Coulombic

interactions, and whether these are attractive or repulsive, are taken into

account by using a factor known as the Madelung constant, A. Table 8.7

lists values of A for the structure types we have previously described. The

values are calculated by considering the geometrical relationships between

the ions as illustrated for NaCl in Box 8.3. Values of A are simply numerical

and have no units.
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Table 8.7 Madelung constants, A, for some common structure types.

Structure type Structure shown in Figure: A

Sodium chloride (NaCl) 8.11 1.7476

Caesium chloride (CsCl) 8.14 1.7627

Fluorite (CaF2) 8.15 2.5194

Rutile (TiO2) 8.16 2.408

Zinc blende (b-ZnS) 8.17 1.6381

Wurtzite (a-ZnS) 8.18 1.6413

THEORY

Box 8.3 Determining the value of a Madelung constant

TheMadelung constant takes into account the different

Coulombic forces, both attractive and repulsive, that

act on a particular ion in a lattice.

Consider the NaCl structure shown here. We stated

in Section 8.8 that each Naþ ion and each Cl� ion is

6-coordinate. The coordination number gives the

number of closest ions of opposite charge. In the

diagram above, the central Cl� ion is surrounded by

six Naþ ions, each at a distance r, and this is the inter-

nuclear distance measured by X-ray diffraction (281 pm).

This applies to all chloride ions in the lattice since each is

in the same environment. Similarly, each Naþ ion is at a

distance of 281pm (r) from six Cl� ions.

Now consider which other ions are close to the

central Cl� ion. Firstly, there are 12 Cl� ions, each at

a distance a from the central ion, and the Cl� ions

repel one another. All 12 Cl� ions are shown in the

diagram, but only three distances a are indicated.

Distance a is related to r by the equation:

a2 ¼ r2 þ r2 ¼ 2r2

a ¼ r
ffiffiffi
2
p

Next, there are eight Naþ ions, each at a distance b

from the central Cl� ion giving rise to attractive

forces. Distance b is related to r by the equation:

b2 ¼ r2 þ a2

b2 ¼ r2 þ ðr
ffiffiffi
2
p
Þ2

b2 ¼ 3r2

b ¼ r
ffiffiffi
3
p

Further attractive and repulsive interactions occur, but

as the distances involved increase, the Coulombic inter-

actions decrease. Remember that the energy associated

with a Coulombic force is inversely proportional to the

distance (see equation 8.17).

The Madelung constant, A, contains terms for all the

attractive and repulsive interactions experienced by a

given ion, and so for the NaCl lattice, the Madelung

constant is given by:

A ¼ 6�
�
12� 1ffiffiffi

2
p
�
þ
�
8� 1ffiffiffi

3
p
�
� � � �

where the series will continue with additional terms for

interactions at greater distances. Note that r is not

included in this equation. The value of A calculated

in the equation is for all sodium chloride-type struc-

tures, and r varies depending upon the ions present

(see Table 8.2). However, the ratios of the distances

r : a : b will always be 1 :
ffiffiffi
2
p

:
ffiffiffi
3
p

. The inverse relation-

ships arise, as stated previously, from the fact that the

energies associated with the Coulombic forces depend

on the inverse of the distance between the point

charges.

When all terms are accounted for, we obtain a value

of A ¼ 1:7476 for the NaCl structure.

Exercise Only the first three terms in the series

to calculate A for NaCl are given above. What

are the next two terms in the series?
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We can now write equation 8.31, where �U(0K)(Coulombic) refers to the

lowering of internal energy associated with the Coulombic forces that are

present when a mole of the ionic solid XY forms from a mole of isolated

gaseous Xþ ions and a mole of isolated gaseous Y� ions. As energy is

released upon the formation of the lattice, the value of �U(0K)(Coulombic)

is negative. In equation 8.31, the units of �U(0K)(Coulombic) are Jmol�1.
For an ionic lattice:

�Uð0KÞðCoulombicÞ ¼ �
�
L� A� jzþj � jz�j � e2

4� �� "0 � r

�
ð8:31Þ

where jzþj ¼ modulus of the positive charge

jz�j ¼ modulus of the negative charge

e ¼ charge on the electron ¼ 1:602� 10�19 C

"0 ¼ permittivity of a vacuum ¼ 8:854� 10�12 Fm�1

r ¼ internuclear distance between the ions (units ¼ mÞ
A ¼Madelung constant (see Table 8.7)

L ¼ Avogadro constant ¼ 6:022� 1023 mol�1

Born forces

In a real ionic lattice, the ions are not the point charges assumed in the

electrostatic model but have finite size. In addition to the electrostatic

forces discussed above, there are also Born (repulsive) forces between

adjacent ions. These arise from the electron–electron and nucleus–nucleus

repulsions.

The internal energy that is associated with the Born forces is related to the

internuclear distance between adjacent ions according to equation 8.32.

�Uð0KÞðBornÞ / 1

rn
ð8:32Þ

where r ¼ internuclear distance and n ¼ Born exponent

The value of n depends upon the electronic configuration of the ions

involved, and values are listed in Table 8.8. Thus, for KCl which consists

Table 8.8 Values of the Born exponent, n, given for an ionic compound XY in terms of
the electronic configuration of the ions [Xþ][Y�]. Values of n are numerical and have no
units. The value of n for an ionic compound in which the ions have different electronic
configurations is taken by averaging the component values. For example, for NaF, n ¼ 7,
but for LiF, n ¼ 5

2
þ 7

2
¼ 6.

Electronic configuration of the

ions in an ionic compound XY

Examples of ions n

[He][He] H�, Liþ 5

[Ne][Ne] F�, O2�, Naþ, Mg2þ 7

[Ar][Ar], or [3d10][Ar] Cl�, S2�, Kþ, Ca2þ, Cuþ 9

[Kr][Kr] or [4d10][Kr] Br�, Rbþ, Sr2þ, Agþ 10

[Xe][Xe] or [5d10][Xe] I�, Csþ, Ba2þ, Auþ 12
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of argon-like ions, the Born exponent is 9. For NaCl which contains neon-

and argon-like ions (Naþ is isoelectronic with Ne; Cl� is isoelectronic with

Ar), n is ð7
2
þ 9

2
Þ ¼ 8.

The Born–Landé equation

Equation 8.31 can be modified by including a contribution to �U(0K)

due to the Born repulsions, and the new expression is given in equation

8.33.

Lattice energy ¼ �Uð0KÞ ¼ �
�
L� A� jzþj � jz�j � e2

4� �� "0 � r

�
�
�
1� 1

n

�
ð8:33Þ

Given a chemical formula for an ionic compound, equation 8.33 can be readily

applied provided we know the internuclear distance, r, and the structure

type. Both these data can be obtained from the results of X-ray diffraction

experiments. Since the Madelung constant is defined for a particular structure

type, this piece of information must be available in order to use equation 8.33

(Table 8.7). A value of r can be estimated by summing the radii of the cation

and anion (equation 8.28).

The lattice energy of an ionic compound is the change in internal energy that

accompanies the formation§ of one mole of a solid from its constituent gas-

phase ions at a temperature of 0K.

Assuming a model for an ionic lattice that consists of spherical ions, values of

lattice energy can be estimated by using the Born–Landé equation:

Lattice energy ¼ �Uð0KÞ ¼ �
�
L� A� jzþj � jz�j � e2

4� �� "0 � r

�
�
�
1� 1

n

�

Worked example 8.3 Lattice energy

Estimate the change in internal energy which accompanies the formation of

one mole of CsCl from its constituent gaseous ions, assuming an electrostatic

model for the solid state structure.

Data required: L ¼ 6:022� 10
23
mol

�1
; A ¼ 1:7627; e ¼ 1:602� 10

�19
C;

"0 ¼ 8:854� 10
�12

Fm
�1
; Born exponent for CsCl ¼ 10:5; internuclear

Cs–Cl distance ¼ 356 pm.

The change in internal energy (the lattice energy) is given by the Born–

Landé equation:

�Uð0KÞ ¼ �
�
L� A� jzþj � jz�j � e2

4� �� "0 � r

�
�
�
1� 1

n

�

r must be in metres: 356 pm ¼ 3:56� 10�10 m.

Naþ and Ne are isoelectronic;
Kþ, Cl� and Ar are

isoelectronic

"

§ Some textbooks define lattice energy for the reverse process, i.e. the energy needed to convert
an ionic solid into its constituent gaseous ions.
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We must also include a conversion factor of 10�3 for J to kJ.

�Uð0KÞ ¼ �
�
ð6:022� 1023 mol�1Þ � 1:7627� 1� 1� ð1:602� 10�19 CÞ2

4� 3:142� ð8:854� 10�12 Fm�1Þ � ð3:56� 10�10 mÞ

�

�
�
1� 1

10:5

�
� 10�3

¼ �622 kJmol�1

8.16 Lattice energy – experimental data

We have seen how a purely ionic model can be used to estimate values of

lattice energies and in this section we show how values may be experimentally

determined.

Using Hess’s Law: The Born–Haber cycle

Lattice energies are notmeasured directly, and you can appreciate why if you con-

sider the definition given in Section 8.15. Instead, use is made of Hess’s Law. For

example, although the lattice energy for KCl is the change in internal energy at

0K for reaction 8.34, we could also define a lattice enthalpy change (�latticeH
o)

as the enthalpy change that accompanies reaction 8.34 under standard conditions.

Using Hess’s Law, �latticeH
o can be determined from equation 8.35.

KþðgÞ þ Cl�ðgÞ ��"KClðsÞ ð8:34Þ
�latticeH

oðKCl; sÞ ¼ �fH
oðKCl; sÞ ��fH

oðKþ; gÞ ��fH
oðCl�; gÞ ð8:35Þ

On the right-hand side of equation 8.35, the standard enthalpy of formation

of solid KCl (as for a wide range of inorganic compounds) is readily available

from tables of thermochemical data. The standard enthalpies of formation

of gaseous ions can be determined by setting up appropriate Hess cycles

(equations 8.36 and 8.37). We introduced ionization energies and electron

affinities earlier in Chapter 8.

 

�fH
oðKþ; gÞ ¼ �aH

oðK; sÞ þ IE1ðK; gÞ ð8:36Þ

�fH
oðCl�; gÞ ¼ �aH

oðCl; gÞ þ�EAHðCl; gÞ ð8:37Þ
where �EAH is the enthalpy change associated with the attachment of an electron

Values of standard enthalpies of atomization, �aH
o, and ionization

energies are readily available for the elements, but only a relatively few

electron affinities have been measured accurately.

We can now combine equations 8.35, 8.36 and 8.37 to give a single Hess

cycle called a Born–Haber cycle (Figure 8.24) and from it we can find

See worked example 8.2 for
a more detailed breakdown

of derived units

Hess’s Law: see Section 2.7

Values of �fH
o:

see Appendix 11

�aHo and bond enthalpies:
see Section 4.6

"

"

"

"
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�latticeH

o (equations 8.38 and 8.39). The value determined for �latticeH
o in

this way represents an experimental value, since it is derived from experi-

mentally determined data.

�fH
oðKCl; sÞ ¼ �aH

oðK; sÞ þ�aH
oðCl; gÞ þ IE1ðK; gÞ

þ�EAHðCl; gÞ þ�latticeH
oðKCl; sÞ ð8:38Þ

Equation 8.38 can be rearranged to give equation 8.39 for the lattice enthalpy.

�latticeH
oðKCl; sÞ ¼ �fH

oðKCl; sÞ ��aH
oðK; sÞ

��aH
oðCl; gÞ � IE1ðK; gÞ ��EAHðCl; gÞ ð8:39Þ

We have seen previously that both ionization energies and electron affinities

are changes in internal energy, but, since the necessary corrections are

relatively small, they can be approximated to changes in enthalpy. Similarly,

�latticeH
o � �U(0K).

Thus for KCl, the lattice energy can be determined (equation 8.40) from

equation 8.39 using experimental values for �fH
oðKCl; sÞ ¼ �437 kJmol�1,

�aH
oðK; sÞ ¼ 90 kJmol�1, �aH

oðCl; gÞ ¼ 121 kJmol�1, IE1ðK; gÞ ¼
418:8 kJmol�1 and �EAHðCl; gÞ ¼ �349 kJmol�1.

�Uð0KÞ � �latticeH
oðKCl; sÞ ¼ �437� 90� 121� 418:8þ 349

¼ �718 kJmol�1 (to 3 sig. fig.) ð8:40Þ

The negative value of �latticeH
o indicates that the formation of solid KCl from

gaseousKþ andCl� ions is an exothermic process. You should note that lattice

energymay also be defined as the energyneeded to convert an ionic solid into its

constituent gaseous ions. In this case, the associated enthalpy change is positive.

When quoting a value for a lattice energy or the associated lattice enthalpy

change, you should also state the process to which the value refers.

8.17 A comparison of lattice energies determined by the
Born–Landé equation and the Born–Haber cycle

Table 8.9 gives values for the lattice energies of some ionic compounds, deter-

mined both from the Born–Landé equation, �U(0K)(Born–Landé), and by

using a Born–Haber cycle, � �U(0K)(Born–Haber). Compounds have

been grouped in the table according to periodic relationships and cover the

halides of two group 1 metals (Na and K) and a group 11 metal (Ag). With

the exception of silver(I) iodide, each compound in the table has an NaCl

structure; AgI has a wurtzite structure at room temperature and pressure.

The difference between �U(0K)(Born–Haber) and �U(0K)(Born–

Landé) for each compound is expressed as a percentage of the experimental

value (the last column of Table 8.9). The agreement between the values of the

lattice energies is fairly good for the sodium and potassium halides, and this

Fig. 8.24 A Born–Haber cycle
for potassium chloride.
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suggests that the discrete-ion model assumed for the Born–Landé equation is

reasonably appropriate for these compounds.§

For each of the silver(I) halides, the Born–Landé equation underestimates

the lattice energy by more than 10%. This suggests that the discrete-ion

model is not appropriate for the silver(I) halides.

We mentioned in Section 8.1 that just as the covalent bonding model can

be improved by allowing for ionic contributions to a bond, an ionic model

can similarly be improved by allowing for some covalent character. This is

exactly the problem that we have encountered with the silver(I) halides.

8.18 Polarization of ions

We now reconsider the assumption that ions are spherical. Is this always true?

Consider a small ion such as Liþ, and assume that it is spherical. Since the

surface area of the Liþ ion is small, the charge density is relatively large

(equation 8.41). For a spherical ion of radius r, the surface area is 4pr2.

Charge density of an ion ¼ Charge on the ion

Surface area of the ion
ð8:41Þ

§ Using the Born–Landé equation is not the only method of calculating lattice energies. More
sophisticated equations are available which will improve the answer. However, the pattern
of variation noted in Table 8.9 remains the same. For more detailed discussion see: W. E.
Dasent (1984) Inorganic Energetics, 2nd edn, Cambridge University Press, Cambridge.

Table 8.9 Values of lattice energies for selected compounds determined using the Born–Landé equation (equation 8.33) and a
Born–Haber cycle (Figure 8.24 and equation 8.39). The Born–Haber cycle gives a value of �latticeH

o which approximates to
�U(0K); values in this table have been calculated using thermochemical data from appropriate tables in this book.

Compound �Uð0KÞ ��latticeH
o

from a Born–Haber

cycle / kJmol
�1

�U(0 K) from the

Born–Landé equation

/ kJmol
�1

�U(0K) (Born–Haber)

��U(0K) (Born–Landé)

/ kJmol
�1

Percentage difference

in values of �U(0K)
a

NaF �931 �901 �30 3.2%

NaCl �786 �756 �30 3.8%

NaBr �736 �719 �17 2.3%

NaI �671 �672 þ1 �0

KF �827 �798 �29 3.5%

KCl �718 �687 �31 4.3%

KBr �675 �660 �15 2.2%

KI �617 �622 þ5 0.8%

AgF �972 �871 �101 10.4%

AgCl �915 �784 �131 14.3%

AgBr �888 �758 �130 14.6%

AgI �858 �737 �121 14.1%

a The percentage difference is calculated using the equation

�
�Uð0KÞðBorn�HaberÞ ��Uð0KÞðBorn�Land�eÞ

�Uð0KÞðBorn�HaberÞ

�
� 100.
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Now consider a large anion such as I� where the charge density is low. If

the iodide ion is close to a cation with a high charge density, the charge

distribution might be distorted and may no longer be spherical. The

distortion means that the centre of electron density in the iodide anion

no longer coincides with the position of the nucleus, and the result is a

dipole moment, induced by the adjacent, small cation. The electron density

is distorted towards the cation. The iodide anion is said to be readily

polarizable. The cation that causes the polarization to occur is said to be

polarizing.

Charge density of an ion ¼ Charge on the ion

Surface area of the ion

Surface area of a spherical ion ¼ 4pðrionÞ2 where rion is the ionic radius

Small cations such as Liþ, Mg2þ, Al3þ, Fe3þ and Ti4þ possess high charge

densities, and each has a high polarizing power.

Anions such as I�, H�, N3�, Se2� and P3� are easily polarizable. As we

descend a group, for example from fluoride to iodide where the charge

remains constant, the polarizability increases as the size of the ion increases.

When an ion (usually the cation) induces a dipole in an adjacent ion

(usually the anion), an ion–dipole interaction results.

8.19 Determining the Avogadro constant from an ionic lattice

The Avogadro number can be estimated from crystal lattice data. The

example chosen here is the NaCl structure (Figure 8.11), and the calculation

uses the following data:

. the internuclear separation in NaCl determined by X-ray diffraction (281pm);

. the density of NaCl (2.165 g cm�3);

. values of Ar for Na and Cl (22.99 and 35.45 respectively).

The unit cell of NaCl contains four ion-pairs (see Table 8.3). The length of each

side of the unit cell of NaCl (Figure 8.11) is twice the internuclear separation

(equation 8.42) and the volume of the unit cell is given by equation 8.43.

Length of one side of a unit cell of NaCl ¼ 2� 281 ¼ 562 pm ð8:42Þ

Volume of a unit cell of NaCl ¼ ðlength of sideÞ3 ¼ 1:78� 108 pm3 ð8:43Þ

The volume of one ion-pair is one-quarter the volume of the unit cell, and

since one mole of NaCl contains the Avogadro number, L, of ion-pairs,

the volume occupied by a mole of NaCl is given by equation 8.44.

Volume of 1 mole of NaCl ¼ 1:78� 108 � L

4
pm3 ð8:44Þ

The volume of one mole of NaCl can also be expressed in terms of the relative

molecular mass and the density (equation 8.45).

Volume occupied by 1 mole of NaCl ¼ Mr

�
¼ 22:99þ 35:45

2:165
¼ 26:99 cm3

ð8:45Þ

Induced dipole:
see Section 3.21

"
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The Avogadro constant can be estimated by combining equations 8.44 and

8.45, but first, the units must be made consistent: 1 pm ¼ 10�10 cm. Equation

8.46 shows how to estimate the Avogadro constant, after the unit cell volume

has been converted to cm3.

Avogadro constant, L ¼ 26:99� 4

1:78� 10�22
¼ 6:06� 1023 mol�1 ð8:46Þ

See also end-of-chapter
problem 1.41

"

SUMMARY

In this chapter we have been concerned with the formation of cations and anions from gaseous atoms
and the interactions between ions in the solid state.

Do you know what the following terms mean?

. electron density map

. ionization energy

. electron affinity

. ion-pair

. Coulombic interaction

. ionic lattice

. unit cell

. coordination number (in an ionic solid)

. structure type

. prototype structure

. ionic radius

. lattice energy

. Madelung constant

. Born exponent

. Born–Landé equation

. Born–Haber cycle

. charge density of an ion

You should now be able:

. to discuss why there is a relationship between
the pattern in the values of successive
ionization energies for a given atom and its
electronic structure

. to describe the structures of sodium chloride,
caesium chloride, fluorite, rutile and zinc(II)
sulfide

. to deduce the stoichiometry of a compound
given a diagram of a unit cell of the solid state
lattice

. to write down the Born–Landé equation and
know how to use it to estimate lattice energies

. to appreciate the assumptions that are inherent
in the Born–Landé equation

. to set up a Born–Haber cycle and determine the
lattice energy of a compound, or, given a lattice
energy, to use a Born–Haber cycle to find
another quantity such as the electron affinity
of an atom

. to appreciate why the values of lattice energies
calculated by the Born–Landé equation may or
may not agree with experimental values

. to show how a value of the Avogadro constant
can be estimated from crystal structure and
density data

PROBLEMS

8.1 With reference to the oxygen atom, explain what

you understand by the (a) first ionization energy, (b)

second ionization energy, (c) first electron affinity,

(d) second electron affinity and (e) enthalpy change

associated with the attachment of an electron.

8.2 The first five ionization energies of a gaseous atomX

are 589, 1148, 4911, 6494 and 8153 kJmol�1. To
what group is this element likely to belong?

8.3 The first ionization energies of oxygen (Z ¼ 8),

fluorine (Z ¼ 9), neon (Z ¼ 10) and sodium

(Z ¼ 11) are 1312, 1681, 2080 and 495kJmol�1

respectively. Rationalize the trend in these

values in terms of the electronic structures of

these elements.

8.4 Calculate the enthalpy change that accompanies the

process:

1
2 Li2ðgÞ ��" LiþðgÞ þ e�

given that the bond enthalpy for dilithium is

110 kJmol�1 and IE1 for lithium is 520 kJmol�1.
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8.5 Calculate the enthalpy change that accompanies the

reaction:

1
2
Li2ðgÞ þ e� ��"Li�ðgÞ

given that the bond enthalpy for Li2 is 110 kJmol�1

and EA1 for lithium is 60 kJmol�1.

8.6 Calculate the enthalpy changes, �H, for the

reactions:

HðgÞ þ FðgÞ ��"HþðgÞ þ F�ðgÞ
HðgÞ þ FðgÞ ��"H�ðgÞ þ FþðgÞ

and comment on the results in the light of the

discussion about resonance structures in Section 5.3.

(Data required: see Table 8.1 and Appendices 8

and 9.)

8.7 Using the data in Table 8.1, determine the enthalpy

change that accompanies the formation of a gaseous

S2� ion from a gaseous sulfur atom. Comment on

the sign and magnitude of your answer in terms of

the electronic configurations of the S atom and the

S� and S2� ions.

8.8 Distinguish between the terms van der Waals radius,

covalent radius and ionic radius. How would you

estimate the ionic radius of a sodium ion? Point out

what other information you would need and what

assumptions you would make.

8.9 Show that equation 8.19 is dimensionally correct.

8.10 Figure 8.11 shows a unit cell of the sodium chloride

structure. Why could the unit cell not be smaller, for

example as shown in Figure 8.25?

8.11 Uranium(IV) oxide adopts a fluorite structure.

From this structure, show that the formula of the

oxide is UO2.

8.12 Suggest reasons why the distance between adjacent

Na and Cl nuclei is shorter (236 pm) in NaCl in the

gas phase than in the solid state (281 pm).

8.13 (a) Draw the structures of the ½SO4�2� and ½BF4��
ions and rationalize why they can be considered

to be approximately spherical. (b) Given the

lattice energies of sodium sulfate and sodium

tetrafluoridoborate, suggest a method to estimate

the radii of the ½SO4�2� and ½BF4�� ions. State clearly
what assumptions (if any) you would have to make,

and also what other information you would require.

8.14 Explain why a unit cell of CsCl can be drawn with

either Csþ or Cl� ions in the corner sites, but in

rutile, the corner sites of the unit cell must be

occupied by Ti(IV) and not O2� ions.

8.15 Crystalline K2O adopts an antifluorite lattice. Use

your knowledge of the fluorite lattice to deduce what

is meant by an ‘antifluorite lattice’.

8.16 Gallium phosphide is used in solar energy

conversion, and it crystallizes with the zinc blende

lattice. What is the formula of gallium phosphide?

Rationalize this formula in terms of the positions of

Ga and P in the periodic table.

8.17 Crystalline cerium(IV) oxide contains 4-coordinate

O2� ions. What is the coordination number of the

Ce(IV) centres? The oxide adopts one of the

structure types described in Chapter 8. Suggest

which structure it is.

8.18 A bromide of indium, InBrx, adopts the NaCl

structure type but only one-third of the metal ion

sites are occupied. What is the oxidation state of

indium in this compound?

8.19 Using values in Table 8.8, determine the Born

exponents for the following ionic compounds:

(a) NaCl; (b) LiCl; (c) AgF; (d) MgO.

8.20 In worked example 8.3, the lattice energy for CsCl

was calculated using the experimental internuclear

distance of 356 pm. Calculate the lattice energy for

the same structure using values of rionCs
þ ¼ 170 pm

and rionCl
� ¼ 181 pm. Rationalize the difference

between the two values of �U(0K).

8.21 Calculate the lattice energy for magnesium oxide

using both the Born–Landé equation and a

Born–Haber cycle; MgO has an NaCl-type

structure. All the data needed for the Born–Landé

method are to be found in Chapter 8;

thermochemical data are listed in Appendices 8–11.

Use the data obtained to comment on whether a

spherical-ion model is appropriate for MgO.

8.22 KF crystallizes with an NaCl structure, and the

internuclear separation is 266 pm. The density of

KF is 2.48 g cm�3. Estimate a value for the

Avogadro constant.

8.23 Using data from worked example 8.3 and Tables

8.6–8.8, estimate the lattice energy of RbF; it

crystallizes with an NaCl structure and the

internuclear separation is 282 pm.

8.24 The lattice energy of CaO (which adopts an NaCl

structure) is �3400 kJmol�1. Estimate the

internuclear separation, and compare your answer

with the sum of the ionic radii. (Use data from

worked example 8.3 and Tables 8.6–8.8.)

Fig. 8.25 For problem 8.10. Colour code; Na, purple; Cl,
green.
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ADDITIONAL PROBLEMS

Most of these require you to find appropriate data in

the Appendices

8.25 For solid MgF2, �fH
oð298KÞ ¼ �1124 kJmol�1.

Estimate a value for the lattice energy of MgF2.

8.26 Determine a value of �latticeH
o(298K) for K2O

given that �fH
oðK2O; s; 298KÞ ¼ �362 kJmol�1.

8.27 The enthalpy change associated with the formation

of crystalline CaCl2 from gaseous ions is

�2250 kJmol�1. What is �fH
oðCaCl2; s; 298KÞ?

8.28 Using information in problem 8.27, determine the

energy change for the process:

CaCl2ðcrystÞ ��"Ca2þðgÞ þ 2Cl�ðgÞ

8.29 (a) Draw a Lewis structure for the cyanide ion.

(b) Comment on the fact that sodium cyanide,

NaCN, crystallizes with an NaCl structure.

8.30 Write a balanced equation for the reaction to which

�fH8(NH4NO3, s) refers. Determine a value for

�fH8(NH4NO3, s, 298 K) if �latticeH8(NH4NO3,

s, 298 K) ¼ �676 kJ mol�1, �fH8(NH þ
4 , g, 298 K)

¼ þ630 kJ mol�1, and �fH8(NO �
3 , g, 298 K)

¼ �320 kJ mol�1:

CHEMISTRY IN DAILY USE

8.31 A typical car air bag consists of a collapsed,

synthetic fibre bag which is stored in a cavity in the

steering wheel or front dashboard. Behind the bag is

a device containing sodium azide (NaN3), potassium

nitrate (KNO3) and silica (SiO2). In the event of the

car being involved in a crash, a sensor triggers an

electrical impulse that results in the detonation of

NaN3. This decomposes the compound into its

elements. Sodium then reacts with KNO3 to give

K2O, Na2O and N2. Finally, the two metal oxides

react with SiO2 to give thermodynamically and non-

toxic alkali metal silicates.

(a) Write down the ions present in each of NaN3,

K2O, Na2O and KNO3.

(b) Figure 8.26 shows two views of the unit cell of

sodium azide. Use these diagrams to confirm the

stoichiometry of the compound, explaining how you

arrive at your answer.

(c) Work out the oxidation state changes for

elements involved in the first two reactions described

above. Use this information to help you to write

balanced equations for these two reactions,

assuming that all elements are in their standard

states at 298 K.

(d) The lattice energy of NaN3 = �725 kJ mol�1,

and �fH
o(N3

�, g) = +142 kJ mol�1 (298 K). Use

data from the Appendices in the book to determine

�fH
o(NaN3, s, 298 K).

(e) Using data from the Appendices in the book,

calculate the standard enthalpy of reaction for each

reaction from part (c), assuming that all elements

are in their standard states at 298 K. Hence find the

overall standard enthalpy change per mole of

NaN3(s).

(f) Using the information above, explain what

inflates the air bag.

8.32 Crystalline salt is used in household kitchens and the

dissolution of salt in water is an everyday occurrence

in cooking. (a) The value of �latticeH
o(NaCl, 298 K)

is �786 kJ mol�1. Write down the process to which

this value corresponds. (b) When salt dissolves in

water at 298 K, the standard enthalpy change is

+3.9 kJ mol�1. To what process do you think that

this value corresponds? (c) Comment on the

difference between the two enthalpy values stated in

parts (a) and (b).

a

a

Fig. 8.26 Two views of a unit cell of sodium azide. The ion labelled a in each diagram is the same sodium ion. Colour code: Na,
purple; N, blue.
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8.33 A superconductor is a material, the electrical

resistance of which drops to zero when it is cooled

below its critical temperature. Commercial

applications include superconducting magnets in

magnetic resonance imaging (MRI) scanners. High-

temperature superconductors are under active

research investigation, and an example is the

cuprate superconductor YaBabCucOd illustrated in

Figure 8.27. (a) Determine the values of a, b, c and d

in the formula YaBabCucOd. (b) Given that the

oxidation states of Y and Ba are +3 and +2,

respectively, what can you say about the apparent

oxidation state of Cu in this superconductor?

Fig. 8.27 For problem 8.33. Color code: Ba, blue; Y, pale
grey; Cu, brown; O, red.
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9
Elements

9.1 Introduction

In Section 3.21, we discussed the van der Waals forces that operate between

atoms of a noble gas and noted that the weakness of these forces is reflected

in some of the physical properties of the noble gases (see Table 3.6). We

have already observed that these elements form solids only at very low

temperatures, and that helium can be solidified only under pressures greater

than atmospheric pressure. When a group 18 element solidifies, the atoms

form an ordered structure in which they are close-packed. Before considering

the specifics of the solid state structures of the noble gases, we discuss what is

meant by the close-packing of spheres. In Section 9.3, we consider simple and

body-centred cubic packing of spheres.

In this chapter we consider not only elemental solids that consist of

close-packed atoms, but also the structures of those elements which contain

molecular units, small or large, or infinite covalent networks in the solid state.

9.2 Close-packing of spheres

Hexagonal and cubic close-packing

Suppose we have a rectangular box and place in it some spheres of equal size.

If we impose a restriction that there must be a regular arrangement of the

spheres, then the most efficient way in which to cover the floor of the box

is to pack the spheres as shown in Figure 9.1. This is part of a close-packed

arrangement, and spheres not on the edge of the assembly are in contact

with six other spheres within the single layer. Figure 9.1 emphasizes that a

motif of hexagons is visible.
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If we now add a second layer of close-packed spheres to the first, allowing

the spheres in the second layer to rest in the hollows between those in the first

layer, there is only enough room for every other hollow to be occupied

(Figure 9.2 and Figure 9.3a to 9.3b). When a third layer of spheres is

added, there is again only room to place them in every other hollow, but

now there are two distinct sets of hollows. Of the four hollows between the

yellow spheres in layer B in Figure 9.3b, one lies over a blue sphere in

layer A, and three lie over hollows in layer A. Depending upon which set

of hollows is occupied as the third layer of spheres is put in place, one of

two close-packed structures results. On going from Figure 9.3b to

Figure 9.3c, the red spheres are placed in hollows in layer B that lie over

hollows in layer A. This forms a new layer, C, which does not replicate

either layer A or layer B. The repetition of layers ABCABC . . . is called

cubic close-packing (ccp). On going from Figure 9.3b to Figure 9.3d, the

blue sphere is placed in a hollow in layer B that lies over a sphere in layer

A. This forms a new layer, but it replicates layer A. The repetition of

layers ABABAB . . . is called hexagonal close-packing (hcp).

In both the cubic and hexagonal close-packed arrangements of spheres,

each sphere has 12 nearest-neighbours, i.e. each sphere is 12-coordinate.

Figures 9.4a and 9.4b show how the coordination number of 12 is achieved

for the ccp and hcp arrangements, respectively. The two diagrams in

Figure 9.4 differ only in the mutual orientations of the two sets of three

atoms at the top and bottom of the figures.

The unit cells that characterize hexagonal and cubic close-packed

arrangements are illustrated in Figures 9.5a and 9.5b. The unit cell shown

in Figure 9.5b illustrates the presence of the cubic unit that lends its name

to cubic close-packing. It consists of eight spheres at the corners of the

cube, with a sphere at the centre of each square face. An alternative name

for cubic close-packing is a face-centred cubic (fcc) arrangement.

Close-packing of spheres

represents the most efficient

use of space.

Unit cell: see Section 8.7

"

Fig. 9.1 Part of a layer of a
close-packed arrangement of
equal-sized spheres. It contains
hexagonal motifs.

Fig. 9.2 When three spheres are arranged in a triangle and touch one another, there is a hollow at the centre of the triangle. A
single layer of close-packed spheres possesses hollows which form a regular pattern. (a) There are six hollows in between the
seven close-packed spheres. When a second layer of spheres is placed on top of the first so that the new spheres lie in the hollows
in the first layer, there is only room for every other hollow to be occupied. This is emphasized in (b) which gives a side view of the
arrangement as the second layer of spheres is added to the first.
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It is easy to relate Figure 9.5a to the ABABAB . . . arrangement shown in

Figure 9.3 but it is not so easy to recognize the relationship between the unit

cell in Figure 9.5b and an ABCABC . . . layer arrangement. Figures 9.5b and

9.5e show the same ccp unit cell. Whereas Figure 9.5b illustrates the unit cell

in an orientation that clearly defines the cubic unit, Figure 9.5e views the cube

Fig. 9.3 (a) One layer (layer A) of close-packed spheres contains hollows arranged in a regular pattern. (b) A second layer (layer
B) of close-packed spheres can be formed by occupying every other hollow in layer A. In layer B, there are two types of hollow:
one lies over a sphere in layer A, and three lie over hollows in layer A. By stacking spheres over these different types of hollow,
two different third layers of spheres can be produced. The red spheres in diagram (c) form a new layer C; this gives an ABC
sequence of layers. Diagram (d) shows that the second possible third layer replicates layer A, i.e. the blue sphere in the top
layer lies over a blue sphere in layer A to give an ABA sequence.

Fig. 9.4 In a close-packed assembly of spheres, each sphere has 12 nearest-neighbours. This is true for both (a) the ABA
arrangement and (b) the ABC arrangement.
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down a line that joins two opposite corners of the cube. Now the ABC layers

are clearly visible, and in Figure 9.5f, these layers are coloured red, yellow

and blue, respectively.

Spheres of equal size may be close-packed in (at least) two ways.

In hexagonal close-packing (hcp), layers of close-packed spheres pack in an

ABABAB . . . pattern.

In a cubic close-packing (ccp) or face-centred cubic (fcc) arrangement, layers of

close-packed spheres are in an ABCABC . . . pattern.

In both an hcp and a ccp array, each sphere has 12 nearest-neighbours.

Interstitial holes

Placing one sphere on top of three others in a close-packed array gives a

tetrahedral unit (Figure 9.6a) inside which is a cavity called an interstitial

hole – in this case, a tetrahedral hole. A close-packed array contains tetra-

hedral and octahedral holes (Figure 9.6b). Both types of interstitial hole are

present in the unit cells shown in Figure 9.5. Figure 9.6c shows an ABC

Fig. 9.5 The ABABAB. . . and ABCABC. . . close-packed arrangements of spheres are termed (a) hexagonal and (b) cubic
close-packing respectively. If the spheres are ‘pulled apart’, (c) the hexagonal and (d) the cubic units become clear. Cubic close-packing
is also called a face-centred cubic arrangement. In diagrams (b) and (d), each face of the cubic unit possesses a sphere at its centre.
(e) A unit cell of a cubic close-packed arrangement of spheres, viewed along a line that joins two opposite corners of the cube.
(f) The same unit cell as shown in diagram (e), but with the ABC layers of spheres highlighted (A, red; B, yellow; C, blue).
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arangement of layers of close-packed atoms, and the tetrahedral holes are

clearly visible. On going from Figure 9.6c to 9.6d, one red atom has been

removed. This reveals a square of spheres which is a building block within

an octahedral unit. Hexagonal and cubic close-packed assemblies of atoms

contain both tetrahedral and octahedral holes. A cubic close-packed assem-

bly is shown in a ball-and-stick representation in Figure 9.7a, and tetrahedral

and octahedral holes are emphasized in Figures 9.7b and 9.7c.

A close-packed arrangement

of spheres contains

octahedral and tetrahedral

holes. There are twice as

many tetrahedral as

octahedral holes in a

close-packed array.

Fig. 9.6 (a) A tetrahedral hole is formed when one sphere rests in the hollow between three others which are close-packed.
(b) An octahedral hole is formed when two spheres stack above and below a square unit of spheres. (c) An ABC . . . arrangement
of layers of close-packed spheres (A, red; B, yellow; C, blue). By removing three adjacent spheres (one from each layer) from this
arrangement, the arrangement shown in diagram (d) is formed. This possesses two square faces.

Fig. 9.7 (a) Ball-and-stick representation of part of a cubic close-packed assembly of atoms, with (b) two tetrahedral holes high-
lighted and (c) one octahedral hole highlighted.
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THEORY

Box 9.1 An alternative description of ionic lattices

A face-centred cubic (fcc) arrangement of spheres

(cubic close-packing) is shown above. The left-hand

diagram emphasizes the octahedral hole present at the

centre of the fcc unit. The right-hand diagram shows

one tetrahedral hole; there are eight within the fcc unit.

An ionic lattice contains spheres (i.e. ions) which are

not all the same size. In many cases (e.g. NaCl) the

anions are larger than the cations, and it is convenient

to consider a close-packed array of anions with the

smaller cations in the interstitial holes.

Consider a cubic close-packed array of sulfide anions.

They repel one another when they are in close

proximity, but if zinc cations are placed in some of the

interstitial holes, we can generate an ionic lattice that

is stabilized by cation–anion attractive forces. A unit

cell of the zinc blende (ZnS) structure is shown below.

The S2� ions are in an fcc arrangement. Half of the

tetrahedral holes are occupied by Zn2þ ions. The

organization of the cations is such that every other

tetrahedral hole is filled with a cation:

This description of the structure of zinc blende relies

on the idea that small cations can fit into the interstitial

holes which lie between large anions that are close-

packed. Note that the anions thus define the corners

of the unit cell. (You should look back at Chapter 8

and assess to what extent this statement is actually

valid.)

Similarly, it is possible to describe the structures of

NaCl and CaF2 in terms of cations occupying holes

in a close-packed array of anions.

When the ions are of a similar size, the model of small

cations in the octahedral or tetrahedral holes in an

assembly of close-packed large anions breaks down.

An example is CsCl. The ionic radius of Csþ is

170 pm, and that of Cl� is 181 pm. Thus, the Csþ ions

cannot fit into the interstitial holes in an array of

close-packed Cl� ions. As we saw in Chapter 8, the

structure of CsCl can instead be described in terms

of interpenetrating, simple cubic units of Csþ ions

(shown below in yellow) and Cl� ions (green):
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Exercise The diagrams below illustrate two views of a face-centred cubic

(ccp) unit cell using a ball-and-stick representation. In the left-hand diagram,

the edges of the unit cell are included (in yellow). A 3-dimensional structure

can be viewed by going to the website www.pearsoned.co.uk/housecroft and

following the links to the rotatable structures for Chapter 9 of the book.

Show that the unit cell contains eight tetrahedral holes and four octahedral

holes. [Hint: Some holes are shared between unit cells.]

9.3 Simple cubic and body-centred cubic packing of spheres

In cubic or hexagonal close-packed assemblies, each sphere has 12 nearest-

neighbours, and spheres are packed efficiently so that there is the minimum

amount of ‘wasted’ space. It is, however, possible to pack spheres of equal

size in an ordered assembly that is not close-packed and one such method

is that of simple cubic packing (Figure 9.8). The unit cell contains eight

spheres arranged at the corners of a cube, and when these units are placed

next to one another in an extended array, each sphere has six nearest-

neighbours and is in an octahedral environment.

Fig. 9.8 (a) The arrangement
of spheres of equal size in a
simple cubic packing. (b) The
repeating unit in this
arrangement consists of one
sphere at each corner of a cube.
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Simple cubic packing of spheres provides an ordered arrangement but there

is a significant amount of unused space. Each interstitial hole (a ‘cubic’ hole) is

too small to accommodate another sphere of equal size. If we force a sphere (of

equal size) into each interstitial hole in the simple cubic array, the original

spheres are pushed apart slightly. The result is the formation of a body-centred

cubic (bcc) arrangement. The difference between simple and body-centred

cubic structures can be seen by comparing Figures 9.8a and 9.9a. Although

bcc packing makes better use of the space available than simple cubic packing,

it is still less efficient than that in ccp or hcp assemblies.

The repeating unit in a bcc assembly is shown in Figure 9.9b, and the

number of nearest-neighbours in the bcc arrangement is eight (Figure 9.9c).

The repetition of cubic units of spheres of equal size gives simple cubic packing,

and each sphere has six nearest-neighbours.

In a body-centred cubic (bcc) arrangement, the unit cell consists of a cube of

eight, non-touching spheres with one sphere in the centre. Each sphere has

eight nearest-neighbours.

The simple and body-centred cubic arrangements are not close-packed.

9.4 A summary of the similarities and differences between
close-packed and non-close-packed arrangements

Hexagonal close-packing (Figures 9.5a and 9.5c)

. Layers of close-packed atoms are arranged in an ABABAB . . . manner.

. Each sphere has 12 nearest-neighbours.

. The arrangement contains tetrahedral and octahedral interstitial sites.

Fig. 9.9 (a) The packing of spheres of equal size in a body-centred cubic (bcc) arrangement. (b) The unit cell in a bcc arrangement
of spheres is a cube with one sphere at the centre. The central sphere touches each corner sphere, but the corner spheres do not
touch one another. (c) Each sphere in a bcc arrangement has eight nearest-neighbours.
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Cubic close-packing or face-centred cubic (Figures 9.5b and 9.5d)

. Layers of close-packed atoms are arranged in an ABCABC . . . manner.

. Each sphere has 12 nearest-neighbours.

. The arrangement contains tetrahedral and octahedral interstitial sites.

Simple cubic packing (Figure 9.8)

. The spheres are not close-packed.

. Each sphere has six nearest-neighbours.

Body-centred cubic packing (Figure 9.9)

. The spheres are not close-packed.

. Each sphere has eight nearest-neighbours.

Relative efficiency of packing

The relative efficiency with which spheres of equal size are packed follows the

sequence:

hexagonal
close-packing

¼ cubic
close-packing

>
body-centred
cubic packing

> simple cubic packing

9.5 Crystalline and amorphous solids

In a crystalline solid, atoms, molecules or ions are packed in an ordered

manner, with a unit cell that is repeated throughout the crystal lattice. For

an X-ray diffraction experiment, a single crystal is usually required. If a

single crystal shatters, it may cleave along well-defined cleavage planes. This

leads to particular crystals possessing characteristic shapes (Figure 9.10).

In an amorphous solid, the particles are not arranged in an ordered or

repetitive manner. Crushing an amorphous solid leads to the formation

of a powder, whereas crushing crystals leads to microcrystalline materials.

However, microcrystals may look like powders to the naked eye!

X-ray diffraction:
see Section 4.2

In a crystalline solid, atoms,

molecules or ions are packed

in an ordered lattice with a

characteristic unit cell.

"

Fig. 9.10 Naturally formed crystals of iron pyrites (left) and garnets (right) showing regular crystal habit.
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9.6 Solid state structures of the group 18 elements

The elements in group 18 are referred to as noble gases, and it is not usual to

think of them in other states (but see Box 9.2). The group 18 elements solidify

only at low temperatures (see Table 3.6) and the enthalpy change that

accompanies the fusion of one mole of each element is very small, indicating

that the van der Waals forces between the atoms in the solid state are very

weak. In the crystalline solid, the atoms of each group 18 element are

close-packed. Cubic close-packing is observed for the atoms of each of

solid neon, argon, krypton and xenon.

9.7 Elemental solids containing diatomic molecules

Figure 4.2 showed examples of covalent homonuclear molecules (H2, O2,

O3, I2, P4, S6 and S8). Each is a molecular form of an element. In the gas

phase, these molecules are separate from one another, but in the solid state,

they pack together with van der Waals forces operating between them. In

this and the next two sections we consider the solid state structures of H2,

elements from groups 17 and 16, an allotrope of phosphorus, and one

group of allotropes of carbon – all are molecular solids and non-metals.

Dihydrogen and difluorine

When gaseous H2 is cooled to 20.4K, it liquefies.§ Further cooling to 14.0K

results in the formation of solid dihydrogen. Even approaching absolute

zero (0K), molecules of H2 possess sufficient energy to rotate about a point

in the solid state lattice. Figure 9.11 shows that the result is that each H2

molecule is described by a single sphere, the centre of which coincides with

the midpoint of the H�H bond. Solid H2 possesses an hcp arrangement of

such spheres, each of which represents one H2 molecule. It is possible to

apply the model of close-packed spheres because the H2 molecules are rotating

at the temperature at which the solid state structure has been determined.

Molecular F2 solidifies at 53K. Below 45K, the molecules of F2 can freely

rotate, and the structure is described as distorted close-packed, with each F2

Enthalpy of fusion:
see Section 2.9

"

§ Here, and throughout the chapter, we consider phase changes at atmospheric pressure, unless
otherwise stated.

Fig. 9.11 Molecules of H2

rotate freely in the solid
state. (a) Some possible
orientations for H2 molecules
with respect to the mid-point of
the H�H bond are shown.
(b) Taking these and all other
possible orientations leads to a
description of H2 as a sphere.
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APPLICATIONS

Box 9.2 Liquid helium: an important coolant

Although the group 18 elements are usually

encountered in the gas phase, they have a number of

important applications. One such is the use of liquid

helium as a coolant.

Liquid nitrogen (bp 77K) is frequently used as a

coolant in the laboratory or in industry. However, it

is not possible to reach extremely low temperatures

by using liquid N2 alone. Liquefaction of gaseous N2

under pressure provides a liquid at a temperature just

below the boiling point. In order to reach lower

temperatures it is necessary to use a liquid with a boil-

ing point that is much lower than that of N2, and liquid

helium is widely used for this purpose. As normally

found, helium boils at 4.2K, and the use of liquid

helium is the most important method for reaching

temperatures which approach absolute zero. Below

2.2K, isotopically pure 4He undergoes a transformation

into the so-called He II. This is a remarkable liquid

which possesses a viscosity close to zero, and a thermal

conductivity which far exceeds that of copper.

In Chapter 14, we look at the technique of nuclear

magnetic resonance (NMR) spectroscopy. This is an

invaluable tool for probing molecular structure both

in solution and in the solid state. The development of

the modern generation of NMR spectrometers with

high magnetic field strengths (300 to 900MHz

instruments) has allowed scientists to investigate the

structures of complex molecules such as proteins, and

has led to the development of medical resonance

imaging (MRI, see Box 14.1). Spectrometers are

conventionally described in terms of the resonance

frequency of protons (see Chapter 14).

Highfield NMR spectrometers rely on magnets with

superconducting coils that operate only at extremely

low temperatures. (Superconductors are also discussed

in Box 9.4.) To achieve these temperatures, the

superconducting magnetic coil is enclosed within a

tank of liquid helium. This in turn is surrounded by

liquid nitrogen in order to slow down the rate of

helium evaporation. The photograph opposite shows

the magnet for the 600MHz NMR spectrometer in

the Department of Chemistry at the University of

Basel being topped up with liquid helium. Most of

the volume apparently occupied by the spectrometer

magnet is actually occupied by tanks of liquid helium

and liquid nitrogen. In order that the temperature of

the super-cooled magnet is maintained (4.2K for the

600MHz instrument pictured here), a top-up of liquid

helium is required about once every three to four

months. Without the surrounding liquid nitrogen

(which is topped up about once a week), the helium

would vaporize rapidly, and this must be avoided.

The magnet in a higher field instrument such as an

800MHz NMR spectrometer operates at a

temperature of 2.2K, and to maintain this, the liquid

helium has to be continually pumped. If pumping

ceases, for example due to an electrical fault, the

magnet will quench within a few hours. Any

superconducting magnet at the heart of a highfield

NMR spectrometer will quench if the temperature

increases above a critical value; the term quenching

means that the superconducting magnet (in which

there is no resistance to current flow) reverts to a

resistive (non-superconducting) magnet. Bringing a

superconducting magnet up to its operating field

strength again is expensive and time consuming, and

hence regular liquid helium and nitrogen refills are an

essential part of spectrometer maintenance.

Dr Daniel Häussinger topping up the liquid helium tank of a

600MHz NMR spectrometer at the University of Basel.
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molecule being represented by a sphere.§ The enthalpy of fusion of F2 is

0.5 kJmol�1 and this low value suggests that only van der Waals forces

must be overcome in order to melt the solid.

The situation described for crystalline H2 and F2 is unusual. In the solid

state, molecules of most elements or compounds are not freely rotating.

Thermal motion such as the vibration of bonds does occur, but the positions

of the atoms in a molecule can often be defined to a reasonable degree of

accuracy. This means that the packing of spheres is not an appropriate

model for most solid state structures because the component species

are not spherical. It is applicable to elements of group 18 because they are

monatomic, to H2 and F2 because the molecules are freely rotating, and

to metals.

Dichlorine, dibromine and diiodine (group 17)

Some physical and structural properties of Cl2, Br2 and I2 are given in

Table 9.1. At 298K (1 bar pressure), I2 is a solid, but Br2 is a liquid and

Cl2 a gas. Solid Cl2, Br2 and I2 share common structures that differ from

those of F2.

In the crystalline state, molecules of Cl2 (or Br2 or I2) are arranged in a

zigzag pattern within a layer (Figure 9.12) and these layers of molecules are

stacked together. There are three characteristic distances in the structure

which are particularly informative. Consider the structure of solid Cl2.

Within a layer (part of which is shown in Figure 9.12), the intramolecular

Metal structures:
see Section 9.11

"

Table 9.1 Some physical and structural properties of dichlorine, dibromine and diiodine. For details of the solid state structure
of these elements, refer to the text and Figure 9.12.

Element Melting

point /K

�fusH
/ kJmol

�1
Covalent

radius

(rcov) / pm

Van der

Waals

radius

(rv) / pm

Intramolecular

distance, a in

Figure 9.12

/ pm

Intermolecular

distance within

a layer, b in

Figure 9.12

/ pm

Intermolecular

distance

between

layers / pm

Intramolecular

distance for

molecule in

the gaseous

state / pm

Chlorine 171.5 6.4 99 180 198 332 374 199

Bromine 265.8 10.6 114 195 227 331 399 228

Iodine 386.7 15.5 133 215 272 350 427 267

Fig. 9.12 The solid state
structures of Cl2, Br2 and

I2 consist of X2 (X¼Cl, Br or I)
molecules arranged in zigzag
chains within layers. Part of one
layer is shown. Values of the
intramolecular X�X distance,
a, and the intermolecular
distance, b, are listed in Table 9.1.

§ Above 45K, a second phase with a more complicated structure exists.
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Cl�Cl distance is 198 pm (a in Figure 9.12). The measured Cl�Cl bond
distance is twice the covalent radius (Table 9.1). Also, within a plane,

we can measure intermolecular Cl:::Cl distances, and the shortest such

distance (b in Figure 9.12) is 332 pm. This is shorter than twice the van

der Waals radius of chlorine and suggests that there is some degree of

interaction between the Cl2 molecules in a layer. The shortest intermolecular

Cl:::Cl distance between layers of molecules is 374 pm. The degree of

intermolecular interaction becomes more pronounced in going from Cl2
to Br2, and from Br2 to I2 as the distances in Table 9.1 indicate. Note

also that the I�I bond length in solid I2 is longer than in a gaseous molecule

(Table 9.1) although there is little change in either the Cl�Cl or Br�Br
bond length in going from gaseous to solid Cl2 or Br2. In solid I2, the

bonding interaction between molecules is at the expense of some bonding

character within each I2 molecule.

9.8 Elemental molecular solids in groups 15 and 16

Sulfur (group 16)

Sulfur forms S�S bonds in a variety of cyclic and chain structures and

Table 4.2 listed some of the allotropes of sulfur. One allotrope is S6 which

has a cyclic structure with a chair conformation (Figure 9.13). When S6
crystallizes, the rings pack together efficiently to give a solid which is the

highest density form of elemental sulfur (2.2 g cm�3). Only van der Waals

forces operate between the rings.

The conformation of a molecule describes the relative spatial arrangement of

the atoms. Two commonly observed conformations of 6-membered rings are

the chair and boat forms.

Crystalline orthorhombic sulfur (the a-form, and the standard state of the

element) consists of S8 rings (Figure 9.14) which are packed together with

van der Waals interactions between the rings. The average S�S bond

Chair and boat conformers:
see Section 25.2

"

Fig. 9.13 Two views of
an S6 molecule – one

view emphasizes the chair
conformation of the ring.
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length within each ring is 206 pm, consistent with the presence of single

bonds. The organization of the S8 rings in the crystalline state is shown in

Figure 9.15. The rings do not simply stack immediately on top of each other.

Monoclinic sulfur (the b-form) also contains S8 rings but these are less

efficiently packed in the solid state (density ¼ 1:94 g cm�3) than are those

in orthorhombic sulfur (density ¼ 2:07 g cm�3). When orthorhombic sulfur

is heated to 368K, a reorganization of the S8 rings in the lattice occurs

and the solid transforms into the monoclinic form. Single crystals of ortho-

rhombic sulfur can be rapidly heated to 385K, when they melt instead of

undergoing the orthorhombic to monoclinic transformation. If crystalliza-

tion takes place at 373K, the S8 rings adopt the structure of monoclinic

sulfur, but the crystals must be cooled rapidly to 298K. On standing at

room temperature, monoclinic sulfur crystals change into the orthorhombic

allotrope within a few weeks.

Most allotropes of sulfur contain cyclic units (Table 4.2) but in some, Sx
chains of various lengths are present. Each chain contains S�S single

bonds and forms a helix (Figure 9.16). An important property of a helix is

its handedness. It can turn in either a right-handed or left-handed manner;

each form is distinct from the other and they cannot be superimposed.

There are different forms of polycatenasulfur which contain mixtures of

rings and chains, and these include rubbery and plastic sulfur. Filaments

of these can be drawn from molten sulfur; their compositions alter with

time, and at 298K, transformation into orthorhombic sulfur eventually

occurs. Two examples of well-characterized allotropes that contain helical

rcov(S) = 103 pm

The prefix catena is used

within the IUPAC

nomenclature to mean a

chain structure.

"

Fig. 9.14 Two views of
an S8 molecule. The shape

of the ring is often called a
‘crown’. The Se8 molecule also
has this geometry.

Fig. 9.15 The arrange-
ment of S8 rings in the

solid state of orthorhombic
sulfur (the standard state of the
element).
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chains are fibrous and laminar sulfur. In fibrous sulfur, the chains lie parallel

to one another and equal numbers of left- and right-handed helices are

present. In laminar sulfur, there is some criss-crossing of the helical chains.

Selenium and tellurium (group 16)

Elemental selenium and tellurium form both rings and helical chains, and

selenium possesses several allotropes. Crystalline monoclinic selenium is

red and contains Se8 rings with the same crown shape as S8 (Figure 9.14).

The standard state of the element is grey (or metallic) selenium, and in

the crystalline state it contains helical chains of selenium atoms (Se1).
Tellurium has one crystalline form and this contains helical Te1 chains. In

both this and grey selenium, the axes of the chains lie parallel to each

other, and a view through each lattice down the axes shows the presence

of a hexagonal network.

Phosphorus (group 15)

The standard state of phosphorus is ‘white phosphorus’. This allotrope is not

the thermodynamically most stable state of the element but has been defined

as the standard state (see Section 2.4). The most stable crystalline form of the

element is black phosphorus, and this, and red phosphorus, are described in

Section 9.10.

Crystalline white phosphorus contains tetrahedral P4 molecules (Figure 9.17).

The intramolecular P�P distance is 221pm, consistent with the presence of P�P
single bonds (rcov ¼ 110 pm).

9.9 A molecular allotrope of carbon: C60

Allotropes of carbon include graphite (the standard state of the element),

diamond, fullerenes and carbon nanotubes (Box 9.3). The fullerenes are

discrete molecules, and the most widely studied is C60 (Figure 9.18a).

The spherical shell of 60 atoms is made up of 5- and 6-membered rings

and the carbon atoms are equivalent. Each 5-membered ring (a pentagon)

Se1 or Te1 = chain of
infinite length

Fig. 9.17 The tetrahedral
P4 molecular unit present

in white phosphorus. All the P�P
distances are equal.

Diamond and graphite:
see Section 9.10

"

"

Fig. 9.16 A strand of
helical sulfur (S1) has a

handedness: (a) a right-handed
helix and (b) a left-handed helix.
The two chains are non-
superimposable.
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APPLICATIONS

Box 9.3 Geodesic domes, footballs, fullerenes and carbon nanotubes

The word fullerene originates from the name of

architect Richard Buckminster Fuller (1895–1983)

who designed geodesic domes such as that built for

EXPO ’67 in Montreal. A geodesic dome or sphere is

constructed from triangular units, and this can produce

a net of hexagonal motifs:

In carbon chemistry, such a net of edge-fused C6

hexagons is called a graphene sheet, and the structure

of graphite (see Figure 1.1) is composed of parallel

graphene sheets. Part of a single graphene sheet is

illustrated below:

This diagram illustrates that an assembly of hexagons

gives rise to a planar sheet. Rolling up the sheet and

connecting the edges leads to the formation of an

open-ended single-walled carbon nanotube:

Single-walled carbon nanotubes can be synthesized in

gram-scale syntheses, and they usually form in bundles

as a result of van der Waals forces operating between

the surfaces of adjacent tubes. The scanning electron

micrograph below shows bundles of carbon nanotubes

at a magnification of �35000, illustrating the fibrous

nature of the material.

Field-emission scanning electron micrograph (SEM) of carbon

nanotubes grown on a silicon wafer. The sample was provided

by Dr Teresa de los Arcos, Department of Physics, University

of Basel. SEM image: Dr A. Wirth-Heller FHNW, Basel.

If one or more C6-rings in the graphene sheet are

replaced by C5-rings, the structure loses planarity.

Similarly, in order to introduce curvature into the

surface of a geodesic dome, pentagonal panels must

be introduced at intervals. The smaller the dome, the

more pentagons must be present. The photograph

below shows part of one of the giant greenhouses that

house botanical collections at the Eden Project in

Cornwall, UK. The presence of a pentagonal panel is

clearly visible in the centre of the dome.

Greenhouse at the Eden Project.
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is connected to five 6-membered rings (hexagons). No 5-membered rings are

adjacent to each other.

The geometry about a carbon atom is usually either linear, trigonal planar

or tetrahedral, and although apparently complex, the structure of C60

complies with this restriction. Each carbon atom in C60 is covalently

bonded to three others in an approximately trigonal planar arrangement.

Since the surface of the C60 molecule is relatively large, the deviation from

planarity at each carbon centre is small. The C�C bonds in C60 fall into

two groups – the bonds at the junctions of two hexagonal rings (139 pm)

and those at the junctions of a hexagonal and a pentagonal ring (145 pm).

Figure 9.18b shows the usual representation of C60, with carbon–carbon

double and single bonds.

In the solid state at 298K, the spherical C60 molecules are arranged in

a close-packed structure. However, structural data derived from single

crystal X-ray diffraction studies of C60 carried out at room temperature

suffer from disorder problems, i.e. the spherical molecules are rotationally

disordered over different positions. The structure becomes ordered at very

low temperatures. Figure 9.19 shows a unit cell of the face-centred cubic

arrangement of spherical C60 molecules. Compare this with Figure 9.5b

and the diagrams in Box 9.4.

Restricted geometry of
carbon: see Section 6.14

"

Perhaps the most well-known example of the

combination of pentagonal and hexagonal panels in a

small spherical object is a standard European football,

and a molecule of C60 has an analogous structure.

The name fullerenes has been given to the class of

near-spherical Cn allotropes of carbon which include

C60, C70 and C84. In October 1996, the Nobel Prize in

Chemistry was awarded to Robert F. Curl, Sir

Harold Kroto and Richard E. Smalley ‘for their

discovery of fullerenes’, and the discovery of C60 is

described in a very readable article by Harry Kroto

(Angewandte Chemie International Edition, 1992,

vol. 31, p. 111).

European football.

Fig. 9.18 One of the
fullerenes – C60. (a) The

C60 molecule is made up of fused
5- and 6-membered rings of
carbon atoms which form an
approximately spherical
molecule. (b) A representation of
C60 showing only the upper
surface (in the same orientation
as in (a)) illustrating the localized
single and double carbon–carbon
bonds.
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Box 9.4 Superconductivity: alkali metal fullerides M3C60

Alkali metals, M, reduce C60 to give fulleride salts of

type [Mþ]3[C60]
3� and at low temperatures, some of

these compounds become superconducting. A super-

conductor is able to conduct electricity without

resistance and, until 1986, no compounds were known

that were superconductors above 20K. The tempera-

ture at which a material becomes superconducting is

called its critical temperature (Tc), and in 1987, this

barrier was broken – high-temperature superconductors

were born. Many high-temperature superconductors

are metal oxides, for example YBa2Cu4O8

(Tc ¼ 80K), YBa2Cu3O7 (Tc ¼ 95K), Ba2CaCu2Tl2O8

(Tc ¼ 110K) and Ba2Ca2Cu3Tl2O10 (Tc ¼ 128K).

The M3C60 fulleride superconductors are

structurally simpler than the metal oxide systems,

and can be described in terms of the alkali metal

cations occupying the interstitial holes in a lattice

composed of close-packed C60 cages. Each C60

molecule or [C60]
3� anion is approximately spherical

and a close-packing of spheres approach is valid. The

diagram below shows the unit cell (outlined in yellow)

of the cubic close-packed structure of C60 with the

atoms in a spacefilling representation.

In K3C60 and Rb3C60, the [C60]
3� anions are also

packed in a face-centred cubic arrangement. The follow-

ing diagram illustrates this assembly using a tube repre-

sentation for the cages. The diagram is identical to the

one shown above, but allows you to see some of the cav-

ities (interstitial holes) in the structure more clearly:

If you look back at Box 9.1, youwill see that the fcc unit

cell contains an octahedral hole and eight tetrahedral

holes. There are also 12 octahedral holes shared between

adjacent unit cells. The alkali metal cations in K3C60

and Rb3C60 completely occupy the octahedral (blue)

and tetrahedral (red) holes. This is shown in the figure

below. The holes occupied by the metal ions can be visua-

lized more clearly in the 3-dimensional, rotatable image

which can be viewed by going to the website www.pearso-

ned.co.uk/housecroft and following the links to the rota-

table structures for Chapter 9 of the book.

The values of Tc for K3C60 and Rb3C60 are 18K and

28K respectively, but for Cs3C60 (in which the C60

cages adopt a body-centred cubic lattice), Tc ¼ 40K.

Cs3C60 is (at present) the highest temperature supercon-

ductor of this family of alkali metal fullerides. [What

kind of interstitial holes can the Csþ ions occupy in the

bcc lattice?] Na3C60 is structurally related to its potas-

sium and rubidium analogues, but it is not superconduct-

ing. This area of fullerene chemistry is actively being

pursued with hopes of further raising the Tc barrier.
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9.10 Solids with infinite covalent structures

Some non-metallic elements in the p-block crystallize with infinite covalent

structures. Diamond and graphite are well-known examples and are

described below along with allotropes of boron, silicon, phosphorus, arsenic

and antimony. When these elements melt, covalent bonds are broken.

Boron (group 13)

The standard state of boron is the b-rhombohedral form. The structure of this

allotrope is complex and we begin the discussion instead with a-rhombohedral

boron. The basic building block of both a- and b-rhombohedral boron is an

icosahedral B12-unit (Figure 9.20). Each boron atom is covalently bonded to

another five boron atoms within the icosahedron, despite the fact that a

boron atom has only three valence electrons. The bonding within each

B12-unit is delocalized and it is important to remember that the B�B
connections in Figure 9.20 are not 2-centre 2-electron bonds.

The structure of a-rhombohedral boron consists of B12-units arranged

in an approximately cubic close-packed manner. The boron atoms of

the icosahedral unit lie on a spherical surface, and so the close-packing of

spheres is an appropriate way in which to describe the solid state structure.

However, unlike the close-packed arrays described earlier, the ‘spheres’ in

a-rhombohedral boron are covalently linked to each other. Part of the

structure (one layer of the infinite lattice) is shown in Figure 9.21, and

such layers are arranged in an ABCABC . . . fashion (Figures 9.3 to 9.5).

The presence of B�B covalent bonding interactions between the B12-units

distinguishes this as an infinite covalent structure rather than a true

close-packed assembly.

Fig. 9.19 The face-centred
cubic arrangement of C60

molecules in the solid state, with
the molecules shown in a space-
filling representation. The
structure was determined at low
temperature (5K) by neutron
powder diffraction. [W. I. F
David et al. (1991) Nature, vol.
353, p. 147.]

Fig. 9.20 The
B12-icosahedral unit is the

fundamental building block in
both a- and b-rhombohedral
boron. These allotropes possess
infinite covalent structures in
the solid state.
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The structure of b-rhombohedral boron consists of B84-units, linked

together by B10-units. Each B84-unit is conveniently described in terms of

three sub-units – ðB12ÞðB12ÞðB60Þ. At the centre of the B84-unit is a

B12-icosahedron (Figure 9.22a) and radially attached to each boron atom

is another boron atom (Figure 9.22b). The term ‘radial’ is used to signify

that the bonds that connect the second set of 12 boron atoms to the central

B12-unit point outwards from the centre of the unit. The ðB12ÞðB12Þ sub-unit
so-formed lies inside a B60-cage which has the same geometry as a C60

molecule (compare Figures 9.22c and 9.18a). The whole B84-unit is

shown in Figure 9.22d. Notice that each of the boron atoms of the second

B12-unit is connected to a pentagonal ring of the B60-sub-unit. In the

3-dimensional structure of b-rhombohedral boron, the B84-units shown in

Figure 9.22d are interconnected by B10-units. The whole network is

extremely rigid, as is that of the a-rhombohedral allotrope. Crystalline

boron is very hard, and has a particularly high melting point (2453K for

b-rhombohedral boron).

Fig. 9.21 Part of a layer of the
infinite lattice of a-rhombohedral
boron. The building blocks are
B12-icosahedra. The overall
structure may be considered to
consist of spheres in a cubic
close-packed arrangement.
Delocalized, covalent bonding
interactions between the
B12-units support the framework
of the infinite structure, making it
rigid.

Fig. 9.22 The construction of the B84-unit that is the main building block in the 3-dimensional structure of
b-rhombohedral boron. (a) In the centre of the unit is a B12-icosahedron. (b) To each boron atom in the central icosahe-

dron, another boron atom is attached. (c) A B60-cage is the outer ‘skin’ of the B84-unit. (d) The final B84-unit contains three
covalently bonded sub-units – (B12)(B12)(B60).
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Carbon (group 14)

Diamond and graphite are allotropes of carbon and possess 3-dimensional

covalent structures in the solid state. They differ remarkably in their physical

appearance and properties. Crystals of diamond are transparent, extremely

hard and are highly prized for jewellery. Crystals of graphite are black and

have a slippery feel.

Figure 9.23 shows part of the crystalline structure of diamond. Each

tetrahedral carbon atom forms four single C�C bonds and the overall

molecular array is very rigid.

The standard state of carbon is graphite. Strictly, this is a-graphite, since
there is another allotrope called b-graphite. Both a- and b-graphite have

3-dimensional structures, composed of parallel planes of fused hexagonal

rings. In a-graphite, the assembly contains two repeating layers, whereas

there are three repeat units in the b-form. Heating b-graphite above

1298K brings about a change to a-graphite.
The structure of a-graphite (‘normal’ graphite) is shown in Figure 9.24.

The C�C bond distances within a layer are equal (142 pm) and the distance

between two adjacent layers is 335 pm, indicating that inter-layer interactions

are weak. The physical nature of graphite reflects this. It cleaves readily

between the planes of hexagonal rings. This property allows graphite to be

used as a lubricant. The carbon atoms in normal graphite are less efficiently

packed than in diamond, and the densities of a-graphite and diamond are 2.3

and 3.5 g cm�3, respectively.
The electrical conductivity of graphite is an important property of this

allotrope, and can be explained in terms of the structure and bonding. The

valence electronic configuration of carbon is [He]2s22p2, and as each

carbon atom forms a covalent bond to each of three other atoms in the

same layer, one valence electron remains unused. The odd electrons are

conducted through the planes of hexagonal rings. The electrical resistivity

of a-graphite is 1:3� 10�5 �m at 293K in a direction through the planes

of hexagonal rings, but is about 1�m in a direction perpendicular to the

planes. The electrical resistivity of diamond is 1� 1011 �m, and diamond

is an excellent insulator. All valence electrons in diamond are involved in

localized C�C single bond formation.

Fig. 9.23 Part of the
infinite covalent lattice of

diamond, an allotrope of carbon.

rcov(C) = 77 pm
rv(C) = 185 pm

"

Fig. 9.24 Part of the layer
structure of normal (a)

graphite. This allotrope is the
standard state of carbon. There
are two repeating layers
consisting of fused hexagonal
rings. The red lines between the
layers indicate which carbon
atoms lie directly over which
other atoms.
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The electrical resistivity of a material measures its resistance (to an electrical

current). A good electrical conductor has a very low resistivity, and the reverse

is true for an insulator.

For a wire of uniform cross section, the resistivity (�) is given in units of ohm

metre (�m) where the resistance is in ohms, and the length of the wire is

measured in metres.

Resistance (in �) ¼ resistivity (in �m)� length of wire (in m)

cross section (in m2)

R ¼ �� l

a

See also Section 9.13

"

THEORY

Box 9.5 The relationship between the structure of diamond and zinc blende

The structure of zinc blende (ZnS) was discussed in

Section 8.13, and the unit cell is shown below:

If all the zinc(II) and sulfide centres in this structure

are replaced by carbon atoms, the unit cell illustrated

below results:

If we view this unit cell from a different angle, the same

representation of the diamond lattice that we showed in

Figure 9.23 becomes apparent:

We can therefore see that the diamond and zinc blende

structures are related.

Exercises
1. Why can the following unit not be used to represent

the unit cell of diamond?

2. Two of the following allotropes adopt structures

analogous to that of diamond. Which are they?

Give reasons for your choices. (a) a-Sn; (b) Na;

(c) Si; (d) As; (e) b-Se.
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Silicon, germanium and tin (group 14)

In the solid state at 298K silicon crystallizes with a diamond-type lattice (see

Figure 9.23). Germanium and the grey allotrope of tin (a-tin) also adopt this

infinite structure but the character of these elements puts them into the cate-

gory of semi-metals rather than non-metals. We discuss these allotropes

further in Section 9.11, but it is instructive here to compare some of their

physical properties (Table 9.2), particularly their electrical resistivities, to

understand why a distinction is made between the group 14 elements.

Phosphorus, arsenic, antimony and bismuth (group 15)

Although it is defined as the standard state of the element, white phosphorus

is a metastable state. Other allotropes of phosphorus are either amorphous

or possess infinite covalent lattices, but on melting, all allotropes give a

liquid containing P4 molecules.

Amorphous red phosphorus is more dense and less reactive than white

phosphorus. Crystallization of red phosphorus in molten lead produces a

monoclinic allotrope called Hittorf ’s (violet) phosphorus. The solid state

structure is a complicated 3-dimensional network and two views of the

repeat unit are shown in Figure 9.25. Units of this type are connected

end-to-end to form chain-like arrays of 3-coordinate phosphorus atoms.

These chains lie parallel to each other, forming layers, but within a layer

the chains are not bonded together. A 3-dimensional network is created by

White phosphorus: see
Section 9.8

"

Table 9.2 Some physical and structural properties of diamond, silicon, germanium and grey tin. All share the same
3-dimensional structure type (Figure 9.23).

Element Appearance of

crystalline solid

Melting

point

/ K
a

Enthalpy of

fusion / kJmol
�1

Density

/ g cm
�3

Interatomic

distance in the

crystal lattice / pm

Electrical

resistivity /�m

(temperature)

Carbon (diamond) Transparent 3820 105 3.5 154 1� 1011 (293K)

Silicon Blue-grey,
lustrous

1683 40 2.3 235 1� 10�3 (273K)

Germanium Grey-white,
lustrous

1211 35 5.3 244 0.46 (295K)

Tin (grey allotrope) Dull grey – – 5.75 280 11� 10�8 (273K)

a The grey allotrope of tin is the low-temperature form of the element. Above 286K the white form is stable; this melts at 505K.

Fig. 9.25 Part of the
infinite lattice of Hittorf ’s

phosphorus. (a) Part of the chain-
like arrays of atoms; the repeat
unit contains 21 atoms, and atoms
P 0 and P 00 are equivalent atoms in
adjacent chains; the chains are
linked through the P 0�P 00 bond.
(b) The same unit viewed from the
end, emphasizing the channels
that run through the structure.
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placing the layers one on top of another, such that an atom of the type labelled

P 0 in Figure 9.25 is covalently bonded to another similar atom (labelled P 00) in
an adjacent sheet. The chains in one layer lie at right angles to the chains in

the next bonded layer, giving a criss-cross network overall. The P�P bond

distances in the lattice are all similar (�222 pm) and are consistent with

single covalent bonds.

Black phosphorus is the most thermodynamically stable form of the

element. The solid state structure of the rhombohedral form of black

phosphorus consists of layers of 6-membered P6-rings each with a chair

conformation (Figure 9.26). Hexagonal P6-units are also present in the

orthorhombic form of the element.

In the solid state, the rhombohedral allotropes of arsenic, antimony and

bismuth are isostructural with the rhombohedral form of black phosphorus.

Down group 15, there is a tendency for the coordination number of each

atom to change from three (atoms within a layer) to six (three atoms

within a layer and three in the next layer). These allotropes of arsenic,

antimony and bismuth are known as the ‘metallic’ forms, and the metallic

character of the element increases as group 15 is descended.

9.11 The structures of metallic elements at 298 K

Elements in groups 1 and 2 (the s-block) and the d-block are metallic. In the

p-block, a diagonal line approximately separates non-metallic from metallic

elements (Figure 9.27) although the distinction is not clear-cut. The solid

state structures of metals are readily described in terms of the packing

of their atoms. Table 9.3 lists structure types for metals of the s- and

d-blocks, and also gives the melting points of these elements.

s-Block metals

In the solid state at 298K, the atoms of each alkali metal (group 1) are

packed in a body-centred cubic arrangement (see Figure 9.9). All these

Fig. 9.26 Layers
of puckered

6-membered rings are present
in the structures of black
phosphorus and the
rhombohedral allotropes of
arsenic, antimony and bismuth,
all group 15 elements.

Fig. 9.27 A ‘diagonal’ line is
often drawn through the p-block
to indicate approximately the
positions of the non-metals
(shown in green) and the metals
(shown in pink). The distinction
is not clear-cut and elements
lying along the line may show the
characteristics of both, being
classed as semi-metals.
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metals are soft and have relatively low melting points (Table 9.3). The enthal-

pies of fusion are correspondingly low, decreasing down group 1 from

3.0 kJmol�1 for lithium to 2.1 kJmol�1 for caesium.

With the exception of barium which has a bcc structure, the group 2 metals

possess hexagonal close-packed structures, and their melting points are

higher than those of the group 1 metals.

d-Block metals

At 298K, the structures of the metals in the d-block are either hcp, ccp or bcc,

with the exceptions of mercury and manganese (see below). Table 9.3 shows

that the structure type adopted depends, in general, on the position of the

metal in the periodic table. For most of the d-block metals, a close-packed

structure is observed at 298K, and a bcc structure is present as a

high-temperature form of the element. Iron is unusual in that it adopts a bcc

structure at 298K (Figure 9.28), transforms to an fcc lattice at 1179K, and

reverts to a bcc structure at 1674K.

Themelting points of the metals in groups 3 to 11 are far higher than those of

the s-block metals, and enthalpies of fusion are correspondingly higher. Two

d-block elements are worthy of special note. The first is mercury. All three

Table 9.3 Structures (at 298K) and melting points (K) of the metallic elements: g, hexagonal close-packed; g, cubic
close-packed (face-centred cubic); g, body-centred cubic.

1 2 3 4 5 6 7 8 9 10 11 12

Li

454

Be

1560

Na

371

Mg

923

K

337

Ca

1115

Sc

1814

Ti

1941

V

2183

Cr

2180

Mn
see text
1519

Fe

1811

Co

1768

Ni

1728

Cu

1358

Zn

693

Rb

312

Sr

1050

Y

1799

Zr

2128

Nb

2750

Mo

2896

Tc

2430

Ru

2607

Rh

2237

Pd

1828

Ag

1235

Cd

594

Cs

301

Ba

1000

La

1193

Hf

2506

Ta

3290

W

3695

Re

3459

Os

3306

Ir

2719

Pt

2041

Au

1337

Hg
see text
234

Fig. 9.28 The Atomium in
Brussels (built for EXPO ’58, and
renovated in 2005) is based upon
a unit cell of the body-centred
cubic structure of a-iron.
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metals in group 12 stand out among the d-block elements in possessing relatively

low melting points, but mercury is well known for the fact that it is a liquid at

298K. Its enthalpy of fusion is 2.3kJmol�1, a value that is atypical of the

d-block elements but is, rather, similar to those of the alkali metals. In the

crystalline state, mercury atoms are arranged in a distorted simple cubic lattice

(see Figure 9.8). The second metal of interest is manganese. Atoms in the solid

state are arranged in a complex cubic lattice in such a way that there are four

atomtypeswith coordinationnumbersof 12, 13or16.The reasons for thisdevia-

tion fromone of themore common structure types are not simple tounderstand.

Metals and semi-metals in the p-block

The physical and chemical properties of the heavier elements in groups 13,

14 and 15 indicate that these elements are metallic. Elements intermediate

between metals and non-metals are termed semi-metals, for example

germanium. The structures described below are those observed at 298K.

Aluminium possesses a cubic close-packed structure, typical of a metallic

element. The melting point (933K) is only slightly higher than that of

magnesium, the element preceding it in the periodic table, and is dramatically

lower than that of boron (2453K). Atoms of thallium form an hcp structure

typical of a metal, and indium possesses a distorted cubic close-packed

arrangement of atoms. The solid state structure of gallium is not so easily

described; there is one nearest-neighbour (249 pm) and six other close

atoms at distances between 270 and 279 pm. Gallium has a low melting

point (303K) which means that it is a liquid metal in some places in the

world but a solid in others!

The ‘diagonal’ line in Figure 9.27 passes through group 14 between silicon

and germanium, suggesting that we might consider silicon to be a non-metal,

and germanium a metal. But the distinction is not clear-cut. In the solid state,

both elements have the same 3-dimensional structure as diamond, but

their electrical resistivities are significantly lower than that of diamond (see

Table 9.2), indicating metallic behaviour. The heaviest element, lead,

possesses a ccp structure. The intermediate element is tin. White (b) tin is the

stable allotrope at 298K, but at temperatures below 286K, this transforms

into the grey a-form which has a diamond-type structure (Table 9.2). The

structure of white tin is related to that of the grey allotrope by a distortion

of the lattice such that each tin atom goes from having four to six nearest-

neighbours. The density of white tin (7.31 g cm�3) is greater than that of the

grey allotrope (5.75 g cm�3). Tin is an unusual metal: the density decreases

on going from b- to a-Sn, whereas it is more usual for there to be an increase

in density on going from a higher to lower temperature polymorph. The

transition from white to grey tin is quite slow, but it can be dramatic. In the

19th century,militaryuniformsused tinbuttons,which crumbled in exception-

ally cold winters. Similarly, in 1851, the citizens of Zeitz were alarmed to

discover that the tin organ pipes in their church had crumbled to powder!

The structure of bismuth was described in Section 9.10.

9.12 Metallic radius

The metallic radius is half the distance between the nearest-neighbour atoms

in a solid state metallic lattice. Table 9.4 lists metallic radii for the s- and

d-block elements. Atom size increases down each of groups 1 and 2. In

Elemental boron:
see Section 9.10

"
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each of the triads of the d-block elements, there is generally an increase in

radius in going from the first to second row element, but very little change

in size in going from the second to the third row metal. This latter

observation is due to the presence of a filled 4f level, and the so-called

lanthanoid contraction – the first row of lanthanoid elements lies between

lanthanum (La) and hafnium (Hf). The poorly shielded 4f electrons are

relatively close to the nucleus and have little effect on the observed radius.

The metallic radius is half the distance between the nearest-neighbour atoms in

a solid state metal lattice.

9.13 Metallic bonding

Metals are electrical conductors

One physical property that characterizes ametal is its low electrical resistivity –

that is, ametal conducts electricity verywell. The electrical resistivity of ametal

increases with temperature, and its conductivity decreases as the temperature

increases. This property distinguishes ametal from a semiconductor (see later),

because the electrical resistivity of a semiconductor decreases as the tempera-

ture increases. With the exception of mercury, all elements that are metallic at

298K are solid. Although the packing of atoms is a convenient means of

describing the solid state structure of metals, it gives no feeling for the commu-

nication that there must be between the atoms. Communication is implicit in

the property of electrical conductivity, since electrons must be able to flow

through an assembly of atoms in a metal. In order to understand why

metals are such good electrical conductors, we must first consider the bonding

between atoms in a metal.

van der Waals radius:
see Section 3.21
Covalent radius:

see Section 4.3
Ionic radius:

see Section 8.14

An electrical conductor

offers a low resistance

(measured in ohms, �) to

the flow of an electrical

current (measured in

amperes, A). An insulator

offers a high resistance.

"

Table 9.4 Metallic radii (pm) of the s- and d-block metals; lanthanum (La) is usually classified with the f-block elements.

1 2 3 4 5 6 7 8 9 10 11 12

Li

157

Be

112

Na

191

Mg

160

K

235

Ca

197

Sc

164

Ti

147

V

135

Cr

129

Mn

137

Fe

126

Co

125

Ni

125

Cu

128

Zn

137

Rb

250

Sr

215

Y

182

Zr

160

Nb

147

Mo

140

Tc

135

Ru

134

Rh

134

Pd

137

Ag

144

Cd

152

Cs

272

Ba

224

La

187

Hf

159

Ta

147

W

141

Re

137

Os

135

Ir

136

Pt

139

Au

144

Hg

–
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Worked example 9.1

The electrical resistivity of titanium is 4:3� 10
�7 �m.What is the resistance of

a 0.50m strip of titanium wire with cross section 8:0� 10
�7

m
2
?

Equation needed:

Resistance (in �Þ ¼ resistivity (in �mÞ � length of wire (in m)

cross section (in m2)

Ensure all units are consistent – in this example, they are.

Resistance ¼ ð4:3� 10�7 �mÞð0:50mÞ
ð8:0� 10�7 m2Þ

¼ 0:27�

A ‘sea of electrons’

An early approach to metallic bonding (the Drude–Lorentz theory) was to

consider a model in which the valence electrons of each metal atom were

free to move in the crystal lattice. Thus, instead of simply being composed

of neutral atoms, the metal lattice is considered to be an assembly of positive

ions (the nuclei surrounded by their core electrons) and electrons (the valence

electrons). When a potential difference§ is applied across a piece of metal, the

valence electrons move from high to low potential and a current flows.

In this model, a metallic element is considered to consist of positive ions

(arranged, for example, in a close-packed manner) and a ‘sea of electrons’.

The theory gives a satisfactory general explanation for the conduction of

electricity but cannot account for the detailed variation of electrical con-

ductivities amongst the metallic elements. Several other theories have been

described, of which band theory is the most general.

Band theory

Band theory follows from a consideration of the energies of the molecular

orbitals of an assembly of metal atoms. In constructing the ground state

electronic configuration of a molecule, we have previously applied the

aufbau principle and have arranged the electrons so as to give the lowest

energy state. In the case of a degeneracy, this may give singly occupied

highest lying molecular orbitals (for example in the B2 and O2 molecules).

A molecular orbital diagram that describes the bonding in a metallic solid is

characterized by having a large number of orbitals which are very close in

energy. In this case, they form a continuous set of energy states called a

band. These arise as follows. In anLCAOapproach,we consider the interaction

between similar atomic orbitals, for example 2s with 2s, and 2p with 2p.

Figure 9.29 shows the result of the interaction of 2s atomic orbitals for

different numbers of lithium atoms. The energies of these 2s atomic orbitals

are the same. If two Li atoms combine, the overlap of the two 2s atomic

orbitals leads to the formation of two MOs. If there are three lithium atoms,

three MOs are formed, and if there are four metal atoms, four MOs result.

For an assembly containing n lithiumatoms, theremust be nmolecular orbitals,

LCAO: see Section 4.12

"

§ Ohm’s Law states: V ¼ IR (potential difference (in V)¼ current (in A)� resistance (in �)).
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but because the 2s atomic orbitals are all of the same energy, the energies of the

resultantMOs are very close together and can be described as a bandof orbitals.

The occupation of the band depends upon the number of valence electrons

available. Each Li atom provides one valence electron and the band shown

in Figure 9.29 is half-occupied. This leads to a delocalized picture of the

bonding in the metal, and the metal–metal bonding is non-directional.

When metal atoms have more than one type of atomic orbital in the

valence shell, correspondingly more bands are formed. If two bands are

close together they will overlap, giving a single band in which there is

mixed orbital character (for example s and p character). Some bands will

be separated from other bands by defined energy gaps, as shown in

Figure 9.30. The lowest band is fully occupied with electrons, while the high-

est band is empty. The central band is partially occupied with electrons, and

because the energy states that make up the band are so close, the electrons

can move between energy states in the same band. In the bulk metal, electrons

are therefore mobile. If a potential difference is applied across the metal, the

electrons move in a direction from high to low potential and a current flows.

The energy gaps between bands are relatively large, and it is the presence of a

partially occupied band that characterizes a metal.

A band is a group of MOs that are extremely close in energy. The energy

differences are so small that the system behaves as if a continuous, non-

quantized variation of energy within the band is possible.

A band gap occurs when there is a significant energy difference between two

bands. The magnitude of a band gap is typically reported in electron volts

(eV); 1 eV¼ 96.485 kJmol�1.

Semiconductors

In going down each of groups 13, 14, 15 and 16, there is a transition from a

non-metal to a metal (see Figure 9.27), passing through some intermediate

stage characterized by the semi-metals. As we have already seen for the

group 14 elements, the metal/non-metal boundary is not well defined.

Fig. 9.29 The interaction of two
2s atomic orbitals in Li2 leads to
the formation of two MOs. If
there are three lithium atoms,
threeMOs are formed, and so on.
For Lin, there are n molecular
orbitals, but because the 2s
atomic orbitals were all of the
same energy, the energies of these
MOs are very close together and
are described as a band of
orbitals.

Fig. 9.30 The molecular orbitals
that describe the bonding in a
bulk metal are very close in
energy and are represented by
bands. Bands may be fully
occupied with electrons (shown
in blue), unoccupied (shown in
white) or partially occupied.
The figure shows a schematic
representation of these bands
for a metal.
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Figure 9.31 gives a representation of the bonding situation for these

allotropes. The MO diagram for bulk diamond can be represented in terms

of a fully occupied and an unoccupied band. There is a large band gap

(5.39 eV) and diamond is an insulator. The situation for silicon and

germanium can be similarly represented, but now the band gaps are much

smaller (1.10 and 0.66 eV respectively). In grey tin, only 0.08 eV separates

the filled and empty bands, and here the situation is approaching that of a

single band which is partly occupied. The conduction of electricity in silicon,

germanium and grey tin depends upon thermal population of the upper band

(the conduction band) and these allotropes are classed as semiconductors.

As the temperature is increased, some electrons will have sufficient energy to

make the transition from the lower to higher energy band. The smaller the

band gap, the greater the number of electrons that will possess sufficient

energy to make the transition, and the greater the electrical conductivity.

Doping silicon
semiconductors:

see Box 18.1

"

Fig. 9.31 The energy difference
(the band gap) between occupied
(shown in blue) and unoccupied
(shown in white) bands of MOs
decreases in going down group
14. This allows a change from
non-metallic towards metallic
character in going down the
group.

SUMMARY

In this chapter, we have discussed the structures of elements in the solid state.

Do you know what the following terms mean?

. close-packing of spheres

. cubic close-packing

. hexagonal close-packing

. simple cubic lattice

. body-centred cubic lattice

. interstitial hole

. crystalline solid

. amorphous solid

. chair and boat conformers of a
6-membered ring

. handedness of a helical chain

. catena

. electrical resistivity

. insulator

. metallic radius

. metallic bonding

. band gap

. semiconductor
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PROBLEMS

9.1 When spheres of an equal size are close-packed,

what are the features that characterize whether the

arrangement is hexagonal or cubic close-packed?

Draw a representation of the repeat unit for each

arrangement.

9.2 What is an interstitial hole? What types of holes are

present in hcp and ccp arrangements?

9.3 How are spheres organized in a body-centred

cubic arrangement? How does the body-centred

cubic arrangement differ from a simple cubic

one?

9.4 What is meant by a nearest-neighbour in an assembly

of spheres? How many nearest-neighbours does

each sphere possess in a (a) cubic close-packed,

(b) hexagonal close-packed, (c) simple cubic and

(d) body-centred cubic arrangement?

9.5 Write down the ground state electronic

configuration of Cl, S and P and use these

data to describe the bonding in each of the

molecular units present in (a) solid dichlorine,

(b) orthorhombic sulfur, (c) fibrous sulfur and

(d) white phosphorus.

9.6 What is meant by electrical resistivity?

Use the data in Table 9.5 to discuss the

statement: ‘All metals are good electrical

conductors.’

Table 9.5 Table of data for problem 9.6. All the
resistivities are measured for pure samples at 273K
unless otherwise stated.

Element Electrical resistivity /�m

Copper 1:5� 10�8

Silver 1:5� 10�8

Aluminium 2:4� 10�8

Iron 8:6� 10�8

Gallium 1:4� 10�7

Tin 3:9� 10�7

Mercury 9:4� 10�7

Bismuth 1:1� 10�6

Manganese 1:4� 10�6

Silicon 1:0� 10�3

Boron 1:8� 104

Phosphorus 1:0� 109 (293K)

You should be able:

. to discuss how the close-packing of spheres can
give rise to at least two assemblies

. to discuss the relationship between simple and
body-centred cubic packing of spheres

. to state how many nearest-neighbours an atom
has in ccp, hcp, simple cubic and bcc
arrangements

. to compare the efficiencies of packing in ccp,
hcp, simple cubic and bcc arrangements

. to appreciate why the packing of spheres is an
appropriate model for some, but not all, solid
state lattices

. to distinguish between intra- and
intermolecular bonds in solid state structures
(are both types of bonding always present?)

. to describe structural variation among the
allotropes of boron, carbon, phosphorus and
sulfur

. to describe similarities and differences in the
solid state structures of the elements of group 17

. to give examples of metals with different types
of lattice structures

. to describe using simple band theory how a
metal can conduct electricity
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9.7 Briefly discuss allotropy with respect to carbon.

What is the standard state of this element? Explain

why a-graphite and diamond show such widely

differing electrical resistivities, and suggest why

the electrical resistivity in a graphite rod is

direction-dependent.

9.8 What is meant by solvent of crystallization? The

crystallization of C60 from benzene and

diiodomethane yields solvated crystals of formula

C60
:xC6H6

:yCH2I2. If the loss of solvent leads to a

32.4% reduction in the molar mass, what is a

possible stoichiometry of the solvated compound?

9.9 What structure type is typical of an alkali metal at

298K? Table 9.6 lists values of the enthalpies of

fusion and vaporization for the alkali metals.

Describe what is happening in each process in terms

of interatomic interactions. Use the data in Table

9.6 to plot graphs which show the trends in melting

point, and enthalpies of fusion and atomization

down group 1. How do you account for the trends

observed, and any relationships that there may be

between them?

Table 9.6 Table of data for problem 9.9.

Alkali

metal

Melting

point / K

Enthalpy

of fusion

/ kJmol
�1

Enthalpy of

atomization

/ kJmol
�1

Lithium 454 3.0 162

Sodium 371 2.6 108

Potassium 337 2.3 90

Rubidium 312 2.2 82

Caesium 301 2.1 78

9.10 Comment on the relative values of the metallic

(197 pm) and ionic radii (100 pm) of calcium.

9.11 Account for the following observations:

(a) The density of a-graphite is less than that of

diamond.

(b) In group 13, the melting point of

b-rhombohedral B is much higher (2453K) than

that of Al (933K).

(c) The group 1 metals tend to exhibit lower values

of �aH
o(298K) than metals in the d-block.

9.12 To what processes do the values of (a) �fusH ¼
0:7 kJmol�1, (b) �vapH ¼ 5:6 kJmol�1 and
(c) �aH

o ¼ 473 kJmol�1 for nitrogen refer? Discuss

the relative magnitudes of the values.

9.13 A localized covalent �-bond is directional, while

metallic bonding is non-directional. Discuss the

features of covalent and metallic bonding that lead

to this difference.

9.14 Using simple band theory, describe the differences

between electrical conduction in a metal such as

lithium and in a semiconductor such as germanium.

9.15 (a) What is a band gap? (b) Which of the

following would you associate with a metal, a

semiconductor and an insulator: (i) a large band

gap; (ii) a very small band gap; (iii) a partially

occupied band?

ADDITIONAL PROBLEMS

9.16 ReO3 is a structure type. The structure can be

described as a simple cubic array of Re atoms with

an O atom located in the middle of each of the cube

edges. Construct a unit cell of ReO3. What are the

coordination numbers of Re and O? Confirm that

your unit cell gives the correct stoichiometry for

ReO3.

9.17 Two types of semiconductors, n- and p-types, are

made by doping a host such as silicon with a small

amount of an element that has more or fewer

valence electrons than the host. How do you think

doping Si with As to give an n-type semiconductor

would change the electronic conductivity of the

material?

CHEMISTRY IN DAILY USE

9.18 The Atomium in Brussels (Figure 9.28) is a giant

model of a unit cell of a-iron. The average radius of
each sphere in Figure 9.28 is 11m, the length of each

rod between two spheres at adjacent corners of the

cube is 25m, and the structure is 165� 109 times

larger than a unit cell of a-iron. Use these data to

estimate the metallic radius for an 8-coordinate iron

atom. Give your answer in pm, paying attention to

significant figures.

9.19 The manufacture of carbon steels is big business,

from low-carbon steel in car body parts to tough,

high-carbon steel used for cutting and drilling tools.

Carbon atoms occupy interstitial holes in the iron

lattice, and their presence strengthens the material.

Ferrite steel is a-iron that contains<0.06 % carbon.

What type of interstitial holes are available for the

C atoms to occupy in ferrite steel? Draw a unit cell

of a-Fe and indicate an interstitial hole that a

C atom might occupy.

9.20 The electrical resistivities of tungsten and copper

are 5:6� 10�8 and 1:7� 10�8 �m, respectively, at

298K. (a) Why do you think that tungsten is used to

make the filaments in electrical light bulbs rather
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than copper? (b) Will the electrical resistivity of a

tungsten filament be higher or lower than

5:6� 10�8 �m when the electric light bulb is

glowing? (c) The European Union has issued a

directive that all member states must change from

tungsten filament light (incandescent) bulbs to

halogen lamps by 2010. A halogen bulb also

contains a tungsten filament. Why is the change

being made?

9.21 Figure 9.32 shows two arrangements of apples

packed into the same basket. (a) Comment on the

relative packing efficiencies of the arrangements

shown in Figure 9.32. (b) Describe how the two

arrangements can be used as starting points for a

discussion of the packing of spheres of equal

size, stating clearly whether either or both of

Figures 9.32a and 9.32b are appropriate for

describing hexagonal close-packing, cubic

close-packing, body-centred cubic packing and

simple cubic packing of spheres.

[Based on a concept discussed in: E. C. Lingafelter

(1991) J. Chem. Educ., vol. 68, p. 895.]

Fig. 9.32 For problem 9.21: apples packed in a basket.
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10
Mass spectrometry

10.1 Introduction

This chapter is the first of five concerned with common laboratory techniques

used in the identification of chemical compounds. Our emphasis is on

spectroscopic and mass spectrometric methods. The interpretation of data

forms a major part of the discussion since this is where many students gain

their initial experience of experimental techniques, rather than in the detail

of instrument operation. Nonetheless, for a proper understanding of how

to interpret spectra, some knowledge of theory is necessary. In Chapter 36

‘Chemistry in the workplace’, we introduce analytical techniques including

gas chromatography coupled with mass spectrometry (GC-MS) that have

applications in, for example, the food and perfume industries, and in

environmental, medical, biological and forensic sciences.

We begin our introduction to experimental methods by considering mass

spectrometry. Most routinely, mass spectrometry is used to determine the

molecular weight of a compound. It also provides information about isotopic

abundances, and the ways in which molecular ions decompose. A number of

different mass spectrometric techniques are available, including electron

impact ionization (EI), chemical ionization (CI), fast-atom bombardment

(FAB), matrix assisted laser desorption ionization time-of-flight

(MALDI-TOF) and electrospray ionization (ESI) methods. Different

techniques have different advantages over others and a modern chemical

laboratory makes use of the range of techniques to tackle different problems.

For example, electrospray ionization mass spectrometry is a ‘soft’ technique,

whereas electron impact ionization mass spectrometry often results in

fragmentation of the molecular sample under study. Fast-atom bombardment

mass spectrometry can be applied to both neutral and ionic compounds,

whereas EI mass spectrometry is used to investigate neutral compounds. If a

Topics
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high molecular weight compound (e.g. a high mass polymer) is under study,

EI mass spectrometry is not generally suitable, and one of the more modern

methods must be applied. Mass spectrometry operates by determining the

charge-to-mass ratio for gas phase ions, and the various techniques

are different methods of generating these ions. Mass spectrometry may be

combined with separation techniques to allow immediate analysis of the

chemicals being separated. Examples include gas chromatography coupled

with mass spectrometry (GC-MS) and liquid chromatography with mass

spectrometry (LC-MS).We illustrate the uses of these techniques inChapter 36.

10.2 Recording a mass spectrum

Despite some limitations, EI mass spectrometry remains in routine use and

its simplicity of method makes it suitable for an introductory, general

discussion of mass spectrometry.

Electron impact ionization (EI) mass spectrometry

Figure 10.1 shows a schematic representation of an EI mass spectrometer.

The sample to be analysed is first vaporized by heating (unless the sample

is already in the vapour phase at 298K) and is then ionized. Ionization

takes place with a beam of high-energy (�70 eV) electrons. Equations 10.1
and 10.2 summarize these first two steps. In equation 10.2, the incoming

electron has high energy and the outgoing electrons have a lower energy.

EðsÞ ��" EðgÞ ð10:1Þ
EðgÞ þ e� ��"EþðgÞ þ 2e� ð10:2Þ

The Eþ ions pass through a magnetic field where their paths are deflected.

The amount of deflection is mass-dependent. The output from the detector

(Figure 10.1) is called a mass spectrum, and is a plot of signal intensity

against mass : charge (m=z) ratio. For an ion with z ¼ 1, the m=z value

corresponds to the molecular mass, Mr, of the ion. If z ¼ 2, the recorded

mass of the ion is half its actual mass, and so on. In EI mass spectrometry,

most ions generated in the mass spectrometer have z ¼ 1, but in other

techniques, molecular ions with z > 1 may be common.

In the mass spectrum, the signal intensity is usually plotted in terms of

relative values, with the most intense signal being arbitrarily assigned

a value of 100%. A peak corresponding to the molecular mass of the

compound is called the parent peak, parent ion (Pþ) or molecular ion (Mþ).
If the molecular compound contains an even number of electrons, then the

molecular ion is a radical cation. Thus, Mþ (or Pþ) is, in this case, more

correctly written as M
�þ (or P

�þ).

When a high-energy

electron collides with a

molecule, M, and removes

a valence electron, a

molecular radical cation,

M
�þ
, is formed and gives

rise to the parent peak in the

mass spectrum.

Fig. 10.1 Schematic
representation of an EI mass
spectrometer. The detector is
connected to a recorder which
outputs a mass spectrum of the
type shown in Figure 10.2.
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BIOLOGY AND MEDICINE

Box 10.1 Electrospray ionization mass spectrometry: a soft technique

The method of electron impact mass spectrometry

(EI MS) introduced in this chapter is a classical

technique that maintains its position among modern

mass spectrometric techniques. However, it has

limitations. In EI MS, the sample is heated until it

vaporizes and is bombarded with high-energy

(�70 eV) electrons. These are harsh conditions (the

sample must be thermally stable), and typically result

in significant fragmentation of the molecular ion. In

some cases, the parent ion is not stable enough to be

observed and in this case, only fragment ions may be

recorded. EI MS is most applicable to neutral species

with m=z < 2000 (z ¼ 1), and usually, singly charged

ions are observed.

The principle of electrospray ionization was first

developed by Malcolm Dole in the 1960s, and in 1988,

John Fenn demonstrated the use of electrospray

ionization mass spectrometry (ESI MS) for the

analysis of polypeptides and proteins with molecular

masses of 40 000Da. (The molecular masses of

biomolecules are usually given in units of daltons,

where 1 dalton ¼ 1 atomic mass unit, see Section 1.7.)

Fenn also showed that multiply charged ions were

formed in ESI MS. His findings were the beginning of

widespread application of ESI MS, and in 2002, he

shared the Nobel Prize in Chemistry with Koichi

Tanaka ‘for their development of soft desorption

ionization methods for mass spectrometric analyses

of biological macromolecules’. A third recipient of

the 2002 prize was Kurt Wüthrich who pioneered

NMR spectroscopic methods for the investigation of

biological macromolecules in solution (see Box 14.2).

Nowadays, ESI MS is applied widely for the analysis

of high-molecular mass compounds (up to 200 kDa),

biomolecules and other fragile compounds, and ionic

compounds including d-block metal complexes. The

technique can also be coupled to the output of gas and

liquid chromatographic techniques to analyse the

separated components of mixtures (see Chapter 36).

In contrast to electron impact mass spectrometry,

the electrospray ionization technique uses a solution

sample. The compound under study is dissolved in a

volatile solvent such as acetronitrile or methanol. The

solution is converted into a fine spray (nebulized) at

atmospheric pressure by the application of a high

electrical potential (�3000V). The instrument can be

operated either in positive-ion mode which gives

rise to positively charged droplets of sample, or in

negative-ion mode which produces negatively charged

droplets. The electrical potential is applied between the

needle through which the sample is injected and a

counter electrode. The charged droplets travel towards

the counter electrode, during which time the solvent

evaporates, leading ultimately to the formation of

gas-phase ions, which pass into a mass analyser. The

process is shown schematically below. Among the

compounds that can be investigated using electron impact

mass spectrometry are ionic coordination complexes. As

an example, consider the complex [Ru(bpy)3][PF6]2
(bpy ¼ 2,2’-bipyridine) which is a salt containing

[Ru(bpy)3]
2þ cationsand [PF6]

� anionsas shownopposite.
The highest mass peak envelope in the ESI mass

spectrum appears at m/z and a zoom scan of this peak

is shown below.

The peaks within the envelope are one mass unit

apart, and this is characteristic of a singly charged

[Acknowledgement: Emma L. Dunphy is thanked for recording the ESI mass spectrum of [Ru(bpy)3][PF6]2
shown above.]
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ion. This follows from the fact that values of m/z are

recorded. The peak envelope above is assigned to the

ion [Ru(bpy)3PF6]
þ, or [M� PF6]

þ where M stands

for the parent molecule. The pattern of peaks in the

zoom scan opposite is largely dictated by the fact that

ruthenium has seven isotopes (see Appendix 5).

Multiply charged ions can be recognized by looking

at the separation of peaks in an envelope. For

example, for a doubly charged ion [M]2þ, the peaks in
the isotope envelope are half a mass unit apart, e.g. in

the peak envelope for [Ru(bpy)3]
2þ.

Now we turn to the application of ESIMS in biologi-

cal systems. In electron impact mass spectrometry, the

parent ion is generated by the removal of a valence elec-

tron from the molecule and the resulting radical cation

gives rise to the [M]þ peak. In electrospray mass ioniza-

tion spectrometry, it is common for a sample molecule

to combine with protons or cations, typically, Na+ or

K+. A biomolecule, M, with basic sites readily forms

[M + H]+, [M + 2H]2þ, [M + 3H]3þ, and so on, in

the mass spectrometer. The O2-carrying proteins myo-

globin and haemoglobin (see Section 35.6) have

molecular masses of 16951 and �64500, respectively.
Protons can associate with these proteins, and their

positive-mode ESI mass spectra exhibit peaks arising

from [M + nH]n+. For example, in the mass spectrum

of myglobin shown in the following figure, the peaks

range from m/z ¼ 807 to 1413 and are assigned to

ions in the series [M + 21H]21þ to [M + 12H]12þ.
ESI MS investigations of haemoglobin allow medical

researchers to distinguish between healthy human blood

and blood from someone suffering from sickle cell

anaemia (a disease in which the normally disc-shaped

red blood cells deform into sickle shapes). Human

haemoglobin consists of a bundle of four protein units,

two a- and two b-haemoglobin units. These differ in the

number of amino acids: a-haemoglobin contains 141

and the b-form has 145. Thus, they are distinguishable

by mass spectrometry: m=z ¼ 15 126 and 15867,

respectively, for the [M]þ ions. The ESI mass spectrum

of normal adult blood shows equal intensity peaks at

m=z ¼ 15 126 and 15867. For an adult carrying the

sickle cell anaemia gene, a second b-haemoglobin unit is

present with molecular mass 15 837.

Within the biological and biochemical sciences, ESI

MS can be applied to studies of proteins, peptides,

carbohydrates, lipids, nucleic acids and amino acids

as well as many other classes of molecules. As the

example of the ruthenium(II) complex illustrates, ESI

MS is not restricted to the biological applications. It

has widespread use in all branches of chemistry, and

in environmental and forensic sciences.

[Reprinted from Trends in Analytical Chemistry, 10, 3, R.W.A.

Oliver and B.N. Green, The application of electrospray mass

spectrometry to the characterisation of abnormal or variant

haemoglobins, p.85, # 1991 with permission from Elsevier.]

Haemoglobin comprises four units, which are linked by non-

covalent interactions. Each contains a haem unit (see Box 5.2).
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High- and low-resolution mass spectra

Mass spectrometric measurements may be made at low or high resolution. In

a low-resolution mass spectrum, integral m=z values are recorded, and this is

satisfactory for most purposes of compound identification. However, it may

be necessary to distinguish between two species with very similar masses, and

in this case accurate masses (high resolution) are recorded. For example, in a

low-resolution mass spectrum, CO and N2 both give rise to peaks at

m=z ¼ 28. Accurate mass numbers (to five decimal places) for 12C, 16O and
14N are 12.000 00 (by definition), 15.994 91 and 14.003 07 respectively, and

in a high-resolution mass spectrum, a peak at m=z ¼ 27:994 91 can be

assigned to CO while one at 28.006 14 is assigned to N2. Accurate mass

measurements are important as a means of distinguishing between

compound compositions of similar masses, particularly for compounds

containing only C, H, N and O. Measurements need to be to an accuracy of

�7 significant figures for differences to be unambiguously detected. Exact

masses of selected isotopes are listed in Table 10.1. Observed isotope

distributions are another method of distinguishing between peaks of the

same or very similar m=z value (see below).

For the rest of this chapter, we work with data from low-resolution mass

spectra.

10.3 Isotope distributions

Elements: atoms and molecules

In Section 1.7, we described how some elements occur naturally as mixtures of

isotopes. Chlorine, for example, occurs as a mixture of 75.77% 35Cl and

24.23% 37Cl. The 3 : 1 ratio of 35Cl : 37Cl is revealed in a mass spectrum of

atomized chlorine (see Figure 1.5a); the relative intensities of the lines in

See end-of-chapter
problems 10.2 and 10.3

"

Table 10.1 Exact masses (to five decimal places) for selected isotopes. The mass for 12C is
exactly 12 by definition.

Isotope Exact mass Isotope Exact mass

1H 1.007 83 28Si 27.976 93

2H 2.014 10 31P 30.973 76

7Li 7.016 00 32S 31.972 07

12C 12.000 00 35Cl 34.968 85

13C 13.003 35 37Cl 36.965 90

14N 14.003 07 39K 38.963 71

16O 15.994 91 79Br 78.918 34

19F 18.998 40 81Br 80.916 29

23Na 22.989 77 127I 126.904 47
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Figure 1.5a are 100.00 : 31.98 (rather than 75.77 : 24.23) because the most

intense signal (the base peak) is arbitrarily assigneda relative intensity of 100.00.

Figure 10.2a shows the mass spectrum of atomized sulfur. The relative

intensities of the lines of 100.00 : 4.43 correspond to isotopic abundances of

95.02% 32S and 4.21% 34S. The natural abundances of 33S and 35S are

0.75% and 0.02% respectively, and expansion of the mass spectrum is

needed to see the corresponding signals. Monoclinic sulfur consists of S8
rings (10.1) and Figure 10.2b shows the parent ion in the mass spectrum of

S8. The presence of naturally occurring 32S and 34S (ignoring for the

moment the much smaller amounts of 33S and 35S) leads to a statistical

mix of molecules of ð32SÞ8, ð32SÞ7ð34SÞ, ð32SÞ6ð34SÞ2 and so on. Since 32S is

by far the most abundant isotope of sulfur, the base peak in the mass

spectrum of S8 is at m=z ¼ 256 corresponding to ð32SÞ8. The next most

abundant peak (m=z ¼ 258) corresponds to ð32SÞ7ð34SÞ. The effect of

having 0.75% naturally occurring 33S present (which is barely visible in the

mass spectrum of atomic S) gives rise to the peak at m=z ¼ 257, assigned

The base peak in a mass

spectrum is the peak of

greatest intensity, and is

arbitrarily assigned a

relative intensity of 100.

(10.1)

Fig. 10.2 Low-resolution mass
spectrometric traces of
(a) atomized S, (b) the parent
ion of S8, (c) atomized C and
(d) the parent ion of C60.
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to ð32SÞ7ð33SÞ. Think about the statistics of having any one of the sites in the

S8 ring occupied by a 33S isotope. The remaining peaks that are visible in

Figure 10.2b are assigned to ð32SÞ6ð33SÞð34SÞ and ð32SÞ6ð34SÞ2; a value of

m=z ¼ 259 can be assigned to both ð32SÞ6ð33SÞð34SÞ and ð32SÞ7ð35SÞ, but

from the relative isotope abundances, the probability of ð32SÞ6ð33SÞð34SÞ is
higher than that of ð32SÞ7ð35SÞ. Although molecules with other isotopic

compositions such as ð32SÞ5ð34SÞ3 (m=z ¼ 262) and ð32SÞ5ð33SÞð34SÞ2
(m=z ¼ 261) are possible, their probability is very low.

Naturally occurring phosphorus is monotopic (31P) and the low-resolution

mass spectrum of atomized phosphorus shows a single peak at m=z ¼ 31.

Similarly, the parent ion in the mass spectrum of white phosphorus, which

consists of P4 molecules, appears as a single peak at m=z ¼ 124.

The isotopic distribution of naturally occurring carbon is 98.90% 12C and

1.10% 13C, and in the mass spectrum of atomized carbon, the dominant peak

is at m=z ¼ 12 (Figure 10.2c). Figure 10.2d shows the parent ion in the mass

spectrum of C60, the molecular structure of which is shown in structure 10.2.

The most intense peak (m=z ¼ 720) can be assigned to ð12CÞ60. The effect of
having 13C present in a sample of atomic carbon is negligible, but is

significant in a molecule that contains a large number of C atoms. The

peak at m=z ¼ 721 in Figure 10.2d is assigned to (12C)59(
13C), and its

relative intensity of 67.35% is consistent with the relatively high

probability of finding one 13C atom in a molecule of C60. The remaining

two peaks in Figure 10.2d arise from ð12CÞ58ð13CÞ2 and ð12CÞ57ð13CÞ3.
There is only a very small chance of there being more than three 13C in a

molecule of C60 with a natural isotopic distribution.

Simple compounds

In a diatomic molecule XY in which X is monotopic (or virtually so) and Y

possesses a number of naturally occurring isotopes, the isotopic pattern that

is diagnostic of Y appears in the mass spectrum of XY. Consider naturally

occurring Br which consists of 50.69% 79Br and 49.31% 81Br (Figure 10.3a).

Now consider IBr. Iodine is monotopic (127I) and Figure 10.3b shows the

parent ion in the mass spectrum of IBr. The two peaks can be assigned to

(10.2)

Fig. 10.3 Low-resolution
mass spectrometric traces
of (a) atomized Br and
(b) the parent ion of IBr.
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ð127IÞð79BrÞ and ð127IÞð81BrÞ, and a comparison of Figures 10.3a and 10.3b

shows a replication of the isotopic pattern that is characteristic of naturally

occurring bromine. Although this is a simple case, it makes the important

point that isotopic patterns can be used to provide evidence for the presence

of a certain element in a compound.

Worked example 10.1 Parent ions and isotopic distributions

The parent ion in the mass spectrum of CCl4 contains the following peaks:

m=z Relative intensity m=z Relative intensity

152 78.18 157 0.54

153 0.88 158 10.23

154 100.00 159 0.11

155 1.12 160 0.82

156 47.97

Interpret these data given that naturally occurring C consists of 98.90%
12
C

and 1.10%
13
C, and Cl consists of 75.77%

35
Cl and 24.23%

37
Cl.

The most abundant peaks contain 12C rather than 13C. Write down the

possibilities for 12C:

ð12CÞð35ClÞ4 m=z ¼ 152

ð12CÞð35ClÞ3ð37ClÞ m=z ¼ 154

ð12CÞð35ClÞ2ð37ClÞ2 m=z ¼ 156

ð12CÞð35ClÞð37ClÞ3 m=z ¼ 158

ð12CÞð37ClÞ4 m=z ¼ 160

Although 35Cl is three times more abundant than 37Cl, the chance of a

CCl4 molecule containing one 37Cl is high – there are four sites that

could contain this isotope:

ð12CÞð35ClÞ3ð37ClÞ gives rise to the most abundant peak in the spectrum,

the next being assigned to ð12CÞð35ClÞ4 and then ð12CÞð35ClÞ2ð37ClÞ2. The
chance of a CCl4 molecule containing three 37Cl is significantly lower,

and containing four is very low. The low-intensity peaks at m=z ¼ 153,

155, 157 and 159 arise from ð13CÞð35ClÞ4, ð13CÞð35ClÞ3ð37ClÞ,
ð13CÞð35ClÞ2ð37ClÞ2 and ð13CÞð35ClÞð37ClÞ3 respectively. No peak is

observed for ð13CÞð37ClÞ4 since there is negligible chance of it occurring

naturally.
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Carbon-containing compounds: the ðPþ 1Þ peak

In carbon-containing compounds, the presence of 98.90% 12C and 1.10%
13C leads to the Pþ peak being accompanied by a low-intensity ðPþ 1Þþ
peak. If the molecule contains a large number of C atoms, a ðPþ 2Þþ peak

is also observed. This is apparent in the parent ion of C60 shown in

Figure 10.2d, and in this case, a ðPþ 3Þþ peak is additionally observed.

For compounds that contain only C, H and O, the ratio of intensities of

the Pþ and ðPþ 1Þþ peaks reflects the number of carbon atoms present

and this is illustrated for a series of hydrocarbons in Table 10.2. Such

characteristic patterns of peaks in a mass spectrum aid the identification of

molecular or fragment (see below) ions.

10.4 Fragmentation patterns

In a mass spectrum, peaks arising from ions with mass lower than the parent

ion are often observed. These arise from bond cleavage, which leads to

fragmentation of the molecule. Fragmentation can greatly complicate the

mass spectrum. If hydrogen atoms are lost, fragmentation can also

complicate the appearance of the parent ion. For example, based on the

abundances of the naturally occurring isotopes of C (98.90% 12C, 1.10%
13C), H (99.985% 1H, 0.015% 2H) and O (99.76% 16O, 0.04% 17O, 0.20%
18O), we might expect the parent ion of methanol (CH3OH, 10.3) to contain a

base peak at m=z ¼ 32 and two low-intensity peaks at m=z ¼ 33 and 34.

Figure 10.4a shows the observed mass spectrum of methanol. The peak at

m=z ¼ 32 corresponds to the parent ion ½CH4O�þ, with the expected low-

intensity peaks at m=z ¼ 33 and 34. Fragmentation of the molecular ion

through C�H or O�H bond cleavage leads to the fragment ions ½CH3O�þ,
½CH2O�þ, ½CHO�þ and ½CO�þ observed at m=z ¼ 31, 30, 29 and 28

respectively. Not all fragmentation ions are equally likely or stable, and

predicting the relative intensities of these peaks is not easy. The peak at

m=z ¼ 15 arises from the methyl fragment ½CH3�þ.
Figure 10.4b shows the mass spectrum of ethanol (C2H5OH, 10.4). Based

only on the natural isotope abundances, a molecular ion for ½C2H6O�þ at

m=z ¼ 46 is expected and is observed. Loss of H gives ½C2H5O�þ at

m=z ¼ 45, and further fragmentation by loss of H atoms is observed. The

(10.3)

(10.4)

Table 10.2 Relative intensities of Pþ and ðPþ 1Þþ peaks for different numbers of carbon
atoms, compared with ratios observed in alkanes, CnH2nþ 2.

Number of

C atoms

Relative intensities

P
þ
: ðPþ 1Þþ

Alkane Relative intensities

P
þ
: ðPþ 1Þþ

1 100.00 : 1.12 CH4 100.00 : 1.18

2 100.00 : 2.24 C2H6 100.00 : 2.33

3 100.00 : 3.37 C3H8 100.00 : 3.49

4 100.00 : 4.49 C4H10 100.00 : 4.64

5 100.00 : 5.61 C5H12 100.00 : 5.79

6 100.00 : 6.73 C6H14 100.00 : 6.94
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most intense peak in the mass spectrum occurs at m=z ¼ 31 and corresponds

to ½CH3O�þ, formed by loss of a CH3 fragment from the parent ion. The

peaks with m=z ¼ 26 to 29 can be fitted to fragments arising from

½C2H6O�þ losing an OH group followed by H atom loss, and the ½CH3�þ
fragment appears in the spectrum at m=z ¼ 15.

The larger the molecule, the more fragments can be generated in the mass

spectrometer. The mass spectrum of pentane (C5H12, 10.5) is shown in

Figure 10.4c. The ion at m=z ¼ 72 corresponds to the molecular ion

½C5H12�þ (i.e. ½ð12CÞ5ð1HÞ12�þÞ. The low-intensity peak at m=z ¼ 73

arises from ½ð12CÞ4ð13CÞð1HÞ12�þ with a small contribution from

½ð12CÞ5ð1HÞ11ð2HÞ�þ. The pattern of peaks in Figure 10.4c can be

interpreted in terms of the fragmentation of ½C5H12�þ to give ½C4H9�þ,
½C3H7�þ, ½C2H5�þ and ½CH3�þ. In addition, loss of H from these fragments

gives ions that include ½C3H6�þ and ½C3H5�þ.

See also Section 30.4

(10.5)

"

Fig. 10.4 Mass spectra of (a) methanol (CH3OH), (b) ethanol (C2H5OH) and (c) pentane (C5H12).
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By assigning identities to fragment peaks in a mass spectrum, it is possible

to ‘reconstruct’ a molecule and hence use fragmentation patterns to aid

the identification of unknown compounds. In later chapters in the book,

we give examples of the fragmentation of alcohols (Section 30.4) and

amines (Section 31.5), and in Chapter 36, we illustrate how diagnostic

fragmentation patterns can aid chemical analysis.

Worked example 10.2 Fragmentation patterns

The mass spectrum of a compound A contains major peaks at m=z ¼ 58, 43

and 15. Confirm that this fragmentation pattern is consistent with A being

acetone (10.6).

The molecular formula for acetone is C3H6O. Each of C, H and O

possesses a dominant isotope (12C, 1H and 16O), and a peak in the mass

spectrum at m=z ¼ 58 corresponds to a molecular ion ½C3H6O�þ. From
structure 10.6, loss of CH3 gives a fragment ion ½C2H3O�þ at m=z ¼ 43,

and the ½CH3�þ ion appears at m=z ¼ 15. The observed fragmentation

pattern is therefore consistent with A being acetone.

10.5 Case studies

In this section, we present the mass spectra of selected elements and

compounds. Each example has a molecular structure, and the examples

have been chosen to illustrate the combined effects of isotopic and

fragmentation patterns, as well as the fact that, in practice, molecular ions

are not always observed.

For organic compounds containing C, H, O and N, the so-called nitrogen

rule is a useful aid to analysing the spectrum. If the compound contains

no nitrogen or an even number of N atoms, m=z ðz ¼ 1Þ for the molecular

ion will be an even number. For example, the parent ion for

H2NCH2CH2NH2 appears at m=z ¼ 60. If the compound contains an odd

number of N atoms, m=z ðz ¼ 1Þ for the molecular ion will be an odd

number, e.g. the parent ion for CH3NH2 is observed at m=z ¼ 31. This

observation is a consequence of the valencies of the C, N and O atoms, as

the following exercise illustrates.

Exercise For each of the following series of molecules, calculate the

molecular mass, assuming isotopically pure 12C, 14N, 16O and 1H. How do

the results help you to understand the origins of the ‘nitrogen rule’?

(10.6)
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Case study 1: S6

The EI mass spectrum of S6 is shown in Figure 10.5. Sulfur has four isotopes,

with 32S (95.02%) and 34S (4.21%) being the most abundant (Figure 10.2a).

The groups of peaks around m=z ¼ 192 correspond to the molecular ion,

[S6]
þ. The most intense peak arises from [(32S)6]

þ, while peaks at m=z ¼ 193;

194, 195 and 196 correspond to mixtures of isotopes, e.g. [(32S)5(
34S)]+.

(Look back at the detailed description of the appearance of the parent ion in

the mass spectrum of S8, Figure 10.2b.) The S6 molecular ion can fragment

by loss of sulfur atoms. An [(32S)5]
þ ion would appear at m=z ¼ 160, but

Figure 10.5 reveals only a low intensity peak at this m=z value. Loss of two,

three or four sulfur atoms from [S6]
þ gives rise to [S4]

þ, [S3]
þ and [S2]

þ at

m=z ¼ 128, 96 and 64, respectively, with the groups of peaks showing the

patterns expected for combinations of the different isotopes of sulfur.

Case study 2: Br2

Mass spectra of compounds containing bromine exhibit a characteristic

signature because naturally occurring bromine consists of two isotopes

(79Br and 81Br) in approximately equal abundances (see Figure 10.3a).

This is illustrated by looking at the EI mass spectrum of Br2 (Figure 10.6).

The only fragmentation of the molecular ion that can occur is cleavage of

the Br–Br bond. Thus, the two peaks at m=z ¼ 79 and 81 are readily

assigned to [79Br]þ and [81Br]þ. This pattern of equal intensity peaks, two

mass units apart is characteristic of a molecular or fragment ion that

contains one bromine atom. The three peaks at m/z 158, 160 and 162 in

Figure 10.6 arise from the parent ion with isotope distributions of [(79Br)2]
þ,

[(79Br)(81Br)]þ and [(81Br)2]
þ, respectively. The relative intensities of these

peaks (1 : 2 : 1) reflects the probabilities of combining the two isotopes into

molecules of Br2.

Case study 3: tetrachloroethene, C2Cl4

The mass spectrum of tetrachloroethene is shown in Figure 10.7. The group

of peaks at highest masses arise from the parent radical cation ½C2Cl4�þ, and

Fig. 10.5 The mass
spectrum of S6, and its

molecular structure. [Data:
NIST Mass Spec Data Center,
S.E. Stein, director, ‘Mass
Spectra’ in NIST Chemistry
WebBook, NIST Standard
Reference Database Number 69,
eds P.J. Linstrom and W.G.
Mallard, June 2005, National
Institute of Standards and
Technology, Gaithersburg,
MD, 20899 (http://
webbook.nist.gov).]
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the pattern of these peaks reflects the statistical distribution of the two

isotopes of Cl (75.77% 35Cl and 24.23% 37Cl) in a compound with four Cl

atoms. The simulated pattern for 4Cl is shown in Figure 10.8a. Loss of Cl

from ½C2Cl4�þ gives ½C2Cl3�þ which gives the group of peaks around

m=z ¼ 130. The isotopic pattern is dominated by that due to the statistical

distribution of the two isotopes of Cl in three sites (Figure 10.8b). The

group of peaks around m=z ¼ 95 in Figure 10.7 is assigned to ½C2Cl2�þ,
and the statistical distribution of 35Cl and 37Cl is largely responsible for

the pattern of peaks (compare with Figure 10.8c). The remaining groups of

peaks in Figure 10.7 are assigned (in order of decreasing m=z) to ½CCl2�þ,
½C2Cl�þ, ½CCl�þ, ½Cl�þ and ½C2�þ.

Case study 4: SO2

Figure 10.9 shows the mass spectrum of sulfur dioxide. Naturally occurring

oxygen is predominately one isotope (16O 99.76%, 17O 0.04% and 18O

0.20%), as is sulfur (see Figure 10.2a). Thus, the mass spectrum of SO2 is

Fig. 10.6 The mass
spectrum of Br2, and its

molecular structure. [Data:
NIST Chemistry WebBook
(2005), http://webbook.nist.gov]

Fig. 10.7 Themass spectrum of tetrachloroethene, C2Cl4. In the molecular structure, the colour code is C, grey; Cl, green.
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Fig. 10.8 Simulated isotopic
patterns for (a) 4Cl, (b) 3Cl and
(c) 2Cl.

Fig. 10.9 The mass
spectrum of SO2, and its

molecular structure. Colour
code: S, yellow; O, red. [Data:
NIST Chemistry WebBook
(2005), http://webbook.nist.gov]
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dominated by a simple set of lines assigned to [SO2]
þ ðm=z ¼ 64Þ, [SO]þ

ðm=z ¼ 48Þ, [S]þ ðm=z ¼ 32Þ and [S]+ ðm=z ¼ 16Þ.

Exercise The peak at m/z = 32 in Figure 10.9 has the correct mass to be

assigned to [O2]
þ. Why is this less likely to be the correct assignment than

[S]þ?

Case study 5: tetramethyltin, (CH3)4Sn

The mass spectrum of ðCH3Þ4Sn is shown in Figure 10.10a. Figure 10.10b

illustrates the isotopic distribution for naturally occurring Sn. A molecular

ion for ðCH3Þ4Sn would appear as a group of peaks, the most intense of

which would be at m=z ¼ 180 assigned to ð120SnÞð12CÞ4ð1HÞ12. This is not

visible in the mass spectrum of ðCH3Þ4Sn, and instead the highest mass

Fig. 10.10 (a) The mass spectrum of ðCH3Þ4Sn and (b) the isotopic distribution for naturally occurring Sn. The colour
codes in the molecular structure of ðCH3Þ4Sn are: Sn, brown; C, grey; H, white.
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peak is assigned to the fragment ion ½C3H9Sn�þ, formed after loss of a methyl

group from the parent ion. In this example, the parent ion is not sufficiently

stable to be carried through the mass spectrometer to the detector. The

remaining groups of peaks in Figure 10.10a can be assigned to ½C2H6Sn�þ,
½CH3Sn�þ and ½Sn�þ. The patterns of peaks for each fragment ion are

similar, being dominated by that of the isotopes of Sn (compare Figures

10.10a and 10.10b).

Case study 6: bromoethane, CH3CH2Br

Before working through this case study, make sure that you understand

case study 2. Figure 10.11 shows the mass spectrum of bromoethane.

The natural occurrence of the isotopes 79Br and 81Br in a 1:1 ratio

(Figure 10.3a) gives a characteristic appearance to the parent ion

½C2H5Br�þ in Figure 10.11, with two dominant peaks at m=z ¼ 108 and

110. Loss of Br leads to ½C2H5�þ (m=z ¼ 29), and the mass spectrum shows

that the fragment ion ½C2H3�þ (m=z ¼ 27) is also stable. Less intense peaks

at m=z ¼ 28 and 26 are assigned to ½C2H4�þ and ½C2H2�þ. Loss of CH3

from the parent ion gives ½CH2Br�þ (m=z ¼ 95 and 93 with the isotopic

pattern characteristic of naturally occurring Br), but the low relative

intensity of these peaks indicates that the ion is not particularly stable.

Case study 7: sulfamic acid, HOSO2NH2

The mass spectrum and structure of sulfamic acid are shown in Figure 10.12.

The parent ion is of relatively low intensity: m=z ¼ 97 corresponds to

½SO3NH3�þ. Various fragmentations could occur, but the base peak at

m=z ¼ 80 indicates that the ½SO2NH2�þ ion is especially stable and this

corresponds to loss of OH from the parent ion. The peaks at m=z ¼ 64

and 48 are assigned to the fragment ions ½SO2�þ and ½SO�þ respectively.

The lowest mass peaks at m=z ¼ 16 and 17 could be assigned to ½NH2�þ
and ½OH�þ; the peak at m=z ¼ 17 could also arise from ½NH3�þ.

Fig. 10.11 The mass spectrum of bromoethane, CH3CH2Br, and its molecular structure. Colour code: C, grey; Br,
brown; H, white.
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Case study 8: N2H4

The mass spectrum and structure of N2H4 (hydrazine) are shown in

Figure 10.13. Note that, because nitrogen and hydrogen are essentially

monotopic (14N 99.63% and 1H 99.99%), the groups of peaks separated

by one mass unit must arise from sequential loss of H atoms. The base

peak at m/z = 32 can be assigned to the parent ion, [N2H4]
þ, and the even

mass of this ion is consistent with the nitrogen rule. The series of peaks at

m/z = 31, 30, 29 and 28 arise from the ions [N2H3]
þ, [N2H2]

þ, [N2H]þ

and [N2]
þ, respectively. Further fragmentation is by cleavage of the N–N

bond. The ions [NH2]
þ, [NH]þ and [N]þgive rise to the peaks at m/z =16,

15 and 14, respectively. The peak at m=z ¼ 17 is assigned to [NH3]
þ, which

is formed by the recombination of an H atom and [NH2]
þ.

Fig. 10.13 The mass
spectrum of hydrazine

(N2H4), and its molecular struc-
ture. Colour code: N, blue; H,
white. [Data: NIST Chemistry
WebBook (2005), http://web-
book.nist.gov]

Fig. 10.12 The mass spectrum of sulfamic acid, NH2SO3H, and its molecular structure. Colour code: S, yellow; N, blue;
O, red; H, white.
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PROBLEMS

Use data from Appendix 5 and Table 10.1 where

necessary.

10.1 Give a brief account of how an EI mass

spectrometer functions.

10.2 A high-resolution mass spectrum is used to give

an exact mass determination of 111.055 836 for a

compound X. Of the possible formulae C5H5NO2,

C5H7N2O, C5H9N3 and C6H9NO, which is

supported by the mass spectrometric data?

10.3 A compound Y contains 58.77% C and 27.42% N.

From an exact mass determination, the molecular

weight of Y is found to be 102.11576. Suggest a

likely composition for Y.

10.4 The isotopic abundances of naturally occurring

gallium are 60.1% 69Ga and 39.9% 71Ga. Sketch

the mass spectrum of atomic Ga, setting the most

abundant peak to a relative intensity of 100.

10.5 Why in Figure 10.2b are no peaks at m=z > 260

observed?

10.6 Suggest what peaks might be present in the mass

spectra of (a) F2 and (b) Cl2.

10.7 Rationalize why the parent ion in the mass

spectrum of CF2Cl2 contains the following

peaks:

m=z Relative intensity

120 100.00

121 1.12

122 63.96

123 0.72

124 10.23

125 0.11

SUMMARY

In this chapter, we have introduced mass spectrometry, an important and routine technique that allows
the molecular weight of a compound to be measured. Isotopic patterns of peaks give information
about the elements present. Fragmentation patterns can be used to give supporting evidence for the
composition of a compound.

Do you know what the following terms mean?

. mass spectrometry

. electron impact ionization
mass spectrometry

. mass spectrum

. m/z ratio

. parent (or molecular) ion

. radical cation

. high- and low-resolution
mass spectra

. base peak

. monotopic

. isotopic distribution of a peak

. ðPþ 1Þ peak

. fragmentation pattern

. fragment ion

. nitrogen rule

You should be able:

. to outline the operation of an electron impact
ionization mass spectrometer

. to distinguish between high- and low-
resolution mass spectra and recognize their
appropriate uses

. to explain why some ions give rise to a single
peak in a mass spectrum while others give
envelopes of peaks

. to explain the varying significance of 13C in the
mass spectrum species containing different
numbers of carbon atoms

. to explain the significance of the parent peak in
a mass spectrum

. to describe what information can be obtained
from fragmentation peaks

. to assign peaks in the mass spectrum of a known
compound

. to determine whether a mass spectrum is
consistent with the proposed molecular
formula of a compound
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10.8 In the mass spectra of two samples, A and B, the

appearances of the parent ions are as follows.

Which sample is CO, and which N2?

m=z Relative intensities

for A

Relative intensities

for B

28 100.00 100.00

29 0.72 1.16

30 – 0.20

10.9 In its mass spectrum, a compound A shows a

peak from the molecular ion at m=z ¼ 78. What

further information from the parent ion allows

you to distinguish between A being C6H6 and

C3H7Cl?

10.10 The mass spectrum of a compound B contains

major peaks atm=z ¼ 74, 59, 45, 31, 29 and 27, and

a lower intensity peak at m=z ¼ 15. B is known to

be either butanol (10.7) or diethyl ether (10.8). Do

the mass spectrometric data allow you to

unambiguously assign B as butanol or diethyl

ether?

(10.7)

(10.8)

10.11 The compounds CH3CH2SH and HOCH2CH2OH

both show parent ions in their mass spectra at

m=z ¼ 62. How do the fragmentation patterns

allow you to distinguish between the two

compounds?

10.12 The mass spectrum of a compound C contains

intense peaks at m=z ¼ 60 (base peak), 45 and

43, and lower-intensity peaks at 61, 46, 44, 42, 41,

40, 31, 29, 28, 18, 17, 16, 15, 14, 13. Show that

these data are consistent with C having

structure 10.9.

(10.9)

10.13 The mass spectrum of acetonitrile (10.10) contains

peaks at m=z (relative intensity)¼ 42 (3), 41 (100),

40 (51), 39 (18), 38 (9), 26 (2), 15 (1), 14 (7).

Account for these peaks.

(10.10)

10.14 Compound D contains 68.13% C, 13.72% H,

18.15% O, and shows a parent ion in its mass

spectrum at m=z ¼ 88. Determine the molecular

formula of D.

10.15 Compound E exhibits a parent ion in its mass

spectrum at m=z ¼ 92, and analysis of E gives

91.25% C and 8.75% H. Determine the molecular

formula of E.

10.16 The mass spectrum of compound F contains a base

peak at m=z ¼ 91, and a parent ion at 106 (relative

intensity 37.5). F is known to be a derivative of

benzene with structure 10.11 in which R is an

unknown group. Identify F and rationalize the

mass spectrometric data.

(10.11)

10.17 Assign each of the peaks that make up the group of

peaks at highest masses in Figure 10.7.

10.18 The mass spectrum of nitromethane (10.12)

contains major peaks as m=z ¼ 61, 46, 30

(base peak) and 15. Account for these

observations.

(10.12)

ADDITIONAL PROBLEMS

Table 1.9 may be helpful for some problems.

10.19 Naturally occurring Fe consists of 5.8% 54Fe,

91.7% 56Fe, 2.2% 57Fe and 0.3% 58Fe. Fe(CO)5
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(10.13) loses CO molecules in a sequential manner

in the mass spectrometer. What do you expect to

observe in the mass spectrum of Fe(CO)5?

(10.13)

10.20 C and H elemental analysis of a compound Z gives

88.2% C, 11.8% H. An exact mass determination

using high-resolution mass spectrometry gives a

mass of 68.06260. In the low-resolution mass

spectrum, the major peaks that are observed are at

m=z ¼ 68, 67, 53, 41, 40, 39 and 26. Show that these

data are consistent with Z being 1,3-pentadiene

(10.14).

(10.14)

10.21 (a) Compound Y is a solid at 298K. It has an exact

mass of 60.032 37, and elemental analysis shows

that it contains 20.0% C, 6.7%H and 46.7%N.

Suggest a possible formula for Y. (b) Apart

from the base peak, the low-resolution mass

spectrum of Y contains major peaks at 44 and

17, with less intense peaks at 43, 28 and 16.

What can you deduce about a possible structure

of Y?

10.22 (a) Compound Z is a liquid at 298K.

High-resolution mass spectrometry gives an exact

mass of 61.016 38, and Z contains 19.7% C, 4.9%

H and 22.9% N. Suggest a possible formula for Z.

(b) The low-resolution mass spectrum of Z shows

intense peaks at 61, 46, 30 and 15. Deduce a

possible structure of Z.

10.23 The EI mass spectrum of dinitrogen contains three

peaks at m=z 29, 28 and 14 with relative intensities

3, 100 and 14, respectively. Rationalize these data,

using information from Appendix 5.

10.24 The EI mass spectrum of N2F2 is given in

Figure 10.14. Assign the peaks in the spectrum and

explain how the molecule fragments in the mass

spectrometer.

10.25 Figure 10.15 shows the EI mass spectrum of OF2.

Assign the peaks in the spectrum, and explain

how they arise. Why is the spectrum made up of

single lines rather than groups of closely spaced

peaks?

10.26 The mass spectrum of ClC�N is shown in

Figure 10.16. Explain clearly how the peaks in

the spectrum arise.

10.27 The mass spectra of PCl3 and PBr3 are shown in

Figures 10.17 and 10.18, respectively. (a) Explain

why the parent ion for PCl3 consists of three lines,

while that for PBr3 exhibits four. (b) Assign the

remaining peaks in each spectrum.

10.28 Urea (10.15) is a component of human urine. Its EI

mass spectrum contains three dominant peaks at

m=z= 60, 44 and 17. Assign these peaks, and state

(giving reasons) whether you expect them to appear

as single lines or as part of groups of closely spaced

peaks.

(10.15)

Fig. 10.14 The mass
spectrum of trans-N2F2,

and its molecular structure.
Colour code: N, blue; F, green.
[Data: NIST Chemistry Web-
Book (2005), http://webboo-
k.nist.gov]
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Fig. 10.16 The mass
spectrum of ClC�N, and

its molecular structure. Colour
code: Cl, green; C, grey; N, blue.
[Data: NIST Chemistry Web-
Book (2005), http://webbook.
nist.gov]

Fig. 10.15 The mass
spectrum of OF2, and its

molecular structure. Colour
code: O, red; F, green. [Data:
NIST Chemistry WebBook
(2005), http://webbook.nist.gov]

Fig. 10.17 The mass
spectrum and structure of

PCl3. Colour code: P, orange; Cl,
green. [Data: NIST Chemistry
WebBook (2005), http://
webbook.nist.gov]
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10.29 (a) Acetylacetone (propane-2,4-dione, 10.16)

exhibits major peaks in its EI mass spectrum

atm=z=100, 85 and 43 (base peak). How do these

peaks arise?

(10.16)

(b) Deprotonation of acetylacetone produces

anion 10.17 (commonly called [acac]�) which
is used in metal coordination chemistry. In

[Fe(acac)3], each [acac]� anion binds to the

iron(III) ion through the two oxygen atoms to give

an octahedral environment at the metal centre. The

mass spectrum of [Fe(acac)3] shows peaks at

m=z ¼353 (relative intensity 15), 254 (base peak),

239 (relative intensity 28), 155 (relative intensity 43)

in addition to lower intensity lines. Rationalize

these data.

(10.17)

CHEMISTRY IN DAILY USE

Electrospray ionization mass spectrometry (see

Box 10.1) has widespread applications in the

biological, environmental and forensic sciences.

These problems illustrate some uses of this

technique. You should read Box 10.1 before

attempting to answer the questions.

10.30 A type of electrospray ionization mass

spectrometry (desorption ESI MS) can be used to

detect picogram or femtogram quantities of

explosives on surfaces such as paper, plastics, metal

and skin. The structures of the explosives

trinitrotoluene (TNT) and cyclonite (RDX) are

shown below.

(a) With the desorption ESI mass spectrometer

running in negative mode, TNT gives rise to

Fig. 10.18 The mass
spectrum and structure of

PBr3. The peaks in the highest
mass group are at m/z 274, 272,
270 and 268. Colour code: P,
orange; Br, brown. [Data: NIST
Chemistry WebBook (2005),
http://webbook.nist.gov]
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a characteristic peak at m=z = 227 assigned to a

radical anion. What is the identity of the ion?

Suggest how it is formed. (b) With the mass

spectrometer running in positive mode, the mass

spectrum of RDX contains peaks at m=z 223
(base peak) and a low-intensity peak at m/z =

177. Assign these peaks. (c) In the electron

impact mass spectrum of RDX, the base peak

appears at m=z= 46. Suggest why the base

peaks in the EI and ESI mass spectra are

different. [Data: Z. Takáts et al. (2005) Chem.

Commun., p. 1950.]

10.31 Alkaloids are naturally occurring organic,

nitrogen-containing bases, all of which are toxic

(see Box 34.1). The analysis of plant materials is of

interest to the pharmaceutical industry, and

desorption electrospray ionization mass

spectrometry can be applied for in situ studies of

plant material. Deadly nightshade (Atropa

belladonna, Figure 10.19) contains atropine and

scopolamine. The latter is used as a drug to control

nausea associated with motion sickness, while

atropine causes dilation of the pupils and is used

in ophthalmics. The base peak in the desorption

ESI mass spectrum (positive mode) of deadly

nightshade is observed at m=z = 290, and there is

also an intense peak at m/z 304. The structure of

atropine is shown in Figure 10.19. (a) Which peak

arises from atropine? Account for the fact that the

observed m=z value is not equal to the calculated

mass based on a formula (12C)17(
1H)23(

14N)(16O)3.

(b) The structure of scopolamine is very similar to

that of atropine, but contains an additional

3-membered ring, fused to the 7-membered C7-ring

(see Figure 10.19). Use the mass spectrometric data

to suggest the nature of this ring, explaining how

you reach your conclusion. [Data: N. Talaty et al.

(2005) Analyst, vol. 130, p. 1624.]

10.32 The analysis of inks in forensic science can be

carried out using desorption electrospray

ionization mass spectrometry. Two components of

ballpen inks are Basic Blue 7 and Basic Violet 3

(Figure 10.20). Commercially available pigments

may be contaminated with related derivatives. The

ESI mass spectrum of an inkspot containing Basic

Blue 7 and Basic Violet 3 shows a base peak at

m=z = 478 and lower intensity peaks at 450, 422,

372, 358 and 344. (a) Confirm the assignments of

the peaks at m=z= 478 and 372 as the parent ions.

(b) The peaks at m=z= 450, 422, 358 and 344 arise

from the contaminents mentioned above. Suggest

the nature of these species. [Data: D. R. Ifa et al.

(2007) Analyst, vol. 132, p. 461.]

10.33 Bradykinin (C50H73N15O11) is a peptide composed

of a sequence of nine amino acids (see Section 35.5)

and is a potent vasodilator. The positive-mode

electrospray mass spectrum of bradykinin shows

three groups of peaks around m=z 1061, 531 and

354. A zoom scan of the peak envelope at m/z 1061

Fig. 10.19 Berries of deadly nightshade (Atropa belladonna) and the structure of the alkaloid atropine that it contains.
Colour code: C, grey; N, blue; O, red; H, white.
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shows that it consists of four peaks: m=z 1060.6
(most intense), 1061.6, 1062.5 and 1063.4 (least

intense). (a) What is the origin of each member of

the group of peaks at m=z 1061? (b) Remembering

that ESI MS is a soft technique, suggest how the

peaks at m=z 531 and 354 arise. What extra

information do you require to confirm your

proposal? [Data: A. Weinecke and V. Ryzhov

(2005) J. Chem. Educ., vol. 82, p. 99.]

Fig. 10.20 Schematic structures of the cations present in the ink pigments Basic Violet 3 and Basic Blue 7, and a ball-and-
stick model of the cation present in Basic Violet 3. Colour code: C, grey; N, blue; H, white.
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11
Introduction
to spectroscopy

11.1 What is spectroscopy?

Spectroscopic methods of analysis are an everyday part of modern chemistry,

and we have already mentioned the atomic spectrum of hydrogen and photo-

electron spectroscopy. There are many different spectroscopic techniques

(Table 11.1) and by using different methods, it is possible to investigate many

aspects of atomic and molecular structure.

In the next few chapters we consider infrared (IR), rotational, electronic

(which includes ultraviolet–visible, UV–VIS) and nuclear magnetic resonance

(NMR) spectroscopies – these are the techniques that include those you are

most likely to use in the laboratory.

The aim of most of our discussion is not to delve deeply into theory, but

rather to provide information that will assist in the practical application of

these techniques.

Absorption and emission spectra

The terms absorption and emission are fundamental to discussions of spec-

troscopy. We distinguished between absorption and emission atomic spectra

in Section 3.16. The absorption of electromagnetic radiation by an atom,

molecule or ion causes a transition from a lower to a higher energy level. (We

shall deal more explicitly with what is meant by a ‘level’ later.) Remember

(Chapter 3) that only certain transitions are allowed. The energy of the radiation

absorbed gives the energy difference between the two levels. Figure 11.1 shows a

schematic diagram of some components of an absorption spectrophotometer

used to measure the absorption of electromagnetic radiation. The ‘source’

provides electromagnetic radiation covering a range of frequencies.

When the radiation passes through a sample, some may be absorbed,

but some is transmitted, detected and recorded in the form of a spectrum

Topics

Spectroscopic

techniques

Timescales

Beer–Lambert Law

Colorimetry

Case studies

Atomic spectrum of
hydrogen: see Section 3.16

Photoelectron
spectroscopy: see Box 4.4

Absorption and emission:
see Box 3.6

E = h�

"

"
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(Figure 11.1). The spectrum is a plot of the absorbance or transmittance of the

radiation against the energy.

The intensity of an absorption (the reading of absorbance or transmittance

in Figure 11.2) depends upon several factors:

. the probability of a transition occurring;

. the populations of the different energy levels; and

. the amount of the sample.

Table 11.1 Some important spectroscopic techniques; note that electron, X-ray and neutron diffraction methods (Chapter 4)
and mass spectrometry (Chapter 10) are not spectroscopic techniques.

Name of technique Comments

Atomic absorption spectroscopy Used for elemental analysis; observes absorption spectra of vapour phase atoms in the
vapour state (see Chapter 36).

Electron spin resonance
(ESR) spectroscopy or
electron paramagnetic
resonance (EPR) spectroscopy

Used in the study of species with one or more unpaired electrons.

Electronic spectroscopy Absorption spectroscopy [100–200 nm (vacuum-UV), 200–800 nm (near-UV and visible)]
used to study transitions between atomic and molecular electronic energy levels
(see Chapter 13).

Far infrared spectroscopy Infrared spectroscopy below �200 cm�1.

Fluorescence spectroscopy Used to study compounds that fluoresce, phosphoresce or luminesce; fluorescence is the
emission of energy which may follow the absorption of UV or visible radiation, and is a
property exhibited only by certain species. The light emitted is at longer wavelength than
that absorbed.

Infrared (IR) spectroscopy A form of vibrational spectroscopy; absorptions are usually recorded in the range
200–4000 cm�1. Extremely useful as a ‘fingerprinting’ technique; see Chapter 12.

Microwave spectroscopy Absorption spectroscopy used to study the rotational spectra of gas molecules; see
Chapter 12.

Mössbauer spectroscopy Absorption of �-radiation by certain nuclei (e.g. 57Fe and 197Au); used to study the
chemical environment, including oxidation state, of the nuclei.

Nuclear magnetic resonance
(NMR) spectroscopy

Absorption or emission of radiofrequency radiation used to observe nuclear spin states
(see Chapter 14); a very powerful analytical tool which is used to elucidate molecular
structures and study dynamic behaviour in solution and the solid state.

Photoelectron
spectroscopy (PES)

Absorption spectroscopy used to study the energies of occupied atomic and molecular
orbitals (see Box 4.4).

Raman spectroscopy A form of vibrational spectroscopy but with different selection rules from IR
spectroscopy; some modes that are IR inactive (see Chapter 12) are Raman active.

Fig. 11.1 A schematic representation of parts of a simple absorption spectrometer; the elec-
tromagnetic radiation originates from the source and is directed at the sample, where some
is absorbed and some transmitted. The resultant radiation passes on to a detector, and the
information is then output in the form of a spectrum.
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Lyman series:
see worked example 3.5

NMR spectroscopy:
see Chapter 14

"
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Whereas an absorption spectrum measures the energy and amount of radia-

tion that has been removed from the initial range of energies, an emission spec-

trum measures the radiation emitted by the excited state of a sample. In an

emission spectrometer, the sample is excited (thermally, electrically or by using

electromagnetic radiation) to a short-lived higher energy level. As the transi-

tion back to a lower energy level occurs, energy is emitted. The spectrum

recorded is a plot of the intensity of emission against energy. The difference

in energy between the higher and lower energy levels corresponds to the energy

of the emitted radiation. In an emission spectroscopic experiment, it is impor-

tant to ensure that sufficient time has elapsed between the initial excitation and

the time of recording the emission. If the time delay is too long, the transition

from higher to lower level will already have occurred and if it is too short, emis-

sion may not have taken place.

11.2 The relationship between the electromagnetic spectrum
and spectroscopic techniques

The electromagnetic spectrum scale is shown in Appendix 4. Electromagnetic

radiation can be described in terms of frequency (�), wavelength (�) or energy

(E), but another convenient unit is ‘wavenumber’. Wavenumbers are the

reciprocal of wavelength (equation 11.1) and are used as a convenient

quantity which is linearly related to energy. The SI unit of wavenumber is

m�1 but a more convenient unit is cm�1.

Wavenumber ð��Þ ¼ 1

Wavelength
ð11:1Þ

Different spectroscopic methods are associated with different parts of the

electromagnetic spectrum, since radiation of a particular energy is associated

with certain transitions in an atom or molecule. For example, some of the

spectral lines in the Lyman series of atomic hydrogen lie between 2:466� 1015

and 3:237� 1015 Hz. This corresponds to the ultraviolet region of the

electromagnetic spectrum. In Figure 11.3, the techniques of NMR, rotational,

IR and UV–VIS spectroscopies are related to the electromagnetic spectrum.

Nuclear magnetic resonance spectroscopy is concerned with transitions

between different nuclear spin states. Such transitions require little energy

(<0.01 kJmol�1) and can be brought about using radiation from the

radiofrequency region of the electromagnetic spectrum.

Fig. 11.2 Schematic representation of an absorption spectrum consisting of a single absorption. The spectrum gives
information about the intensity and energy of the absorption; the intensity can be measured in terms of (a) absorbance or
(b) transmittance.
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Rotational spectroscopy:
see Chapter 12

IR spectroscopy:
see Chapter 12

Electronic spectroscopy:
see Chapter 13

"
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Rotational spectroscopy is concerned with transitions between the rotational

states of a molecule. Such transitions require between 1 and 0.01kJmol�1 and
can be brought about by using radiation from the microwave part of the

electromagnetic spectrum.

Vibrational spectroscopy is concerned with transitions between vibrational

states of a molecule. The energy needed to bring about such transitions is

typically in the region of 1 to 100 kJmol�1, corresponding to the infrared

region of the electromagnetic spectrum. This range corresponds to wave-

numbers from 100 to 10000 cm�1. A ‘normal’ laboratory IR spectrometer

operates between 400 and 4000 cm�1.
Electronic spectroscopy is the study of transitions between electronic energy

levels in a molecule. The energy differences correspond to radiation from the

UV–VIS region of the electromagnetic spectrum – hence the name UV–VIS

spectroscopy. The normal range of a laboratory UV–VIS spectrophotometer

is 190 to 900nm; the measurement tends to be made as a wavelength.

11.3 Timescales

At this point, it is necessary to say something about the spectroscopic time-

scales. This is a complex topic and we are concerned with only one or two

aspects. A critical question is: will a particular spectroscopic technique give

us a ‘snapshot’ of the molecule at a given moment or an ‘averaged’ view?

The conventional ‘static’ view of a molecule is incorrect. Molecules are

continually vibrating and rotating, and these motions occur at a rate of 1012

to 1014 per second (see Figure 11.3). If the spectroscopic technique is faster

than this, we obtain a ‘snapshot’ of the event, but if it is slower, we see only

an averaged view of the molecule undergoing its various motions. Electronic

spectroscopy gives a ‘snapshot’ of a molecule in a given vibrational and

rotational state whereas NMR spectroscopy often gives an averaged view,

since the timescale of the technique is slower than the molecular vibrational

and rotational motions.

Fig. 11.3 Part of the
electromagnetic spectrum; the
radiation can be described in
terms of energy, frequency or
wavenumber. The relationship
to wavelength is shown in
Appendix 4. Different regions
of the spectrum are associated
with different spectroscopic
techniques.
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A second feature refers to the fact that we are not usually looking at a

single molecule but at an assembly of molecules. Although electronic spectro-

scopy gives a ‘snapshot’ of a particular molecule in a particular vibrational

and rotational state, a typical sample may contain 1018 molecules, not all

of which will be in the same vibrational and rotational states.

A final point is that the molecule may be undergoing a dynamic process

(such as Berry pseudo-rotation), and this creates an additional problem of

timescales. Lowering the temperature will slow the dynamic behaviour,

andmaymake it slower than the spectroscopic timescale although as we have

described for [Fe(CO)5], even at 103K, the axial and equatorial CO ligands

are exchanging positions and the 13C NMR spectrum shows the presence of

only one (on average) 13C environment.

11.4 The Beer–Lambert Law

For a given compound, the intensity of absorption depends on the amount of

the sample. If a particular frequency of radiation is being absorbed by a

molecule, then the more molecules there are, the more radiation of that

frequency will be absorbed and less transmitted. The absorbance or optical

density of a sample is related to the transmittance (equation 11.2) and this

relationship is shown graphically in Figure 11.4.

Absorbance ¼ � logðTransmittanceÞ A ¼ � logT ð11:2Þ

Values of transmittance, T, lie between 0 and 1, but experimentally we often ex-

press T as a percentage. From equation 11.2, 100% transmittance corresponds

to zero absorbance, and for zero transmittance, the curve in Figure 11.4 tails off

to infinite value of absorbance. For T ¼ 0:01 (1%), the absorbance is 2. Typical

UV–VIS spectrometers operate up to absorbance values of 4–6.

The transmittance is equal to the ratio of the intensity of the transmitted

radiation (I) to that of the incident radiation (I0) and combining this with

equation 11.2 gives equation 11.3. Figure 11.5 illustrates the relationship

between I and I0 and demonstrates how the absorbance of a sample in

solution is determined.

A ¼ � log
I

I0
ð11:3Þ

In a spectrophotometer, the sample is contained in a solution cell (or

cuvette) of accurately known dimensions. The distance travelled by the radia-

tion through the cell is called the path length, ‘, and, often, the absorbance is

related to the concentration (c) and path length by the Beer–Lambert Law

Berry pseudo-rotation:
see Section 6.12
and Figure 6.26

log = log10

Fig. 11.4 The relationship
between transmittance and
absorbance (see equation 11.2).
Note that the curve tends to
infinity when the transmittance
is zero.

"

"

Fig. 11.5 Solution cell A contains a sample in solution, and cell B contains pure solvent –
the same solvent as in cell A; the cells have the same path length. If the solvent does not
absorb any radiation, the intensity of the radiation emerging from cell B is the same as
that of the incident radiation (I0); the sample in cell A absorbs some radiation, and the
intensity of the radiation emerging from cell A is that of the transmitted radiation (I).
The transmittance of the sample is the ratio of I : I0, and absorbance can be determined
by using equation 11.3.
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(equation 11.4), where " is themolar extinction or absorption coefficient of the

dissolved compound.

A ¼ � log
I

I0
¼ "� c� ‘ ð11:4Þ

The concentration is measured in mol dm�3 and the cell path length in cm,

giving the units of " as dm3 mol�1 cm�1. The extinction coefficient is a

property of the compound and is independent of concentration for the

majority of compounds in dilute solution. Values of " are often large and it

is common to quote log " values.

The Beer–Lambert Law relates the absorbance of a solution sample to the

molar extinction coefficient, the concentration and the cell path length:

A ¼ "� c� ‘

The Beer–Lambert Law is valid only for dilute solutions (typically

5 10�2 mol dm�3), and if it is applied to solutions that are too concentrated,

the results of the spectrophotometric analysis will be invalid.

Worked example 11.1 Use of the Beer–Lambert Law

Solutions of naphthalene (11.1) absorb light of wavelength 312 nm and the

extinction coefficient for this transition is 288 dm
3
mol

�1
cm
�1
. A solution of

naphthalene in ethanol in a cell of path length 1.0 cm gives an absorbance of

0.012. What is the concentration of the solution?

By the Beer–Lambert Law:

A ¼ "� c� ‘

Therefore:

c ¼ A

"� ‘
The absorbance, A, is dimensionless (i.e. it has no units).

c ¼ 0:012

ð288 dm3 mol�1 cm
�1Þ � ð1:0 cmÞ

¼ 4:2� 10�5 mol dm�3

Worked example 11.2 Determining an extinction coefficient

Aqueous solutions of potassium permanganate, KMnO4, are an intense purple

colour because the [MnO4]
�

ion absorbs light of wavelength 528 nm (see

Table 11.2). Calculate the extinction coefficient of KMnO4 if an aqueous solu-

tion of concentration 5.0� 10
�4

mol dm
�3

in a cuvette of path length 1.0 cm has

an absorbance of 1.2.

The Beer-Lambert Law relates absorbance, concentration and the extinc-

tion coefficient, "max:

A ¼ "� c� ‘
Therefore:

" ¼ A

c� ‘

(11.1)

From the data in the question:

" ¼ 1:2

ð5:0� 10�4 mol dm�3Þ � ð1:0 cmÞ
¼ 2400 dm3 mol�1 cm�1
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11.5 Colorimetry

One consequence of the direct relationship between absorbance and sample

concentration (equation 11.4) is that the Beer–Lambert Law can be applied

analytically. For most compounds, the Beer–Lambert Law is obeyed reason-

ably well in dilute solution. The technique of colorimetry is used to determine

the concentration of coloured compounds in solution. Not only can one-off

measurements be made, but changes in the concentration of a coloured

component during a reaction can be followed by monitoring the change in

absorbance.

Colours

When a coloured compound is dissolved in a solvent, the intensity of colour

depends on the concentration of the solution, but the actual colour depends

upon the wavelength of visible light absorbed by the sample.

White light consists of a continuous spectrum of electromagnetic radiation

from about 400 to 700 nm. When white light is incident on a solution of a

compound that absorbs within the visible region, the transmitted light is

coloured, and the observed colour depends upon the ‘missing’ wavelength(s).

Copper(II) sulfate solution absorbs orange light and as a result, the solution

appears blue – blue is the complementary colour of orange. Table 11.2 lists

the colours of light, corresponding wavelengths and the complementary

colours in the visible spectrum.

Worked example 11.3 The dependence of absorbance on concentration

A 0.10M solution of copper(II) sulfate gives an absorbance of 0.55. What is the

absorbance when the concentration is doubled? The same solution cell is used

for the two readings.

The relationship between absorbance and concentration is given by the

Beer–Lambert Law:

A ¼ "� c� ‘

For a constant path length and ", we can write:

A1

A2

¼ c1
c2

where A1 is the absorbance for a concentration c1, and A2 is the absor-

bance for a concentration c2. Absorbance is dimensionless.

A1 ¼
c1 � A2

c2

¼ ð0:20mol dm�3Þ � 0:55

ð0:10mol dm�3Þ
¼ 1:1

The Beer–Lambert Law predicts a linear relationship between A and c for a

given compound if the path length is constant.

Types of coloured
compounds:

see Section 13.6
and Chapter 23

The colour of a solution

depends upon the

wavelength of visible light

absorbed by the sample,

and the intensity of colour

depends on the

concentration of the

solution.

"
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The colorimeter

Figure 11.5 schematically illustrated how the absorbance of a compound in

solution can be measured. In a colorimeter, the ‘source’ is tuned to provide a

particular wavelength – the choice is made based on a knowledge of the

wavelength absorbed by the compound or ion under study.

The aim of a colorimetric investigationmay be to determine the concentration

of a solution, follow a reaction or to determine the stoichiometry of a reaction.

Case study 1: analysis of iron(II) The compound 4,7-diphenyl-1,10-phenan-

throline (11.2) is used to analyse for Fe2þ ions.

When compound 11.2 is added to a solution containing Fe2þ ions, an

intensely coloured red compound is formed which absorbs light of wavelength

533nm and has a molar extinction coefficient of 22 000dm3 mol�1 cm�1. If
the colorimeter is tuned to 533nm, the concentration of the red compound

can be determined by measuring the absorbance. One mole of this red

compound contains one mole of Fe2þ ions, and if all the iron(II) present in

the solution has reacted with compound 11.2, the concentration of Fe2þ can

be determined. Figure 11.6 shows how the absorbance (at 533nm) varies with

(11.2)

Fig. 11.6 A plot of absorbance
(533 nm) against concentration
of a solution of the compound
formed between Fe2þ ions and
4,7- diphenyl-1,10-phenanthroline.
The path length of the solution
cell is 1 cm. The plot illustrates
the Beer–Lambert Law. Note the
way in which the concentrations
are given: the values are
0:2� 10�4 mol dm�3, etc.

Table 11.2 The visible part of the electromagnetic spectrum.

Colour of light absorbed Approximate wavelength

ranges / nm

Colour of light transmitted,

i.e. complementary colour

of the absorbed light

In a ‘colour wheel’ representation,

complementary colours are

opposite to one another

Red 700–620 Green

Orange 620–580 Blue

Yellow 580–560 Violet

Green 560–490 Red

Blue 490–430 Orange

Violet 430–380 Yellow
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the concentration of Fe2þ. Such a plot can be used to analyse a series of samples

containing Fe2þ (see end-of-chapter problem 11.6); since " is large, very low

concentrations of Fe2þ ions can be measured accurately.

Case study 2: following the reaction between copper metal and potassium

dichromate(VI) Reactions involving coloured species may be monitored

by using colorimetry, and may involve the appearance or disappearance of

a particular coloured species. This can provide valuable information about

the rate of a reaction (see Chapter 15).

Copper metal reacts with potassium dichromate(VI), K2Cr2O7, in the

presence of acid (equation 11.5) and during the reaction, the red-orange

colour of the K2Cr2O7 is lost and the solution becomes blue-green.

3CuðsÞ þ ½Cr2O7�2�ðaqÞ þ 14Hþ ��" 3Cu2þðaqÞ þ 2Cr3þðaqÞ þ 7H2OðlÞ
ð11:5Þ

The [Cr2O7]
2� ion absorbs close to 500 nm, while the products absorb at

longer wavelengths. With the colorimeter tuned to 500 nm, the reaction

can be monitored by taking readings of absorbance as a function of time

as shown in Figure 11.7.

Case study 3: following the reaction between [MnO4]
�
and [C2O4]

2�
ions in acid

solution. The oxidation of oxalate ions (ethanedioate ions, 11.3) by perman-

ganate ions occurs in acidic aqueous solution (equation 11.6) and is a reaction

that is often used in undergraduate practical laboratories to study reaction

kinetics.

2½MnO4��ðaqÞþ5½C2O4�2�ðaqÞþ16HþðaqÞ ��" 2Mn2þðaqÞþ10CO2ðgÞþ8H2OðlÞ
ð11:6Þ

The [MnO4]
� ion absorbs light of wavelength 528 nm (see worked example

11.2), and reaction 11.6 is conveniently followed spectrophotometrically

because the intense purple colour of the [MnO4]
� ions fades during the

reaction (Figure 11.8). The data in Figure 11.8 are considered in more detail

in end-of-chapter problem 11.18.

Case study 4: the glucose oxidase method for glucose analysis The glucose

oxidase method is used to determine concentrations of glucose in blood or

plasma. In the presence of the enzyme glucose oxidase, glucose is converted

(11.3)

Fig. 11.7 A plot of absorbance
(500 nm) against time which
follows the disappearance of the
[Cr2O7]

2� ion in its reaction with
copper metal in the presence of
acid.
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to hydrogen peroxide (H2O2) and gluconic acid. The use of an enzyme as the

catalyst makes the reaction extremely specific so that only glucose is targeted.

A second reaction then occurs in which H2O2 is reduced to water by a

suitable organic electron donor, H2A; this reaction is catalysed by horseradish

peroxidase. The electron donor is chosen so that a colour change occurs as it is

oxidized:

H2O2 þ H2A
colourless

��" 2H2O þ A
coloured

An example of a dye used in the glucose oxidase test is shown below:

By using a series of solutions with known concentrations of glucose, a

calibration curve is first plotted. From this, the concentration of glucose in

a test sample can be determined. In some types of commercially available

kit, the concentration of glucose is assessed by the colour change of a test

strip as illustrated in Figure 11.9.

Case study 5: Job’s method Colorimetry can be used to determine the

stoichiometry of a reaction leading to the formation of a coloured

species by using Job’s method. Consider the reaction between iron(II) ions

and 2,2’-bipyridine (11.4) which gives a red compound. The aim of the

experiment is to determine the ratio of Fe(II) : 2,2’-bipyridine in the coloured

product.

Firstly, the wavelength of light absorbed by the complex is found from its

absorption spectrum, and the colorimeter is tuned to this wavelength. A

series of solution cells (of constant path length) is prepared with solutions

Fig. 11.9 A commercial blood
glucose testing kit (from
Boehringer Mannheim, now
Roche). The glucose level (in mg
per 100 cm3 and mmol dm�3)
is measured by comparing the
colour of the dye on the test strip
with the chart on the packet.

(11.4)

Fig. 11.8 A plot of absorbance
(528 nm) against time during the
reaction of aqueous [MnO4]

�

with [C2O4]
2� in aqueous sulfuric

acid (see problem 11.18 at the end
of the chapter). [Data: G. E.
Kalbus et al. (2004) J. Chem.
Educ., vol. 81, p. 100.]
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containing different ratios of iron(II) to 2,2’-bipyridine, and with a constant

total volume as shown on the horizontal axis of the graph in Figure 11.10.

A reading of the absorbance for each solution is taken and a graph of

absorbance against solution composition is constructed. The maximum

absorbance corresponds to the highest concentration of the coloured product

in solution. In this case, the maximum absorbance is found by extrapolation

and corresponds to an iron(II) : 2,2’-bipyridine ratio of 1 : 3.

Structure of the 1 : 3
complex: see Figure 23.7

"

Fig. 11.10 The use of Job’s
method to determine the
stoichiometry of the reaction
between iron(II) ions and
2,2’-bipyridine; the iron(II)
ammonium sulfate is the
source of Fe2þ.

SUMMARY

This chapter has given an introduction to spectroscopy with an overview of spectroscopic methods,
timescales and differences between absorption and emission spectra. We have discussed the Beer–Lambert
Law and its applications.

Do you know what the following terms mean?

. electromagnetic spectrum

. absorption

. emission

. absorbance

. transmittance

. spectroscopic timescale

. wavenumber

. wavelength

. frequency

. molar extinction coefficient

. absorbance (optical density)

. Beer–Lambert Law

. colorimetry

. Job’s method

Four important equations:

. E ¼ h� E ¼ energy; h ¼ Planck constant; � ¼ frequency

. c ¼ �� c ¼ speed of light; � ¼ wavelength; � ¼ frequency

. �� ¼ 1

�
�� ¼ wavenumber; � ¼ wavelength

. A ¼ "c‘ A ¼ absorbance; " ¼ molar extinction coefficient; c ¼ concentration; ‘ ¼ path length
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You should be able:

. to compare the relative energies, frequencies
and wavelengths of electromagnetic radiation
associated with electronic, rotational, infrared
and NMR spectroscopies

. to relate absorbed and transmitted wavelengths
of light and understand how this relates to the
observed colours of solutions

. to use the relationships between energy,
frequency, wavelength and wavenumber

. to describe why one spectroscopic technique
‘sees’ a molecule as static while another ‘sees’
a dynamic molecule

. to find the molar extinction coefficient of a
compound from absorbance data

. to relate absorbance and transmittance data

. to use the Beer–Lambert Law to determine
concentrations from absorbance data

. to use the Beer–Lambert Law to determine the
stoichiometry of selected reactions

. to determine the stoichiometry of a coloured
compound using Job’s method

PROBLEMS

11.1 What are the relative energies of transitions

observed in vibrational, rotational, electronic and

nuclear magnetic resonance spectroscopies?

11.2 Convert the wavelengths (a) 500 nm and

(b) 225 nm to cm�1 (wavenumbers). (c) Do

these wavelengths fall in the visible region?

11.3 (a) A solution of a compound X gives an

absorbance reading of 0.446. What is the

percentage transmittance (%T)? (b) The

transmittance for another sample of X is

70.9%. To what absorbance reading does this

correspond?

11.4 Aqueous solutions of Ni2þ ions appear green.

What is the approximate wavelength of light

absorbed by aqueous Ni2þ ions?

11.5 The absorption spectrum of benzene dissolved in

cyclohexane contains bands at 183, 204 and

256 nm. (a) Which band corresponds to the lowest

energy transition? (b) Which band corresponds

to the lowest wavenumber? (c) For � ¼ 256 nm,

log " ¼ 2:30. Determine the concentration of a

solution (path length¼ 1.00 cm) which gives an

absorbance of 0.25.

11.6 Refer to Figure 11.6. (a) What does the gradient of

the graph tell you? (b) Determine the

concentration of Fe2þ ions in a solution that gives

an absorbance of 0.20.

11.7 Solutions of azulene (11.5) in cyclohexane

absorb at 357 nm and the value of " for this
absorption is 3980 dm3 mol�1 cm�1. Such a

solution contained in a cell of path length 1.0 cm

gives an absorbance of 0.58. What is the

concentration of the solution?

(11.5)

11.8 The absorption spectrum of a 5:00�10�4 mol dm�3

solution of azulene in cyclohexane in a cell of

path length 0.50 cm shows an absorption with

A ¼ 0:995. Calculate the corresponding extinction

coefficient.

11.9 Solutions of naphthalene in ethanol absorb at

� ¼ 312 nm. A 2:50� 10�3 mol dm�3 solution
gives an absorbance of 0.72. Determine the

concentration of a solution for which the

absorbance is 1.00. The same solution cell was

used for both readings.

11.10 Two solutions, I and II, of the same compound, in

the same solvent and contained in identical

solution cells are of concentrations 5:00� 10�3

and 1:75� 10�3 mol dm�3. What is the ratio of

their absorbances?

11.11 The compound K3[Fe(CN)6] absorbs at

� ¼ 418 nm (log " ¼ 3:01); experiments are carried

out in a cell of path length 1.00 cm. (a) Determine

the absorbance of a solution of concentration

6:0� 10�4 mol dm�3. (b) What is the absorbance if

the concentration is halved?

11.12 Azobenzene has two geometrical isomers, 11.6 and

11.7, although 11.6 rapidly isomerizes to 11.7.
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Solutions of 11.6 absorb at � ¼ 247 nm

(log " ¼ 4:06); those of 11.7 absorb at � ¼ 316 nm

(log " ¼ 4:34). Find the relative absorbances of a

5:00� 10�5 mol dm�3 solution of 11.6 and a

2:00� 10�5 mol dm�3 solution of 11.7. The path

length for each is 1.00 cm.

(11.6) (11.7)

11.13 Solutions of phenanthrene (11.8) in cyclohexane

absorb at 357 nm; this is one of four

absorptions. The absorbance is measured as a

function of solution concentration (path

length¼ 1.00 cm):

Concentration /mol dm
�3

Absorbance

0.0012 0.220

0.0017 0.355

0.0030 0.627

0.0035 0.720

0.0050 1.045

(a) Use the data to determine the molar extinction

coefficient for the absorption band at 357 nm.

(b) Why is it more accurate to measure " from a

series of readings rather than a single reading?

(11.8)

11.14 Solutions of acridine (11.9) in ethanol absorb at

� ¼ 250 nm (log " ¼ 5:3). (a) What is the

concentration of acridine in a solution within a cell

of path length 0.50 cm for which the absorbance is

0.96? (b) What mass of acridine is required to

prepare 250 cm3 of this solution?

(11.9)

ADDITIONAL PROBLEMS

11.15 The conversion of compound 11.10 to its

(Z)-isomer (see Section 6.11) is induced by a flash

of light (flash photolysis). Isomer 11.10 absorbs

light at 435 nm, and the (Z)-isomer absorbs at

316 nm. Figure 11.11 shows the change in

absorbance at � ¼ 435 nm for a solution of 11.9

in cyclohexane over a period of 1200 s during

which time the solution is subjected to a flash of

light. (a) Rationalize the shape of the curve in

Figure 11.11. (b) If the path length of the solution

cell is 1 cm, and the solution concentration is

9:00� 10�6 mol dm�3, determine a value for log "
corresponding to the absorption at 435 nm.

[Data from: S. R. Hair et al. (1990) J. Chem. Ed.,

vol. 67, p. 709.]

(11.10)

11.16 The reaction between I� and [S2O8]
2� occurs as

follows:

½S2O8�2� þ 2I� ��" 2½SO4�2� þ I2

I2 þ I� ��" ½I3��

The second step occurs so long as there is an excess

of I� present in solution; [I3]
� absorbs at 353 nm

(log " ¼ 4:41). Explain how measurements of the

absorbance at � ¼ 353 nm would enable you to

measure the change in concentration of I2 during

the reaction.

11.17 An anion L4� reacts with aqueous Cr3þ ions to

give a coloured complex [CrLx]
n�. To find the

stoichiometry of this species, 10 cm3 solutions

composed of V cm3 of a 0.002mol dm�3 aqueous
solution of Cr(NO3)3 and (10� V) cm3

Fig. 11.11 Graph for problem 11.15.
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0.002mol dm�3 aqueous H4L were prepared. With

a colorimeter tuned to absorb light corresponding

to that absorbed by [CrLx]
n�, a Job’s plot was

recorded. Use the following results to determine x

and n in [CrLx]
n�.

V / cm
3

Absorbance

0 0

1.0 0.21

2.0 0.40

3.0 0.59

4.0 0.81

6.0 0.80

7.0 0.60

8.0 0.38

9.0 0.20

10.0 0

11.18 In case study 3, we showed how colorimetry can

be used to follow the oxidation of [C2O4]
2� by

[MnO4]
� ions in acidic aqueous solution. The data

shown inFigure 11.8 refer to an experiment inwhich

2.0 cm3 of aqueous KMnO4 (4.0� 10�4 moldm�3)
are mixed with 1.0 cm3 aqueous sulfuric acid

solution that contains [C2O4]
2� ions (x moldm�3)

in a cuvette of path length 1.0 cm. (a) Rationalize

the shape of the curve shown in Figure 11.8.

(b) The initial absorbance (time = 0 s) is 0.65.

Determine the molar extinction coefficient of

KMnO4. (c) If the final absorbance is 0.14, calculate

the concentration of [MnO4]
� ions remaining in

solution at the end of the reaction. (d) How many

moles of [MnO4]
� are used during the reaction?

How many moles of ½C2O4�2� were present initially

(see equation 11.6)? Hence determine the

concentration of ½C2O4�2� present in the original

1.0 cm3 sample of oxalate ions.

CHEMISTRY IN DAILY USE

11.19 Colour vision in humans relies on three types of

cones in the retina of the eye, and these absorb

light at wavelengths of about 445, 530 and

565 nm. (a) To what colours do these wavelengths

correspond? (b) Do you expect plots of

absorbance against wavelength for each

absorption to be sharp or broad? Give reasons

for your answer. (c) The colour vision of the

honeybee (Apis mellifera) depends on three visual

pigments which absorb at 344, 436 and 556 nm.

To which regions of the spectrum do these

wavelengths correspond?

11.20 Phosphates are applied as fertilizers, but high

concentrations of phosphates are associated

with the eutrophication of lakes (see Box 22.8).

Some commercial kits sold to determine the

concentration of phosphates in water sources

rely upon the reaction of [PO4]
3� ions with

ammonium molybdate, [NH4]2[MoO4], followed

by reduction to give a blue complex. The intensity

of the blue colour allows you to determine the

concentration of phosphate ions in solution.

A rough determination can be carried out by

comparing the depth of blue observed with a

colour chart provided with the text kit. Explain the

scientific basis of the test.

11.21 Chlorine is used as a disinfectant in swimming

pools, and a 5 ppm level of chlorination is typically

maintained (ppm ¼ parts per million). One

method of testing the chlorine concentration is to

use the compound shown below (commonly called

DPD) which gives a red-purple coloured radical

cation when oxidized:

Kits containing DPD are available commercially.

Accurate concentrations of Cl2 can be obtained

spectrophotometrically; the radical absorbs at

515 nm. A calibration curve can be constructed by

using standardized chlorine solutions (by titration

against Fe2þ ions). (a) What mass of Cl2 must be

dissolved in 1.0 dm3 of water to give a standard

solution containing 5 ppm by weight? (Density of

water = 1.0 g cm�3.) To what concentration

(in mol dm�3) does 5 ppm of Cl2 correspond?

(b) Write a balanced equation for the redox

reaction between Fe2þ and Cl2. (c) Explain how

you would set up the calibration curve described

above, and suggest a suitable range of Cl2
concentrations.

Problems 389



 

12
Vibrational
and rotational
spectroscopies

12.1 Introduction

Molecules are able to translate (i.e. move in space), vibrate and rotate unless

they are restricted, for example by being in a crystalline lattice. In this chap-

ter, we introduce spectroscopic methods that are used to probe vibrational

and rotational motions of molecules. One of our main objectives is to

consider what information can be derived from vibrational and rotational

spectra.

Vibrational spectroscopy is concerned with the study of molecular vibra-

tions and in Table 11.1, two types of vibrational spectroscopy were listed:

infrared (IR) and Raman spectroscopies. Of these techniques, the former is

more widely available as a routine method in practical laboratories. An IR

spectrum measures the energy at which a molecular species absorbs infrared

radiation, and the absorption is usually recorded in wavenumbers. Each

absorption is associated with a vibrational mode of the molecule.

Figure 11.3 showed that molecular rotations require less energy than

molecular vibrations. Just as the absorption of infrared radiation allows us

to study vibrational motions of a molecule, so the absorption of microwave

radiation permits an investigation of molecular rotational motion. In a

synthetic or analytical laboratory, the primary aim is usually to prepare

and identify a compound. In this context, rotational spectroscopy does

not play such an important routine role as IR spectroscopy, and the relative

coverages of vibrational and rotational spectroscopies in this chapter

reflect this.

Topics

Vibrations of diatomic

molecules

Simple harmonic

oscillators

Selection rules

Infrared spectra

of diatomics

Infrared spectra of

polyatomics

Infrared spectroscopy

in the laboratory

Rotating molecules

Rigid rotors

Molecular rotations require

less energy than molecular

vibrations.



 

12.2 The vibration of a diatomic molecule

The molecule–spring analogy

A diatomic molecule is composed of two bonded atoms and can be likened to

a classical model of two objects (corresponding to the atoms) connected by a

spring (corresponding to the bonding electrons). Oscillations of the spring

correspond to stretching modes for the molecule (Figure 12.1). Even at 0K,

the H2 molecule is vibrating and possesses an internal energy called the

zero point energy. This corresponds to the energy of the lowest vibrational

level or the vibrational ground state of the molecule. By providing the

molecule with energy, transitions to higher vibrational levels may be made.

The molecule vibrates more vigorously than in the lowest vibrational level. If

sufficient energy is put into the system, the molecule will dissociate.

The analogy between a spring and a molecule is a common one, but one

important difference is easily forgotten. When we talk about a spring, the

rest state is a static one, but a molecule is never stationary – it is always vibrat-

ing, even in the vibrational ground state. When we talk about vibrational

modes of a molecule we really mean that we are taking the molecule from

one vibrational state (usually its vibrational ground state) to the next vibra-

tional (excited) state. Another important difference between the vibrations

of a spring and those of a molecule is that the vibrational energy of a molecule

is quantized and only certain transitions are allowed.

In general, the energy difference between the vibrational ground state and

the first excited state is such that at 298K, most molecules are in the ground

state. The number of molecules in a particular state is called the population of

that state. At 298K, the vibrational ground state has a large population, and

higher states have only small populations. The distribution of molecules

between the vibrational states is given by the Boltzmann distribution. If we

consider just two states with energies Ei and Ej, then the Boltzmann distribu-

tion of molecules at a given temperature T is given by equation 12.1, where

Ni=Nj is the ratio of the numbers of molecules in the two states.

Ni

Nj

¼ e

�
�

Ei �Ej

kT

�
¼ e

�
��E

kT

�
ð12:1Þ

where: k ¼ Boltzmann constant ¼ 1:38� 10�23 JK�1

The populations of states of increasing energies decrease exponentially, the

lowest state having the greatest population. In this chapter, we assume that

Zero point energy:
see Section 4.5

The zero point energy of a

molecule corresponds to the

energy of its lowest

vibrational level (vibrational

ground state).

"

Fig. 12.1 The stretching mode
of a heteronuclear diatomic
molecule: (a) the equilibrium
position, (b) extension of the
bond and (c) compression of
the bond.
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the only transition of importance is from the vibrational ground state to

the first excited state, and whenever we refer to a molecular vibration, we are

referring to this vibrational transition.

The simple harmonic oscillator

When a spring vibrates, a force must be applied to counter the vibration and

bring the spring back to its rest state. This is the restoring force and its

magnitude depends on the magnitude of the oscillation and on a property

of the spring called the force constant, k (equation 12.2). The units of k are

Nm�1 (force per unit distance).

Restoring force (in N) ¼ �
�
k� displacement of particle (in m)

from its equilibrium position

�
ð12:2Þ

The energy curve that corresponds to equation 12.2 is shown in Figure 12.2a,

and the motion that this energy curve describes is that of a simple harmonic

oscillator. The vibrational energies, Ev, of a molecule undergoing simple

Fig. 12.2 (a) The energy curve of
a simple harmonic oscillator. The
curve is symmetrical about the
point r0, the equilibrium
position. (b) The quantized
energy levels for a diatomic
molecule undergoing simple
harmonic motion are equally
spaced. (c) The energy curve of
an anharmonic oscillator. (d) The
quantized energy levels for a
diatomic molecule undergoing
anharmonic motion; given
sufficient vibrational energy, the
molecule dissociates.
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harmonic oscillations are quantized and the vibrational energy levels are

given by equation 12.3.

Ev ¼ ðvþ 1
2
Þh� ðEv in JÞ ð12:3Þ

where: v is the vibrational quantum number

h ¼ Planck constant

� ¼ frequency of vibration

Solving equation 12.3 for v ¼ 0; 1; 2; 3 . . . gives values of Ev ¼ 1
2
h�, 3

2
h�,

5
2
h�, 7

2
h� . . . , showing that the quantized energy levels are equally spaced

as shown in Figure 12.2b. The lowest energy level (v ¼ 0) is the zero point

energy of the molecule. It can be shown§ that for the simple harmonic oscil-

lator, transitions between vibrational states are restricted by the selection

rule given in equation 12.4. We return to selection rules in Section 12.3.

�v ¼ �1 ð12:4Þ

Inspection of Figure 12.2b leads to the conclusion that a diatomic molecule

undergoing simple harmonic oscillations can never dissociate, but clearly, for

a real molecule, this is not true. Given enough energy, a diatomic will dis-

sociate as we discussed in Chapter 4. Nonetheless, the simple harmonic

oscillator model is widely used to describe the vibrational motion of diatomic

molecules. To understand why this is, we must look at the vibrational motion

of real diatomic molecules.

The anharmonic oscillator

Real molecules undergo anharmonic oscillations and Figure 12.2c shows

the potential energy curve (a Morse potential) that describes this motion.

We have already considered such a curve in Figure 4.7. The obvious difference

when one compares the curves in Figures 12.2a and 12.2c is that the former is

symmetrical, whereas the latter is asymmetrical about the equilibrium posi-

tion. The quantized energy levels that correspond to the anharmonic oscillator

are given by equation 12.5.

Ev ¼ ðvþ 1
2
Þh� � ðvþ 1

2
Þ2h�xe ðEv in JÞ ð12:5Þ

where: v is the vibrational quantum number

h ¼ Planck constant

� ¼ frequency of vibration

xe ¼ anharmonicity constant ða small positive numberÞ

Solving equation 12.5 for values of v ¼ 0, 1, 2, 3 . . . gives energy levels

which get closer and closer together and eventually converge as shown in

Figure 12.2d. The vibrational energy level for v ¼ 0 is the zero point

energy of the molecule. The energy difference between this level and the

convergence limit equals the dissociation energy of the molecule.

What are the limitations of the simple harmonic oscillator model?

By comparing Figures 12.2b and 12.2d, we can say something about the

limitations of the harmonic oscillator model. Since we are principally

§ For a derivation of this selection rule, see: P. Atkins and J. de Paula (2006) Atkins’ Physical
Chemistry, 8th edn, Oxford University Press, Oxford, p. 473.
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concerned with transitions from the vibrational ground state (v ¼ 0) to the

first excited state (v ¼ 1, see earlier in this section), we are looking only at

the lowest part of the potential energy well. In this region, the curves in

Figures 12.2b and 12.2d are similar, and it is valid to apply the simple har-

monic oscillator model. For higher excited states, the match between the

curves is poor, and the model of the spring is inappropriate. In Figure 12.2d,

the flattening of the curve on the right-hand side has no parallel in Figure

12.2b. As this limit (i.e. molecular dissociation) is approached, the model

of the simple harmonic oscillator fails completely.

We stated earlier that, at 298K, the vibrational ground state has a

large population and the only transitions of importance are between the

vibrational levels v ¼ 0 and v ¼ 1. For these transitions, therefore, we can

consider the diatomic molecule to be undergoing simple harmonic motion,

and for the remainder of our discussion, we assume that this model is valid.

The force constant of a bond

We introduced the force constant, k, of a spring in equation 12.2. The force

constant of a bond is related to the bond strength. The stronger the bond, the

larger the value of k. In Figures 12.3 and 12.4 we plot the dissociation enthal-

pies and force constants of the bonds in HF, HCl, HBr and HI. The similarity

of the trends in these graphs is clear.

The reduced mass of a diatomic molecule

Let us return to the analogy between a diatomic molecule and a spring. If the

two objects connected by the spring have very different masses, then during the

oscillation of the spring, the smaller mass will move more freely than the larger

one – if you connected a spring between a car and a tennis ball and set the

spring in motion, the ball would move far more easily than the car, and any

oscillation of the spring would effectively describe the movement of only the

ball. However, if the masses of the two particles are similar, then movement

of both the particles will be significant as the spring oscillates. The more similar

the masses, the more equally the two particles contribute to the overall motion.

A diatomic molecule may contain two nuclei that are of similar mass

(e.g. CO) or very different masses (e.g. HI). We need to define a quantity

Fig. 12.3 The trend in bond
dissociation enthalpies along the
series of the hydrogen halides, HX.

Fig. 12.4 The trend in force
constants for the bonds in the
hydrogen halides, HX.

Fig. 12.5 The trend in values of
the fundamental vibrational
wavenumbers for the hydrogen
halides, HX.
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describing the mass in such a way that it reflects the relative masses of the

nuclei. This is the reduced mass, �,§ and for two nuclei of masses m1 and

m2, the reduced mass is obtained from equation 12.6.

1

�
¼ 1

m1

þ 1

m2

or � ¼ m1 m2

m1 þm2

ð12:6Þ

The frequency of the vibration of a diatomic molecule

We now consider the frequency of the vibration of the molecule. The analogy

with the spring is a good place to start because we can apply the principle of

simple harmonic motion, but keep in mind the relative motions of the two

nuclei in the molecule.

The transition from the vibrational ground state to the first excited state

gives rise to a fundamental absorption in the vibrational spectrum of a

diatomic molecule. The frequency (in Hz) of this absorption is related to

the force constant of the bond (in Nm�1) and the reduced mass (in kg)

(equation 12.7).

Vibrational frequency ¼ � ¼ 1

2�

ffiffiffi
k

�

s
ð12:7Þ

where: k ¼ force constant; � ¼ reduced mass

The units of � in equation 12.7 are Hz, but the scale on a spectrometer is

usually in wavenumbers. Equation 12.8 gives the relationship between wave-

number and stretching frequency and combining equations 12.7 and 12.8

leads to equation 12.9. Worked example 12.1 illustrates how equation 12.9

may be applied.

�� ¼ �
c

ð12:8Þ

where: �� ¼ wavenumber; � ¼ frequency; c ¼ speed of light

Vibrational wavenumber ¼ �� ¼ 1

2�� c

ffiffiffi
k

�

s
ð12:9Þ

It follows that less energy is required to stretch bonds involving heavy ele-

ments than light ones, and Figure 12.5 shows the trend in fundamental vibra-

tional wavenumbers of the hydrogen halides. A comparison of Figures 12.3

to 12.5 emphasizes that there is a relationship between the vibrational wave-

number, dissociation enthalpy and force constant of a bond.

Worked example 12.1 Determination of the force constant of the bond in carbon monoxide

The stretching mode of CO gives an absorption in the IR spectrum at

2170 cm
�1
. What is the force constant of the bond in carbon monoxide?

The equation needed is

�� ¼ 1

2�� c

ffiffiffi
k

�

s

§ The symbol � is used for both reduced mass and dipole moment (as well as other things), but
the context should minimize confusion.
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and this can be rearranged to give k as the subject:

2�� c� �� ¼

ffiffiffi
k

�

s

k ¼ 4�2 � c2 � ��2 � �

Ensure that the units are consistent:

The wavenumber of the absorption is 2170 cm�1.
For consistency, c ¼ 3:00� 108 m s�1 ¼ 3:00� 1010 cm s�1.
The reduced mass, �, is given by the equation:

1

�
¼ 1

m1

þ 1

m2

¼
�

1

12:01� ð1:66� 10�27 kgÞ

�
þ
�

1

16:00� ð1:66� 10�27 kgÞ

�

� ¼ 1

8:78� 1025
kg

Thus, the force constant is given by:

k ¼ 4�2 � c2 � ��2 � �

¼ 4� 3:1422 � ð3:00� 1010 cm s�1Þ2 � ð2170 cm�1Þ2 �
�

1

8:78� 1025
kg

�

¼ 1906Nm�1

¼ 1910Nm�1 (to 3 sig. fig.)

The units of Nm�1 follow because the newton (Table 1.2) is a derived unit:

N ¼ kgm s�2

and from the second line of the calculation, the units of k are

kg s�2 ¼ Nm�1.

12.3 Infrared spectra of diatomic molecules

In the last section, we developed a model in which the vibrations of a

diatomic molecule are considered in terms of the simple harmonic oscilla-

tions of a spring. However, this model has certain limitations. A molecule

will undergo a transition from one vibrational level to another (and usually

this is from the vibrational ground state to the first excited state) only if it

absorbs radiation of an appropriate frequency. The frequency and wave-

number of the vibration depend on the force constant of the bond and the

reduced mass of the system (equations 12.6 and 12.7). The range of

frequencies covered corresponds to the infrared (IR) part of the electro-

magnetic spectrum. An IR spectrum usually records the wavenumber of the

vibration, but not every vibration gives rise to an observable absorption

band in the spectrum. Two selection rules must be obeyed.

Selection rules

The first selection rule (equation 12.10) restricts the levels between which the

transition may occur.

�v ¼ �1 ð12:10Þ

Atomic mass unit 5
1.66 3 10�27kg: see

Section 1.7

Electromagnetic spectrum:
see Appendix 4

"

"
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The second selection rule states that for a vibrational mode to be infrared

active (i.e. observed in an IR spectrum), it must give rise to a change in the

molecular dipole moment. Consider the H2 molecule. It is non-polar, and

when the H�H bond is stretched or compressed, the molecule does not

gain a dipole moment. This is true for all homonuclear diatomic molecules,

e.g. O2, Br2, N2. The vibrational mode of any homonuclear diatomic molecule

is therefore IR inactive.Now consider a heteronuclear diatomic molecule such

as CO. A CO molecule has a dipole moment � of 0.11D (C�þO��), with this

value corresponding to the equilibrium separation (113 pm) of the nuclei

(equation 12.11).

� ¼ ðelectronic chargeÞ � ðdistance between the chargesÞ ð12:11Þ

As the molecule vibrates, the magnitude of the dipole moment changes, and

this leads to the vibrational mode being IR active. This is true of any polar

diatomic molecule.

Vibrational selection rules:

. �v ¼ �1

. a vibrational mode is IR active if it results in a change in molecular dipole

moment.

Worked example 12.2 IR active and inactive vibrational modes

The fundamental vibrational wavenumber of HBr is 2650 cm
�1
. Does this give

rise to an absorption in the IR spectrum of HBr?

HBr is a polar molecule: the Pauling electronegativities of H and Br are 2.2

and 3.0 respectively (see Table 5.2).

A vibration gives rise to a change in dipole moment and is therefore IR

active. An absorption at 2650 cm�1 will be observed in the IR spectrum

of HBr.

Worked example 12.3 IR active and inactive vibrational modes

The fundamental vibrational wavenumber of O2 is 1560 cm
�1
. Does this give

rise to an absorption in the IR spectrum of O2?

O2 is a non-polar molecule and therefore a vibration of the bond cannot

give rise to a change in dipole moment. The vibrational mode is therefore

IR inactive, and no absorption at 1560 cm�1 will be observed in the IR

spectrum.

The vibrational mode of a

homonuclear diatomic

molecule (e.g. H2, O2 or N2)

is infrared (IR) inactive.

The vibrational mode of a

heteronuclear diatomic

molecule which is polar (e.g.

CO, HCl) is infrared (IR)

active.

Dipole moments: see Box 5.1

"
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12.4 Infrared spectroscopy of triatomic molecules

Vibrational modes of freedom

Whereas the vibration of a diatomic molecule is restricted to a single stretch-

ing mode (Figure 12.1), the vibrational modes of a polyatomic molecule are

more complex.

CO2: a non-polar linear triatomic molecule

The carbon dioxide molecule (12.1) is linear and contains two equivalent

C¼O bonds. When the molecule vibrates, it can do so in two different

ways. Figure 12.6a shows the symmetric stretch in which the two oxygen

atoms move outwards at the same time and then move in together.

Figure 12.6b illustrates the asymmetric stretch – here one C¼O bond is

stretched as the other is compressed. Carbon dioxide does not possess a

molecular dipole moment, although each C¼O bond is polar. During the

symmetric stretch, there is no change in dipole moment, and the symmetric

stretch is IR inactive. During the asymmetric stretch, a change in dipole

(12.1)

�PðCÞ = 2.6, �PðOÞ = 3.4

"

Fig. 12.6 The vibrational modes
of carbon dioxide. (a) The
symmetric stretch – the diagram
on the left-hand side summarizes
the motion; follow the figures
from top to bottom in the box to
see the overall motion of the CO2

molecule during the symmetric
stretch. (b) The asymmetric
stretch is summarized in the
diagram on the left-hand side;
follow the figures from top to
bottom in the box to see the
overall motion of the CO2

molecule during the asymmetric
stretch. (c) The bending mode is
summarized in the left-hand
diagram; in the box, the series of
diagrams follows the motion as
the molecule bends in the plane
of the paper. There is another
equivalent bending mode in a
plane perpendicular to that of the
paper.
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ENVIRONMENT

Box 12.1 Spectroscopy and air-quality monitoring

Monitoring air quality is an important method of

keeping a watch on atmospheric pollution, and in many

European countries automated monitoring stations are

in operation. Spectroscopic methods of analysis are used

to monitor levels of CO, O3, NO2 and SO2.

Air quality can be measured by using light detection

and ranging (LIDAR) systems. LIDAR works on the

same principle as RADAR (radio detection and ran-

ging): electromagnetic radiation is beamed from a

source, and back-scattered radiation is detected and ana-

lysed. Radar uses radio waves as its source, while

LIDAR uses lasers to transmit infrared, visible and

ultraviolet waves. For atmospheric sampling, a pulsed

laser beam is directed into the air as shown in the photo-

graph opposite. The atmosphere contains very small

(<1mm diameter) droplets of liquid and solid particles

which are referred to as aerosols. Interaction of the

laser beam with these particles results in scattering of

some of the radiation. Back-scattered electromagnetic

radiation is collected by an optical telescope and focused

into a detection system:

Reprinted from Encyclopedia of Analytical Science, M.J.T.

Milton, Range-resolved remote sensing, pp. 126–129, # 2005

with permission from Elsevier.

As the photograph shows, LIDAR systems are small

enough to be accommodated in mobile units. They can

be used for monitoring exit plumes from industrial

plants and power stations, as well as from natural

events such as volcanic eruptions. The concentrations of

gases such as SO2 andNO2 in an air sample can bemeas-

ured by using differential-absorption LIDAR (DIAL).

In this technique, the emitted electromagnetic radiation

comprises two closely spaced wavelengths, one of which

is absorbed by the target molecule, e.g. a vibrational

mode in the infrared or an electronic absorption in the

ultraviolet. For example, NO2 absorbs at 226 nm (UV)

and SO2 at 287 nm (UV). The relative intensities of the

twoback-scatteredwavelengthsprovides the information

required to determine the concentration of the target

species. Differential-absorption LIDAR is also used to

provide tropospheric and stratospheric (the atmospheric

layer above the troposphere) ozone profiles (see Box

25.3). NASA employs a DIAL system that probes the

troposphere using dual wavelength radiation of 289 and

300nm. Themaximum range of aDIAL system covering

a wavelength range of 220–900nm is about 3 km (tropo-

sphere) to 25 km (into the stratosphere), depending

upon the type of detection system used. Detection limits

are of the order of one part per billion (1ppb). The detec-

tion of small hydrocarbon molecules and CO depends

on absorptions in the near infrared (2–5mm or 5000–

2000 cm�1). For this application, the range of LIDAR is

restricted to about 1 km (i.e. within the troposphere)

and typical detection limits are of the order of 100 ppb.

Other pollutants are monitored by a range of non-

spectroscopic methods including gas chromatography

(see Box 24.3 and Section 36.5).

Dust particles also contribute to atmospheric

pollution and samples taken in Leeds, UK, during

1982–83 illustrate some of the problem particles.

[Data illustrated below from Chemistry in Britain

(1994), vol. 30, p. 987; (1995), vol. 31, p. 131.]

A LIDAR air pollution unit uses a laser beam to probe the

atmosphere for pollutants.
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moment occurs, and you can see why this happens by studying the right-hand

side of Figure 12.6b. The asymmetric stretch is therefore IR active.

A linear triatomic molecule also possesses a bending mode (Figure 12.6c).

This vibration for CO2 may also be represented in terms of the carbon atom

moving up and down with respect to the two oxygen atoms. In Figure 12.6c,

the motion is represented in the plane of the paper, but there is an equivalent

vibration perpendicular to the plane of the paper. These two vibrationalmodes

require the same amount of energy and are degenerate. The bending of theCO2

molecule leads to a change in the dipole moment, and this mode is IR active.

The frequencies of the asymmetric stretching and bending vibrations of

CO2 are 2349 and 667 cm�1 respectively, and this tells us that the molecule

requires more energy to undergo an asymmetric stretch than a bend.

HCN: a polar, linear triatomic molecule

Hydrogen cyanide (12.2) is a polar, linear triatomic molecule (� ¼ 2:98D).

Each of the symmetric and asymmetric stretches gives rise to a change in

dipole moment, and each is IR active. The bending mode also gives rise to

a change in dipole moment and is IR active. Just as in CO2, the bending

mode in HCN is doubly degenerate.

We now come to an important general point about linear XYZ molecules,

i.e. molecules containing three different atoms. Provided that the atomic

masses of X and Z are significantly different, the absorptions observed in the

IR spectrum of an XYZ molecule can be assigned to the X�Y stretch, the

Y�Z stretch and the XYZ bend. The reason for assigning the stretching

modes to individual bond vibrations rather than to the molecule as a whole

is that each of the symmetric and asymmetric stretches is essentially

dominated by the stretching of one of the two bonds. The IR spectrum of

HCN contains three absorptions at 3311, 2097 and 712 cm�1 which are

assigned to theH�C stretch, the C�N stretch and the HCNbend respectively.

H2O: a bent triatomic molecule

The three vibrational modes for H2O are shown in Figure 12.7. Water (12.3)

possesses a molecular dipole moment (� ¼ 1:85D) and this changes during

the symmetric stretching vibration. This is generally true for bent molecules

and the symmetric stretch is IR active. The asymmetric stretching mode is

also IR active. If the two hydrogen atoms move towards each other and

then away from one another, this is called a scissoring motion or symmetric

bending. A change in molecular dipole moment occurs and an additional

absorption is observed in the IR spectrum.

Degenerate means ‘having

the same energy’.

(12.2)

(12.3)

Fig. 12.7 The vibrational modes of water. (a) In the symmetric stretch, both H atoms move out at the same time, and then in
together. (b) In the asymmetric stretch, one H atom moves out as the other moves in. (c) During the symmetric bending or scis-
soring of the molecule, the H�O�H bond angle increases and decreases; this vibration takes place in the plane of the paper.
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A molecule with n atoms

has 3n degrees of freedom.

VSEPR: see Section 6.6

"

§ For further discussion see: P. Atkins and J. de Paula (2006) Atkins’ Physical Chemistry, 8th
edn, Oxford University Press, Oxford, p. 460.

Worked example 12.4 IR active and inactive vibrational modes

The IR spectrum of XeF2 exhibits absorptions only at 213 and 555 cm
�1
, while

that of Cl2O has bands only at 296, 639 and 686 cm
�1
. Deduce the shapes of

these triatomic molecules.

Triatomics of the general type YX2 can be linear or non-linear. If linear,

the YX2 molecule is non-polar. If non-linear, it may be polar.

The vibrational modes are:

Symmetric stretch IR inactive in linear YX2 IR active in non-linear YX2

Asymmetric stretch IR active in linear YX2 IR active in non-linear YX2

Bend IR active in linear YX2 IR active in non-linear YX2

A linear YX2 molecule therefore shows two absorptions in its IR spectrum,

but a non-linear YX2 molecule exhibits three.

Conclusion: XeF2 is linear, and Cl2O is non-linear.

12.5 Vibrational degrees of freedom

In the discussion above, we appear to have arbitrarily arrived at the number

of vibrational modes for CO2, HCN and H2O, and certainly when consider-

ing larger molecules, it is difficult to write down all the possible vibrational

modes. There are, however, some simple rules from which you can work

out the number of allowed vibrations.

If a molecule has n atoms, it possesses 3n degrees of freedom. The molecule

as a whole can move in space and this is described as translational motion.

Movement is a vector quantity, and translational motion can be described

in terms of three degrees of freedom relating to three axes (for example, x,

y and z). The molecule possesses three degrees of translational freedom.

Having allocated three degrees of freedom for translational motion, the

molecule is left with (3n� 3) degrees of freedom for other types of motion

and these are classified as rotational or vibrational degrees of freedom. Like

translational motion, rotations may be described with respect to an axis set.

We simply state§ that for a non-linear molecule there are three degrees of

rotational freedom, but for a linear molecule, there are only two degrees of

rotational freedom. The number of degrees of vibrational freedom is depen-

dent upon the number of atoms in the molecule and on whether the molecule

is linear or non-linear. Equations 12.12 and 12.13 summarize these results.

Number of degrees of vibrational freedom

for a non-linear molecule
¼ 3n� 6 ð12:12Þ

Number of degrees of vibrational freedom

for a linear molecule
¼ 3n� 5 ð12:13Þ

We now apply equations 12.12 and 12.13 to several small molecules, the

shapes of which can be predicted by VSEPR theory.
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Example 1: SO2 SO2 is a bent molecule. n ¼ 3

Number of degrees of vibrational freedom ¼ 3n� 6 ¼ 3

Example 2: CO2 CO2 is a linear molecule. n ¼ 3

Number of degrees of vibrational freedom ¼ 3n� 5 ¼ 4

Two of the modes of vibration are degenerate (see earlier in this section).

Example 3: CH4 CH4 is a tetrahedral molecule. n ¼ 5

Number of degrees of vibrational freedom ¼ 3n� 6 ¼ 9

In addition to the stretching and scissoring (bending) modes described for

CO2 and H2O, larger molecules can undergo rocking, twisting and wagging

vibrations. Detailed discussion of these modes is beyond the scope of this

book, but Figure 12.8 summarizes the modes of vibration that a methylene

group in an alkane chain can undergo.

12.6 The use of IR spectroscopy as an analytical tool

We now turn our attention to the everyday use of IR spectroscopy in the

laboratory. Compounds may be examined in the solid state, solution or gas

phase. There are two ways of interpreting an IR spectrum. It is always correct

to interpret the spectrum as a property of the molecule as a whole, but this

is extremely time-consuming and possible only for simple molecules. It is

common to consider the IR spectrum as a composite of individual absorptions

from various components of the molecule. This is related to the functional

group model in organic chemistry, which has as a fundamental assumption

the fact that a group has similar properties regardless of the precise molecule

in which it is found. Similarly, it is convenient to interpret IR spectra in terms

of absorptions arising from specific functional groups. This is an oversimplifi-

cation, and is particularly dangerous with ‘inorganic’ compounds.

The IR spectra of organic compounds possess several characteristic regions:

. those arising from vibrations and other modes of the molecular frame-

work, particularly C�C single bonds;

. those arising from vibrations of a functional group, in particular those

with multiple bonds.

This effectively divides the spectrum into two regions. Above 1500 cm�1, the
majority of absorptions are due to stretching modes of multiple bonds (C¼C,
C�C, C¼O, C¼N, C�N, etc.) and bonds such as O�H and N�H. Below

1500 cm�1, in the fingerprint region, absorptions due to C�X single bond

stretching modes as well as other vibrational modes are found. These distinc-

tions are not absolute, e.g. absorptions due to C�H stretches are found

around 3000 cm�1.

The fingerprint region of the IR spectrum

Usually the IR spectrum of a compound contains a series of absorptions below

about 1500 cm�1 which together are diagnostic of that compound. It is not

usual for these absorptions to be individually assigned to particular vibrations

within the molecule. Consider the IR spectrum of caffeine (the stimulant found

in tea and coffee) shown in Figure 12.9. There are numerous absorptions below

Organic functional groups:
see Table 1.9

"
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1500 cm�1, but it is difficult to assign them to individual vibrational modes

of the molecule. However, the spectrum is an absolute characteristic of the

molecule caffeine – no other molecule exhibits an identical spectrum. This is

why this part of the spectrum is known as the fingerprint region.

The most effective way to use the fingerprint region of an IR spectrum is to

match it with that of an authentic sample of the compound.

Fig. 12.8 The vibrational modes
of a methylene (CH2) group
in an alkane chain: (a) the
symmetric stretching mode;
(b) the asymmetric stretching
mode; (c) the scissoring mode;
(d) the rocking mode (in the
plane of the paper); (e) the
twisting mode; and (f) the
wagging mode (the CH2 unit
moves in front of and behind
the plane of the paper).
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Functional groups and the interpretation of IR spectra

Functional groups in a molecule can give rise to absorptions at particular

frequencies in the range 400–4000 cm�1. It is easiest to detect (and assign)

functional group absorptions that do not fall within the fingerprint region.

We take as an example the carbonyl group C¼Owhich occurs in a range of

compounds, including aldehydes (12.4), ketones (12.5), carboxylic acids

(12.6), acid chlorides (12.7), esters (12.8) and carboxylates (12.9).

(12.4) (12.5) (12.6) (12.7)

(12.8) (12.9)

The stretching of the C¼O double bond typically gives rise to a strong

absorption around 1700 cm�1 (see Figure 33.6), but the exact frequency

depends upon the strength of the bond, and this is in turn affected by

other groups in the molecule or ion. Take the aldehyde RCHO as a reference

point. On going from this to a ketone, the H is changed for an electron-

releasing alkyl group and the carbon atom of the C¼O group becomes less

�þ. The carbonyl bond polarization (C�þ�O��) is therefore smaller in the

ketone than in the aldehyde, and as a consequence stretching the C¼O
bond in the ketone is easier than in the aldehyde. The carbonyl absorptions

for acetone (a ketone) and ethanal (an aldehyde) are shown in Figure 12.10.

Now compare the aldehyde RCHO (12.4) with the corresponding acid

chloride RCOCl (12.7). Chlorine is electron-withdrawing and the carbon

atom of the C¼O group carries a greater �þ charge in the acid chloride than

Carbonyl compounds:
see Chapter 33

Electron-releasing:
see Section 25.8

�PðClÞ = 3.2, �PðHÞ = 2.2

"

"

"

Fig. 12.9 The IR spectrum of caffeine; the structure consists of two fused rings containing carbon and nitrogen atoms.
Colour code in structural diagram: C, grey; O, red; N, blue; H, white.
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in the aldehyde. This means that the C¼O bond has increased ionic character

and is more difficult to stretch – the stretching frequency increases accordingly

(Table 12.1).

In an ester, there are two effects. The oxygen atom of the OR group is

more electronegative than carbon and this tends to increase the �þ charge

on the carbonyl C atom. However, the lone pair on the OR oxygen atom

can be delocalized (equation 12.14). This effect weakens the carbonyl

carbon�oxygen bond. The overall effect is that the absorption due to

the carbonyl stretch in an ester may not be much different from that in the

corresponding aldehyde (Figure 12.10).

Fig. 12.10 The carbonyl
absorptions for acetone,

ethanal and ethyl acetate.
In the structural diagrams,
Me¼methyl¼CH3,
Et¼ ethyl¼CH2CH3. Colour
code: C, grey; O, red; H, white.

Table 12.1 Approximate ranges for carbonyl (C¼O) stretching frequencies in compounds
in structures 12.4 to 12.9 with R¼ alkyl.

Compound type Structure number Absorption range / cm
�1

Aldehyde 12.4 1740–1720

Ketone 12.5 1725–1705

Carboxylic acid 12.6 1725–1700

Acid chloride 12.7 1815–1790

Ester 12.8 1750–1735

Carboxylate 12.9 1610–1550

ð12:14Þ
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Some other functional groups with multiple bonds to carbon include C�C,
C¼C, C�N, C¼N and C¼S. Typical frequency ranges for the absorptions

due to the stretching of these bonds are listed in Table 12.2.

Many functional groups contain single bonds, and absorptions due to

the vibrations of these bonds often fall within the fingerprint region and

may not easily be assigned. The stretching frequencies of carbon�halogen
bonds are listed in Table 12.3. Whereas the absorptions due to C�Cl
stretching are readily observed in the IR spectrum of CCl4 (Figure 12.11a),

See worked example 12.5

"

Table 12.2 Approximate ranges for stretching frequencies of some functional groups
involving multiple bonds to carbon.

Functional group Typical frequency range of absorption band / cm
�1

R2C¼CR2 1680–1620

RC�CR 2260–2100

R2C¼NR 1690–1640

RC�N 2260–2200

R2C¼O 1815–1550 (see Table 12.1)

R2C¼S 1200–1050

Table 12.3 Approximate ranges for stretching frequencies of carbon�halogen bonds.

Group Typical frequency range of absorption band / cm
�1

C�F 1400–1000

C�Cl 800–600

C�Br 750–500

C�I �500

Fig. 12.11 The IR spectra of (a) tetrachloromethane, and (b) 1,2-dichloropropane. Colour code in structural figures:
C, grey; Cl, green; H, white.
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they disappear into the many bands of the fingerprint region in the spectrum

of 1,2-dichloropropane (Figure 12.11b).

Worked example 12.5 Vibrational modes of CCl4

The IR spectrum of CCl4 is shown in Figure 12.11a. The absorption at

776 cm
�1

is assigned to a vibrational mode. Comment on this fact.

Amolecule of CCl4 has a tetrahedral structure (apply VSEPR theory), and

the molecule is non-polar.

Vibrational modes involve stretching the C�Cl bonds.
If the four C�Cl bonds stretch at the same time, the vibrational mode is a

symmetric stretch:

This vibrational mode does not create a change in dipole moment.

Therefore, the mode is IR inactive.

The absorption at 776 cm�1 must arise from a stretching mode that generates

a change in dipole moment:§

§ This asymmetricmode is one of three of equal energy (i.e. the vibrationalmodes are degenerate).
The CCl4 molecule has 3n� 6 ¼ 9 degrees of vibrational freedom: one symmetric stretch, three
degenerate asymmetric stretching modes, a set of two degenerate deformation modes, and a set
of three degenerate deformation modes, see: C. E. Housecroft and A. G. Sharpe (2008)
Inorganic Chemistry, 3rd edn, Prentice Hall, Harlow, Chapter 4.
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Some of the more readily observed IR spectroscopic absorptions are due

to stretching modes of O�H, N�H, S�H and C�H bonds (Table 12.4).

Figure 12.12 shows the IR spectra of propan-1-ol and propan-2-ol. In

each, the band near 3340 cm�1 is assigned to the O�H stretch. The broadness

of the bands arises from the extensive degree of hydrogen bonding that is pre-

sent between the alcohol molecules and is a common feature of absorptions

associated with O�H bonds. Although it would be difficult to assign all

the bands in the spectrum of either compound, they exhibit different, but

characteristic, IR spectra and can be distinguished provided that authentic

samples are available for comparison. Absorptions due to N�H bonds

occur in a similar part of the IR spectrum to those of O�H bonds.

In Figures 12.11b and 12.12, the absorptions around 3000 cm�1 are due to
C�H stretches. The values in Table 12.4 indicate that the hybridization

of the carbon atom influences the stretching frequency of the C�H bond.

This is because the polarity (and strength) of a C�H bond decreases in

the order C(sp)�H > C(sp2)�H > C(sp3)�H. Figure 12.13 shows part of

the IR spectra of benzene and ethylbenzene. Benzene is a planar molecule

Alcohol nomenclature:
see Section 30.1

Hydrogen bonding in
alcohols: see Section 30.3

Electronegativities of carbon
atoms: see Table 26.1

"

"

"

Table 12.4 Approximate ranges for stretching frequencies of O�H, N�H, S�H and
C�H bonds.

Group Typical frequency range of absorption band / cm
�1

O�H 3600–3200 (broadened by hydrogen bonding)

N�H 3500–3300

S�H 2600–2350 (weak absorption)

C�H (sp3 carbon) 2950–2850

C�H (sp2 carbon) 3100–3010

C�H (sp carbon) �3300

Fig. 12.12 The IR spectra of propan-1-ol (bottom) and propan-2-ol (top). Colour code in structural figures:
C, grey; H, white; O, red.
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Fig. 12.13 The IR spectra of benzene (top) and ethylbenzene; only the regions around 3000 cm�1 (the C�H stretching
region) are shown. Colour code in structural figures: C, grey; H, white.

and contains only sp2 hybridized carbon atoms – the absorptions due to the

C�H stretches fall in the range �3120–3000 cm�1. In ethylbenzene, absorp-

tions due to both C(sp2)�H and C(sp3)�H stretches are observed.

We introduce IR spectroscopic absorptions characteristic of other

functional groups in the organic chemistry chapters later in the book, and

extend the discussion of the use of IR spectroscopy in the laboratory. The

application of IR spectroscopy in forensic science is illustrated in Box 12.2.

Worked example 12.6 The IR spectra of hexane and hex-1-ene

The figure shows the IR spectra of hexane and hex-1-ene. What are the

structural features in these molecules that are responsible for the observed

absorptions in their spectra?

The structures of hexane and hex-1-ene are:
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APPLICATIONS

Box 12.2 Infrared spectroscopic fingerprinting in forensics

Infrared spectroscopy is used routinely in forensic

science and is applied to the analysis of fibres, paints,

explosives and drugs. It can also be used to compare

natural and synthetic gemstones. Modern diamond IR

cells have enhanced the study of very small, solid

samples such as fibres, and permit the study of trace

quantities of materials. In a diamond cell, the sample

is put under pressure between two diamond tips, and

this increases the sample surface area while decreasing

the sample thickness. One limitation of the use of IR

spectroscopy is that the sample being analysedmust con-

stitute more than 1–5% of the bulk sample. We illustrate

the use of vibrational spectroscopy in forensics with

examples from fibre and paint analysis.

Polyethylene terephthalate is a synthetic fibre. In cloth-

ing it is usually referred to as polyester, while in the plas-

tics industry it is commonly known as PET. Its structure

and IRspectrumare shownbelow.The strongabsorption

at 1720 cm�1 arises from the C¼O stretching mode, that

at1260 cm�1 fromtheC�Ostretchingmode, andabsorp-

tions around 2970 cm�1 from CH2 stretching modes.

More important from a forensic point of view is that

the spectrumas awhole acts as a fingerprint for polyethy-

lene terephthalate. For example, the IR spectrumofpoly-

acrylonitrile (acrylic fibres) has its own characteristic

appearance (see opposite), exhibiting a strong absorption

at 2245 cm�1 arising from the CN stretching mode.

Tracing a vehicle after a collision (e.g. in a hit-and-

run incident), typically involves the forensic analysis

of paint. Infrared spectroscopy (or a combination of

IR and Raman spectroscopic techniques) is a valuable

tool, allowing the binder (resin) and pigments in

the paint to be identified. For example, titanium

dioxide (rutile) is the most commonly employed white

pigment and has a characteristic infrared absorption

at 600 cm�1. Barium chromate (a yellow pigment) exhi-

bits a characteristic band at 860 cm�1, while an absorp-

tion at 560 cm�1 is consistent with the presence of an

iron oxide (red or yellow) pigment. Matching the spec-

troscopic information against databases such as the

European Collection of Automotive Paints and Paint

Data Query allows the vehicle manufacturer and year

of production to be determined.

IR spectrum of polyacrylonitrile (acrylic fibre). [Data:

SDBSWeb: http://riodb01.ibase.aist.go.jp/sdbs; National Insti-

tute of Advanced Industrial Science and Technology, accessed

17 May 2008]

IR spectrum of polyethylene terephthalate (polyester). [Data:

SDBSWeb: http://riodb01.ibase.aist.go.jp/sdbs; National Insti-

tute of Advanced Industrial Science and Technology, accessed

17 May 2008]
Forensic scientist inspecting a car body part to find traces of

paint left after a collision between two cars.
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1. The part of each spectrum below 1500 cm�1 is the fingerprint region and

provides a diagnostic pattern of IR bands for each compound.

2. In the IR spectrum of hexane, the only other feature is the group of

absorptions around 3000 cm�1 which can be assigned to the C�H
stretches; the C atoms are all sp3 hybridized.

3. In the IR spectrum of hex-1-ene, the strong absorptions around

3000 cm�1 are due to the C(sp3)�H stretches, while the less intense

absorption at about 3080 cm�1 can be assigned to the C(sp2)�H
stretches.

4. In the spectrum of hex-1-ene, the sharp absorption at 1643 cm�1 is

characteristic of a C¼C stretch (see Table 12.2).

5. An additional feature in the spectrum of hex-1-ene is the broad band

centred around 3400 cm�1. This can be assigned to an O�H stretch

and suggests that the sample of hex-1-ene is wet!

Worked example 12.7 Assignment of some IR spectra

The figure below shows the IR spectra of octane, propanenitrile, dodecan-1-ol

and heptan-2-one. Assign each spectrum to the correct compound.

The structures of the compounds are:

Octane

Dodecan-1-ol

Propanenitrile

Heptan-2-one

Begin the spectral assignments by looking for absorptions that are

characteristic of the functional groups present.
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Spectrum (a) has a strong absorption at �2250 cm�1. This may be

assigned to the C�N group of propanenitrile. The spectrum also contains

absorptions around 3000 cm�1 assigned to stretches of the aliphatic C�H
bonds.

Spectrum (b) exhibits a broad and strong absorption centred at

�3200 cm�1 which is characteristic of an alcohol group. The spectrum

may be assigned to dodecan-1-ol; C�H stretches around 3000 cm�1 are

observed and are expected for this compound.

Spectrum (d) shows a strong absorption at�1700 cm�1 indicative of a car-
bonyl group. This spectrum can be assigned to heptan-2-one. In addition

to the fingerprint region, this spectrum shows aliphatic C�H stretches

which are expected for this compound.

Above the fingerprint region, spectrum (c) shows only absorptions due to

C�H stretches; there appears to be no functional group. This spectrum is

assigned to octane.

Conclusions

Spectrum Assignment

(a) Propanenitrile

(b) Dodecan-1-ol

(c) Octane

(d) Heptan-2-one

12.7 Deuteration: the effects on IR spectroscopic absorptions

Naturally occurring hydrogen contains 99.985% 1H and 0.015% 2H. As 1H

dominates to such a great extent, we can consider, for example, O�H, C�H
or N�H bonds in compounds as essentially having the O, C or N atom

bonded to 1H. We saw earlier (equation 12.9) that the fundamental

vibrational wavenumber for a diatomic depends on the force constant of

the bond and the reduced mass. Similarly, the wavenumber of the stretching

mode of, for example, an O�H bond in a compound is approximately related

to the force constant and reduced mass as shown in equation 12.15.

��OH /

ffiffiffiffiffiffiffiffiffi
kOH

�OH

s
ð12:15Þ

If the 1H atom is replaced by a 2H atom (i.e. deuterium, D), then the

wavenumber of the stretching mode of the O�D bond is given by equa-

tion 12.16.

��OD /

ffiffiffiffiffiffiffiffiffi
kOD

�OD

s
ð12:16Þ

See Section 12.2

"
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Exchanging the H in an O�H bond by D has a significant effect on the

reduced mass of the system (equations 12.17 and 12.18).

1

�OH

¼ 1

mO

þ 1

mH

¼ 1

16:01� ð1:66� 10�27 kgÞ
þ 1

1:008� ð1:66� 10�27 kgÞ
�OH ¼ 1:57� 10�27 kg

9=
;

ð12:17Þ

1

�OD

¼ 1

mO

þ 1

mD

¼ 1

16:01� ð1:66� 10�27 kgÞ
þ 1

2:01� ð1:66� 10�27 kgÞ
�OD ¼ 2:96� 10�27 kg

9=
;
ð12:18Þ

We assume that the force constant of the bond is not affected by the isotopic

substitution: kOH ¼ kOD. We can now combine equations 12.15 and 12.16 to

give equation 12.19. This allows us to calculate the ratio of the vibrational

wavenumbers of the O�H and O�D bonds.

��OH

��OD

¼
ffiffiffiffiffiffiffiffiffi
�OD

�OH

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:96� 10�27

1:57� 10�27

s
¼ 1:37 ð12:19Þ

Equation 12.19 shows that the absorption for an O�D vibration is shifted in

the IR spectrum from that assigned to the O�H vibration. The IR spectrum

of methanol, 12.10, exhibits an absorption at 3347 cm�1 assigned to the

O�H stretch. In CH3OD, the O�D stretch appears at 2443 cm�1. Such a

dramatic shift can be used to test whether an assignment of an absorption

band is correct. For example, if CH3OH is shaken with D2O, equilibrium

12.20 is established; N�H bonds in amines undergo a similar deuterium

exchange.

CH3OHþD2OÐ CH3ODþHOD ð12:20Þ

Comparisons of the IR spectra of pairs of compounds containing, for

example, C�H and C�D, N�H and N�D, or O�H and O�D bonds are

valuable in aiding spectroscopic assignments.

Worked example 12.8 Deuteration of propan-1-ol

The IR spectrum of propan-1-ol, CH3CH2CH2OH, contains a broad absorp-

tion at 3333 cm
�1
. To what wavenumber will this absorption shift if D2O is

shaken with propan-1-ol?

The equations required are:

��OD

��OH

¼
ffiffiffiffiffiffiffiffiffi
�OH

�OD

r

��OD ¼ ��OH �
ffiffiffiffiffiffiffiffiffi
�OH

�OD

r

The method of calculating �OD and �OH was shown in equations 12.17 and

12.18. Substitution of these values, and the value of ��OH ¼ 3333 cm�1

gives:

��OD ¼ ð3333 cm�1Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1:57� 10�27 kgÞ
ð2:96� 10�27 kgÞ

s
¼ 2430 cm�1 (to 3 sig. fig.)

(12.10)

More about equilibria
in Chapter 16

The structure of propan-1-ol

"
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12.8 Rotating molecules and moments of inertia

We saw in Section 12.5 that linear molecules have two degrees of rotational

freedom, while non-linear molecules possess three. In the next two sections,

we consider the rotations of diatomic molecules and the spectra that arise

from transitions between rotational states. We shall be concerned only

with pure rotational spectra.

Microwaves are used to study the rotational transitions of gas phase molecules

and provide information about internuclear distances and angles.

Moments of inertia

The rotations of a molecule can be defined with respect to three perpen-

dicular axes A, B and C (principal axes) illustrated for a diatomic XY in

Figure 12.14a. The moment of inertia of a rotating molecule is a crucial

property in the interpretation of rotational spectra. For a given molecular

rotation, the moment of inertia, I, of the molecule is given by equation

12.21 where m¼mass of an atom (in kg), r¼ perpendicular distance (in m)

of that atom from the axis of rotation, and
P

means summation over all

atoms in the molecule.

I ¼
X

mr2 Units of I ¼ kgm2 ð12:21Þ

The principal moments of inertia correspond to rotations about the three

principal axes A, B and C (Figure 12.14a) and are denoted IA, IB and IC.

For a diatomic molecule, IA corresponds to rotation about the internuclear

axis and has no meaning, implying that IA ¼ 0.

The principal axes in Figure 12.14a pass through the centre of gravity

(centre of mass) of molecule XY. This is the point that satisfies equation

12.22, in which the parameters are defined in Figure 12.14b.

mXrX ¼ mYrY ð12:22Þ

It follows that if X is heavier than Y (mX > mY), then the centre of gravity is

closer to X than to Y (rX < rY).

Now consider rotation about the vertical axis B in Figure 12.14a. The

parameters required to determine the moment of inertia IB are defined in

Figure 12.14b, and application of equation 12.21 leads to an expression for

Fig. 12.14 (a) The principal
axes of rotation of a diatomic
molecule XY in which X is
heavier than Y; the axes (which
are perpendicular to each other)
pass through the centre of mass
(centre of gravity) of the molecule
which is closer to X than Y (see
equation 12.21). (b) Definitions
of the parameters needed to
determine the moments of
inertia, I, of molecule XY.
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IB (equation 12.23). Rotation of molecule XY about the principal axis C is

equivalent to rotation about axis B. Therefore, IC ¼ IB.

IB ¼ mXðrXÞ2 þmYðrYÞ2 ð12:23Þ

For a diatomic molecule, the moment of inertia (I ¼ IB ¼ IC) is usually

given in terms of the reduced mass, �, and internuclear distance, r, as

shown in equation 12.24 (derived in Box 12.3).

I ¼ �r2 ð12:24Þ

Worked example 12.9 Moments of inertia

Determine the moments of inertia, IB and IC , of H
35
Cl if the bond distance is

127 pm. Atomic masses:
1
H ¼ 1:008, 35

Cl ¼ 34:97 u.

For H35Cl, the reduced mass is given by:

1

�
¼ 1

m1

þ 1

m2

or � ¼ m1m2

m1 þm2

Reduced mass:
see Section 12.2

"

THEORY

Box 12.3 Moment of inertia of a diatomic molecule, XY

For a diatomic molecule XY, the principal moments of

inertia IB and IC are given by:

IB ¼ IC ¼ mXðrXÞ2 þmYðrYÞ2

where mX, mY, rX and rY are defined in Figure 12.14b.

Since the principal moments of inertia are equal, we

shall refer to them simply as ‘the moment of inertia of

XY’. The expression for I can be rewritten in terms of

the reducedmass,�, of the diatomic and the internuclear

distance, r, and is derived as follows.

I ¼ mXðrXÞ2 þmYðrYÞ2 ðiÞ

r ¼ rX þ rY ðiiÞ

mXrX ¼ mYrY ðiiiÞ

Equation (iii) can be rearranged to give:

rX ¼
mYrY
mX

or rY ¼
mXrX
mY

Substituting these expressions into equation (i) allows

the equation to be expanded to:

I ¼ mXrXmYrY
mX

þmXrXmYrY
mY

; I ¼ rXrYðmX þmYÞ ðivÞ

Now consider equations (ii) and (iii), combination of

which gives:

mXrX ¼ mYrY ¼ mYðr� rXÞ ¼ mYr�mYrX

; mXrX þmYrX ¼ mYr

rXðmX þmYÞ ¼ mYr

rX ¼
mYr

mX þmY

ðvÞ

Similarly:

rY ¼
mXr

mX þmY

ðviÞ

Substituting equations (v) and (vi) into equation (iv)

gives the expression:

I ¼
�

mYr

mX þmY

��
mXr

mX þmY

�
ðmX þmYÞ

; I ¼ mYmXr
2

mX þmY

The reduced mass (see Section 12.2) is given by:

1

�
¼ 1

mX

þ 1

mY

or � ¼ mXmY

mX þmY

and therefore the moment of inertia, I, is given by the

equation:

I ¼ �r2
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The masses of the atoms must be in kg (see the physical constant table

inside the back cover of the book):

m1 ¼ 1:008� 1:66� 10�27 kg

m2 ¼ 34:97� 1:66� 10�27 kg

The bond distance must be in m: 127 pm ¼ 1:27� 10�10 m
For the moment of inertia,

IB ¼ IC ¼ �r2

¼
�

m1m2

m1 þm2

�
r2

¼
�
ð1:008� 1:66� 10�27 kgÞð34:97� 1:66� 10�27 kgÞ

ð1:008þ 34:97Þð1:66� 10�27 kgÞ

�
ð1:27� 10�10 mÞ2

¼ 2:62� 10�47 kgm2

12.9 Rotational spectroscopy of linear rigid rotor molecules

The simplest model of a rotating diatomic molecule is to assume that it is a

linear rigid rotor, i.e. the internuclear distance remains constant throughout

the rotational motion. This is an approximation (molecules are clearly not

rigid entities) but the model provides a good starting point for a discussion

of rotational spectroscopy.

In this section, we deal only with diatomics, and do not distinguish

between the moments of inertia IB and IC, but rather refer to I which equals

both IB and IC.

Rotational energy levels

A rotational spectrum is made up of lines corresponding to transitions from

one rotational energy level to another. The rotational energies are quantized

and are denoted by rotational quantum numbers, J, for which allowed values

are J ¼ 0; 1; 2; 3 . . . . In its rotational ground state (J ¼ 0), the molecule is not

rotating. Equation 12.25 gives an expression for the allowed rotational

energy levels, EJ , of a diatomic molecule treated as a rigid rotor.

EJ ¼
h2

8�2I
JðJ þ 1Þ J ¼ 0; 1; 2; 3 . . . ð12:25Þ

where: EJ is in joules

h ¼ Planck constant ¼ 6:626� 10�34 J s

I ¼ moment of inertia in kgm2

Figure 12.15 shows the relative spacings of the rotational energy levels of a

rigid rotor diatomic. Since microwave spectroscopic data are usually

recorded in cm�1, it is useful to express the rotational energy levels in terms

of cm�1. Wavenumber is reciprocal wavelength, 1=�. Since E ¼ h� and

c ¼ ��, it follows that:

E ¼ hc

�

1

�
¼ E

hc

The rigid rotor

approximation assumes that

the rotating molecule can be

considered as a rigid body.

Fig. 12.15 The first five allowed
rotational states (energy levels) of
a diatomic molecule, treated as a
rigid rotor; J is the rotational
quantum number.
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ENVIRONMENT

Box 12.4 Environments between the stars: interstellar molecules and ions

An important application of rotational spectroscopy is

in the identification of molecular species in interstellar

space. Such molecules and ions occur in the colder

regions of space, and the frequencies of their rotational

transitions correspond to the microwave region of the

electromagnetic spectrum. As a rotational transition

occurs from a higher to lower energy level, radiation

is emitted. Radiation of these frequencies is not

absorbed as it passes through the Earth’s atmosphere,

and radiotelescopes on the surface of the Earth can

record the emission spectra of interstellar molecules

and ions.

An array of radiotelescopes.

Radiotelescopes can be used to map regions of inter-

stellar space for a known molecular species. This is

achieved by searching for known emission lines in the

rotational spectrum of the molecule or ion. The regions

of space investigated may be hundreds of light years

in diameter. For example, there are two molecular

clouds in the Orion constellation, one containing

the spectacular Horsehead Nebula, which demon-

strates that molecules and dust particles are associated

in molecular clouds. The name ‘Horsehead Nebula’

arises from a characteristic projection (shown in the

photograph opposite) from the nebula. It forms part

of a much larger interstellar system called the Orion

Cloud which is several hundreds of light years across.

The origin of the red colour in the photograph is the

emission associated with the formation of H atoms as

protons combine with electrons:

HþðgÞ þ e� ��"HðgÞ
A second method of investigating interstellar space

is by recording an emission spectrum from a specific

location and matching the rotational emission lines to

those in databases. High-resolution spectra are essen-

tial for accurate identification of molecular species.

Many of the molecular species observed in interstellar

clouds are radicals, e.g. CH, [CH]þ, NH, OH, CN,

C2, NO, NS, SO, CH2, NH2, C2H, C3, C2O, C3H,

H2CN and C3O. Carbon-based species dominate

among the �130 species now identified. Dying stars

produce atomic carbon and this is the origin of the

carbon in all organic compounds on Earth and in our

bodies! Reactions of carbon atoms in interstellar

clouds are therefore of extreme importance. Among

the radicals listed above are C2H and C3H. These are

derived from alkynes. Carbon chains up to 11 atoms

in length have been detected in interstellar space, e.g.

Compared with normal gas phase species known in

the Earth’s atmosphere, the large proportion of species

present in interstellar clouds may be thought of as

exotic (e.g. [H3]
þ, SiC2, C7H and C5O), while others

are species that are well established under standard

state conditions on Earth (e.g. H2, CO, H2O, H2S).

The largest diversity of species arises in dense inters-

tellar clouds. Here, the density of molecules or ions

may be 104 molecules per cm3, and these interstellar

clouds represent the birthplace of new stars. Note that

the average molecular density in interstellar space

is 1 molecule per cm3. A concentration of 104 molecules

per cm3 is many orders of magnitude lower than the

concentration of molecules in a cm3 of gas at standard

temperature and pressure on Earth. Here, 1 cm3 of an

ideal gas contains 2:7� 1019 molecules.

The Horsehead Nebula in the constellation Orion.

Much of the information for this box comes from: I. W.

M. Smith (2002) Chem. Soc. Rev., vol. 31, p. 137.
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We can now write equation 12.26, where values of E’J are rotational energy

levels expressed in cm�1.

E’J ¼
EJ

hc
¼ h

8�2cI
JðJ þ 1Þ J ¼ 0; 1; 2; 3 . . . ð12:26Þ

where: E’J is in cm�1 and c ¼ speed of light ¼ 2:998� 1010 cm s�1

The equation can be further simplified by writing it in terms of the

rotational constant, B, which is defined in equation 12.27. The value of B

depends on the moment of inertia, I, and is a molecular property.

B ¼ h

8�2cI
Units of B ¼ cm�1 ð12:27Þ

Equations 12.26 and 12.27 give a relationship between the rotational

energy levels of a rigid rotor diatomic, the rotational constant and the

rotational quantum number (equation 12.28).

E’J ¼ BJðJ þ 1Þ Units of E’J ¼ cm�1 ð12:28Þ

For a given molecule, B is a constant, and so the dependence of E’J on

JðJ þ 1Þ means that the spacing between the energy levels increases as J

increases (see Figure 12.15): for J ¼ 0, equation 12.28 gives E’J ¼ 0 (rota-

tional ground state), for J ¼ 1, E’J ¼ 2B, for J ¼ 2, E’J ¼ 6B, etc.

Selection rules

Rotational transitions and observed rotational spectroscopic lines are

governed by selection rules. The first selection rule (equation 12.29) restricts

the rotational levels between which a transition can occur.

�J ¼ �1 ð12:29Þ

Thus, transitions can occur between the rotational ground state (J ¼ 0) and

the first excited state (J ¼ 1) and vice versa, or between levels J ¼ 1 and

J ¼ 2, etc., but not, for example, from J ¼ 0 to J ¼ 2. Using the notation

introduced in Box 3.6, a transition from the J ¼ 0 to J ¼ 1 level is represented

as J ¼ 1 3�� J ¼ 0 (absorption of energy), and from the J ¼ 1 to J ¼ 0 as

J ¼ 1��" J ¼ 0 (energy emission).

The second selection rule states that, for a diatomic molecule, a pure

rotational spectrum is observed only if the molecule is polar. Therefore,

pure rotational spectra can be observed for gas phase HBr, ClF and CO,

but not for H2, F2 and N2.

The relationship between transitions and spectral lines

Figure 12.15 showed the allowed rotational energy levels of a rigid rotor

diatomic. The selection rule �J ¼ �1 restricts the possible transitions

to J ¼ 1 3�� J ¼ 0, J ¼ 2 3�� J ¼ 1, J ¼ 3 3�� J ¼ 2, etc. The energies of

these transitions, �E’J , can be determined in terms of the rotational con-

stant, B, from equation 12.28 as shown in worked example 12.10.

Worked example 12.10 Transitions between rotational energy levels

For a diatomic molecule (treated as a rigid rotor) with rotational constant

B cm
�1
, calculate the energies of the rotational ground and first excited

states, and determine the value of �E’J for the transition J ¼ 1 3�� J ¼ 0.
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The equation needed is: E’J ¼ BJðJ þ 1Þ

For J ¼ 0: E’J ¼ 0

For J ¼ 1: E’J ¼ 2B

Therefore, for the transition J ¼ 1 3�� J ¼ 0, �E’J ¼ 2B� 0 ¼ 2B cm�1

The exercise above illustrates how the lines in the pure rotational spectrum

of a rigid rotor diatomic arise. For the successive transitions J ¼ 1 3�� J ¼ 0,

J ¼ 2 3�� J ¼ 1, J ¼ 3 3�� J ¼ 2, J ¼ 4 3�� J ¼ 3 and J ¼ 5 3�� J ¼ 4,

values of �E’J are 2B, 4B, 6B, 8B and 10B. These values correspond to the

relative spacings between levels in Figure 12.15, and to the equally spaced,

discrete spectroscopic lines shown in Figure 12.16. The spacing between

each pair of successive lines is 2B. The application of rotational spectroscopy

to the determination of the bond distance of a diatomic molecule now follows

because from the spacings of lines in the spectrum (Figure 12.16), the rota-

tional constant, B, can be found. Hence we can find the moment of inertia

(equation 12.27), and the bond distance (equation 12.24). We reiterate that

the rigid rotor model is an approximation. In practice, a diatomic molecule

is a non-rigid rotor and the spacings between the lines in the pure rotational

spectrum of a diatomic actually decrease as J increases.

Worked example 12.11 Determination of bond distance from the rotational constant of a diatomic

molecule

Find the H�Br bond length of
1
H

79
Br if the rotational constant is 8.58 cm

�1
;

exact atomic masses:
1
H¼ 1.008;

79
Br¼ 78.92 u.

Equations needed are:

B ¼ h

8�2cI
and I ¼ �r2

Planck constant, h ¼ 6:626� 10�34 J s

¼ 6:626� 10�34 kgm2 s
�1

(see Table 1.2)

Rearrange the first equation to make I the subject:

I ¼ h

8�2cB

¼ ð6:626� 10�34 kgm2 s
�1Þ

8�2 � ð2:998� 1010 cm s�1Þ � ð8:58 cm�1Þ
¼ 3:26� 10�47 kgm2

To find the bond length, r:

r ¼
ffiffiffi
I

�

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I

�
m1 þm2

m1m2

�s

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð3:26� 10�47 kgm2Þ

�
ð1:008� 1:66� 10�27 kgÞ þ ð78:92� 1:66� 10�27 kgÞ
ð1:008� 1:66� 10�27 kgÞ � ð78:92� 1:66� 10�27 kgÞ

�s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð3:26� 10�47 kgm2Þ

�
ð1:008þ 78:92Þð1:66� 10�27 kgÞ
ð1:008� 78:92Þð1:66� 10�27 kgÞ2

�s

¼ 1:40� 10�10 m ¼ 140 pm

Fig. 12.16 Representation of
part of the pure rotational
spectrum of a rigid rotor
diatomic molecule.
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SUMMARY

In this chapter, we introduced vibrational and rotational spectroscopy. Vibrating diatomic molecules can
be likened to oscillating springs, and an approximate model is that of the simple harmonic oscillator. In
the laboratory, infrared (IR) spectroscopy is a routine method of analysis: functional groups give rise to
characteristic absorptions, and for simple molecules, the number of observed absorptions gives informa-
tion about molecular shape and symmetry. Rotating diatomic molecules can, to a first approximation, be
treated as rigid rotors. Transitions between rotational energy levels lead to spectral lines, the spacings of
which are related to the rotational constant, the moment of inertia and the bond distance.

Do you know what the following terms mean?

. vibrational ground state

. vibrational wavenumber

. vibrational mode

. force constant of a bond

. reduced mass

. simple harmonic oscillator

. anharmonic oscillator

. vibrational quantum number

. vibrational energy levels

. degrees of freedom

. IR active mode

. IR inactive mode

. fingerprint region of an IR
spectrum

. moment of inertia (of a diatomic)

. centre of gravity (of a diatomic)

. rigid rotor

. rotational ground state

. rotational quantum number

. rotational energy levels

. rotational constant

You should be able:

. to discuss the vibrating spring model in relation
to the vibrations of a diatomic molecule

. to explain the difference between a simple
harmonic and an anharmonic oscillator, and the
limitations of the simple harmonic oscillator model

. to calculate the reduced mass of a two atom system

. to calculate the fundamental wavenumber of a
vibrational mode

. to work out for diatomic and triatomic molecules
the allowed modes of vibration, and state if (and
why) they are IR active

. to interpret the IR spectra of simple compounds
containing, for example, O�H, C¼O, C¼C, C�Cl
and C�H bonds

. to work out the moment of inertia of a diatomic
molecule

. to explain the meaning and limitations of the
rigid rotor model for a diatomic molecule

. to express the allowed rotational energy levels in
terms of the moment of inertia and rotational
constant of a rigid rotor diatomic

. to relate the lines in the rotational spectrum to
the transitions between rotational energy
levels, assuming a rigid rotor model

. to determine the bond length of a diatomic
molecule from the rotational constant

PROBLEMS

12.1 Give equations for the quantized energy levels of

the simple harmonic and anharmonic oscillators

and show that the energy levels are equally spaced

for the harmonic, but not the anharmonic,

oscillator.

12.2 Calculate the reduced masses of (a) an HD

molecule, (b) a 12C�H unit and (c) a 13C16O

molecule. Exact masses: 1H, 1.01; 2H, 2.01; 12C,

12.00; 13C, 13.00; 16O, 15.99.

12.3 The force constants for the bonds in ClF, BrF and

BrCl are 448, 406 and 282Nm�1 respectively.
Predict the trend in their bond enthalpies.

12.4 The stretching mode of NO gives rise to an

absorption in the IR spectrum at 1903 cm�1.
What is the force constant of the bond?

12.5 (a) Determine the reduced masses of H35Cl

and H37Cl; exact masses 1H¼ 1.01;
35Cl¼ 34.97; 37Cl¼ 36.97. (b) If the force

constants of the bonds are the same, is the ratio

of the reduced masses sufficient to cause a shift

in the IR absorption assigned to the H�Cl
stretch? (c) Would you expect to see any

chemical differences between H35Cl and

H37Cl?

420 CHAPTER 12 . Vibrational and rotational spectroscopies



 

12.6 Refer to Figure 12.6. In what direction does the

molecular dipole moment act as the CO2 molecule

(a) stretches asymmetrically and (b) bends? In

either case, is a permanent dipole moment

generated?

12.7 What shapes are (a) HCN, (b) CS2, (c) OCS and

(d) XeF2? Are the symmetric stretching,

asymmetric stretching and bending modes of these

molecules IR active?

12.8 Rationalize why the values for the carbonyl

stretching mode given in Table 12.1 for carboxylic

acids and carboxylate ions are generally lower than

those of the corresponding aldehydes:

12.9 For each of the following compounds, state the

nature of the functional group present and

approximately where in the IR spectrum you

would expect to observe a characteristic

absorption: (a) acetonitrile; (b) butanol; (c)

ethylamine; (d) acetone. Use Tables 1.8 and 1.9

to help you.

12.10 Figure 12.17 shows the IR spectra of high-density

polythene, dodecane, hexane and hex-1-ene.

(a) Why are the spectra of high-density polythene,

dodecane and hexane similar to one another?

(b) What two features of the spectrum of hex-1-ene

allow you to assign this spectrum to an alkene

rather than to hexane?

12.11 Figure 12.18 shows four spectra labelled (a) to (d).

Assign each spectrum to one of the compounds

cyclohexane, benzene, toluene and phenol shown

in Figure 12.18.

12.12 How could IR spectroscopy be used to distinguish

between each of the following pairs of compounds?

ðaÞ

ðbÞ

ðcÞ

Fig. 12.17 For problem 12.10.
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12.13 (a) What is the molecular shape of SO3? (b)

Draw a diagram to show the symmetric stretching

mode of vibration of SO3. (c) Is this mode IR

active?

12.14 (a) Why would you not expect to observe an IR

spectroscopic absorption for the C�C stretch of

C2H2? (b) Would you expect to observe such

an absorption in the IR spectrum of

CH3CH2C�CH?

12.15 The IR spectrum of H2O shows bands at 3756

(asymmetric stretch), 3657 (symmetric stretch) and

1595 cm�1 (scissoring). In D2O, the corresponding

vibrational modes give rise to absorptions at 2788,

2671 and 1178 cm�1. Account for these

observations.

12.16 Methanal, H2C¼O, exhibits an absorption in its

IR spectrum at 2783 cm�1 assigned to a C�H
stretching mode. What will be the shift in

vibrational wavenumber for this band on going

from H2C¼O to D2C¼O? (Assume that the force

constants of the C�H and C�D bonds are the

same; for exact masses, see problem 12.2.)

12.17 Calculate IB for H37Cl (r ¼ 127 pm) and comment

on its value in relation to that of H35Cl (worked

example 12.9); accurate masses: 1H¼ 1.008;
37Cl¼ 36.97.

12.18 Find the moments of inertia IA, IB and IC of
79Br19F (bond length¼ 176 pm; accurate

masses: 79Br¼ 78.92; 19F¼ 19.00).

12.19 The moment of inertia, IB, of
127I35Cl is

2:45� 10�45 kgm2. What is the I�Cl bond
distance? (Accurate masses: 127I¼ 126.90;
35Cl¼ 34.97.)

12.20 Explain why a pure rotational spectrum is

observed for HCl but not for H2 or for Cl2.

12.21 Which of the following transitions between

rotational energy levels are allowed?

(a) J ¼ 2 3�� J ¼ 0; (b) J ¼ 3 3�� J ¼ 2;

(c) J ¼ 2 3�� J ¼ 1; (d) J ¼ 3 3�� J ¼ 1.

Fig. 12.18 For problem 12.11.
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12.22 Explain what is meant by (a) the vibrational

ground state and (b) the rotational ground state of

a diatomic molecule.

12.23 (a) To what transition does the first line in a

rotational absorption spectrum of a diatomic

molecule correspond? (b) Is this line at the low- or

high-wavenumber end of the spectrum? Is this the

low- or high-energy end of the spectrum?

12.24 Predict the positions of the lines in the pure

rotational spectrum of 35Cl19F (r ¼ 163 pm)

corresponding to the transitions J ¼ 1 3�� J ¼ 0,

J ¼ 2 3�� J ¼ 1 and J ¼ 3 3�� J ¼ 2. What

assumption have you made in your calculations?

(Accurate masses: 35Cl¼ 34.97;19F¼ 19.00.)

ADDITIONAL PROBLEMS

12.25 (a) Use the VSEPR model (Section 6.6) to

rationalize why SF6 has an octahedral structure.

(b) Draw a diagram that illustrates the symmetric

stretch of the SF6 molecule. Why is this not

infrared active? (c) The IR spectrum of SF6

exhibits two absorptions at 939 and 614 cm�1.
Suggest what types of vibrational modes may give

rise to these absorptions. (It is not necessary to

draw detailed diagrams of the modes of vibration.)

12.26 (a) Use the VSEPR model to predict the shape

of an H2Se molecule. (b) How many degrees of

vibrational freedom does an H2Se molecule possess?

(c) The IR spectrum of H2Se exhibits absorptions at

2358, 2345 and 1034 cm�1. Explain how these bands

arise. (d) Comment on the connections between

the answers to parts (a), (b) and (c).

12.27 (a) The IR spectrum of HCN (12.11) exhibits

absorptions at 3311, 2097 and 712 cm�1.
Suggest the origins of the bands at 3311 and

2097 cm�1. After making these assignments,

deduce which vibrational mode is responsible

for the absorption at 712 cm�1.

(12.11)

(b) The IR spectra of NH3 and ND3 exhibit

bands at 3337 and 2420 cm�1, respectively
assigned to the symmetric stretch. Explain

why the absorption occurs at different

wavenumbers.

12.28 Given that the rotational constant of 12C16O is

1.92 cm�1, determine (a) the bond length of CO,

and (b) the positions of the first two lines in the

pure rotational spectrum of 12C16O; accurate

masses: 12C¼ 12.00; 16O¼ 15.99. (c) To what

transitions do these lines correspond?

CHEMISTRY IN DAILY USE

12.29 Figure 12.19 shows the structure and IR

spectrum of the drug cocaine. (a) Suggest

assignments for as many spectroscopic

Fig. 12.19 For problem 12.29. Structure data from: R. J. Hrynchuk et al. (1983) Can. J. Chem., vol. 61, p. 481; colour
code: C, grey; O, red; N, blue; H, white.
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absorptions as you can. (b) How useful would

IR spectroscopy be as a method for customs

officers to verify the content of a seizure of

cocaine? (c) Could this technique assist in

distinguishing between cocaine and a ‘white

powder’ that is aspirin, 12.12?

(12.12)

12.30 Vegetable oils contain fats. These are triglycerides

and contain fatty acid chains (see Section 35.4). In

the body, triglycerides are metabolized to fatty

acids by enzymes called lipases. During the

manufacture of oils in the food industry, the

following isomerization may occur in unsaturated

fatty acid chains, i.e. those containing a carbon–

carbon double bond:

Increased concentrations of the (E)-isomer of an

unsaturated fatty acid are associated with heart

disease. By using a characteristic IR spectroscopic

absorption arising from an (E)-HC¼CH
vibrational mode, it is possible to measure the

amount of (E)-isomer in a sample of fat or oil.

Figure 12.20 shows the structure of a triglyceride

containing (E)-HC¼CH units, and its IR

spectrum. The absorption at 966 cm�1 arises from
an (E)-HC¼CH vibrational mode.

(a) Assign the absorptions at �2900 cm�1 and at

1730 cm�1.
(b) What is the relationship between

transmittance and absorbance?

(c) What characteristics of the absorption at

966 cm�1 make it suitable for quantifying the

amount of triglyceride?

(d) Plot a calibration curve using the following

data. What law does the graph illustrate?

Fig. 12.20 The structure of the triglyceride (9E,9’E,9’’E)-propane-1,2,3-triyl trioctadec-9-enoate and its IR spectrum.
The absorption at 966 cm�1 arises from an (E)-HC¼CH vibrational mode.
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Content of (E)-
triglyceride (% by
weight in sample) 0 10 30 50 100

Area under the
absorption peak
at 966 cm�1

1.1 2.9 6.4 9.9 18.7

(e) The IR spectra of some edible oils and fats

were recorded and the areas under the

966 cm�1 band are tabulated below. By using

the calibration graph, determine the (E)-

triglyceride content of each foodstuff, and

comment on the relative merits of each in

terms of healthy eating.

Edible fat or oil Area under the

absorption peak at

966 cm
�1

Olive oil 1.1

Margarine 6.9

Corn oil 1.3

Oil for deep frying 4.7

[Data: E. B. Walker et al. (2007) J. Chem. Educ., vol. 84,
p. 1162.]

12.31 Forensic analysis of fibres makes use of IR

spectroscopy. The polymerization of propionitrile

(acrylonitrile) is shown below:

Because fibres of polyacrylonitrile possess poor

mechanical properties and are difficult to dye,

commercial polymers contain up to 15% of other

monomers (comonomers) to give copolymers which

exhibit improved properties. Three common

comonomers are:

For this problem, refer to the IR spectrum of

polyacrylonitrile in Box 12.2.

(a) How does the absorption at 2245 cm�1 arise?
(b) The intensity of the absorption at 1730 cm�1

depends upon whether any one of comonomers

shown above is incorporated into the polymer.

Why is this?

(c) The absorption at 1370 cm�1 arises from a

vibrational mode of the C�H bonds in the

backbone of the polymer. Assign one other

band in the spectrum to a C�H vibrational

mode.

(d) The ratio of absorbances of pairs of

absorptions, A, at, 1730 and 2245 cm�1, and
1730 and 1370 cm�1 for 20 different, colourless
acrylonitrile fibres are tabulated on the next

page. Make a scatter plot of the data and

assess to what extent this method can be

used to discriminate between fibres. How

might the data be used to assist in a criminal

investigation?
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Sample

label

A(1730) :
A(2245)

A(1730) :
A(1370)

Comonomer

11 1.45 2.56 Vinyl acetate

12 1.29 6.15 Methyl acrylate

13 1.59 2.37 Vinyl acetate

14 1.45 4.91 Methyl acrylate

15 1.38 5.14 Methyl acrylate

16 1.50 2.61 Vinyl acetate

17 1.12 5.03 Methyl acrylate

18 1.51 2.54 Vinyl acetate

19 1.20 5.81 Methyl acrylate

20 1.64 2.67 Vinyl acetate

Sample

label

A(1730) :
A(2245)

A(1730) :
A(1370)

Comonomer

1 0.06 0.16 None

2 1.49 4.29 Methyl acrylate

3 1.72 4.44 Methyl acrylate

4 1.27 4.17 Methyl acrylate

5 0.82 1.68 Vinyl acetate

6 1.23 5.76 Methyl acrylate

7 1.22 4.73 Methyl acrylate

8 1.44 2.81 Vinyl acetate

9 1.64 2.81 Vinyl acetate

10 1.21 5.09 Methyl acrylate

[Data: V. Causin et al. (2005) Forensic Sci. Int., vol. 151, p. 125.]
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13
Electronic
spectroscopy

13.1 Introduction

Electronic spectroscopy is a branch of spectroscopy that is concerned with

transitions of electrons between energy levels, i.e. between atomic or

molecular orbitals. We have already examined the atomic spectrum of

hydrogen (Section 3.16), and in Box 3.6, we outlined the notation used for

distinguishing between transitions in absorption and emission spectra. In

this chapter we are concerned with the electronic spectra of molecules, and

the emphasis of our discussion is on the use of electronic spectroscopy in

the laboratory. The energy difference between electronic energy levels is

such that electronic spectra are usually observed in the UV or visible

regions of the electromagnetic spectrum (see Appendix 4).

13.2 Absorption of ultraviolet and visible light

The molecular orbitals of a molecule may be bonding, non-bonding or

antibonding. If a molecule absorbs an appropriate amount of energy, an

electron from an occupied orbital may be excited to an unoccupied or partially

occupied orbital. As the energies of these orbitals are quantized, it follows that

each transition is associated with a specific amount of energy. The energy of

the electronic transition from the highest occupied molecular orbital (HOMO)

to the lowest unoccupied molecular orbital (LUMO) often corresponds to

the ultraviolet (UV) or visible (VIS) region of the electromagnetic spectrum –

wavelengths between 100 and 800nm. Normal laboratory UV–VIS spectro-

photometers operate between �200 and 900nm (Figure 13.1).

Figure 13.2 shows that an electronic transition should occur when light of

energy �E is absorbed by a molecule, and the absorption spectrum might be

Topics

Absorption of UV-VIS

radiation

Electronic transitions

Vacuum-UV region

Solvent choices

p-Conjugation

Visible region

HOMO ¼ highest occupied

molecular orbital

LUMO ¼ lowest

unoccupied molecular

orbital



 
expected to consist of a sharp band (as in Figure 11.2). In practice, however,

molecular electronic spectra usually consist of broad absorptions

(Figure 13.3) in contrast to the sharp absorptions of atomic spectra. Why

is this? The answer is to do with timescales – the absorption of a photon

is fast (�10�18 s) and is more rapid than any molecular vibrations or

rotations. Accordingly, the electronic transition is a ‘snapshot’ of the

molecule in a particular vibrational and rotational state at a particular

moment in time. As the energies of the molecular orbitals are dependent on

the molecular geometry, it follows that a range of �E values (corresponding

to the different vibrational and rotational states) will be observed. As the

vibrational and rotational energy levels are much more closely spaced than

the electronic levels, a broad band is observed in the electronic spectrum. If

the rotational and vibrational states are restricted, for example by cooling,

sharper spectra are often obtained. Similarly, if transitions are essentially

localized on a single atomic centre, the spectrum will also be sharp – this is

observed in the 4f–4f electronic transitions of lanthanoid compounds.

Although the absorption band covers a range ofwavelengths, its positionmay

be described by thewavelength corresponding to the absorptionmaximum.This

is written as�max and is measured from the spectrum as indicated in Figure 13.3.

Absorptions in electronic spectra exhibit characteristic intensities and the

molecular property describing this is the molar extinction coefficient ("),

determined using the Beer–Lambert Law. Equation 13.1 gives the

relationship between "max and the maximum absorbance Amax; compare

this with equation 11.4.

"max ¼
Amax

c� ‘ ð13:1Þ

where the units are: "max; dm
3 mol�1 cm�1

Amax; dimensionless

c;mol dm�3

‘; cm

Fig. 13.2 A transition between
two electronic levels may occur
when light of energy �E is
absorbed by a molecule; the
energy is quantized.

Absorption bands in

molecular electronic spectra

are often broad, and are

described in terms of both

�max (nm) and "max

(dm3 mol�1 cm�1).

Beer–Lambert Law: see
Section 11.4

"

Fig. 13.1 Regions within
the UV–VIS range of the
electromagnetic spectrum;
the vacuum-UV is also
called the far-UV.

Fig. 13.3 Absorptions in the
electronic spectrum of a molecule
or molecular ion are often
broad, and cover a range of
wavelengths. The absorption is
characterized by values of �max

and "max (see equation 13.1).
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Values of "max range from close to zero (a very weak absorption) to

>10 000 dm3 mol�1 cm�1 (an intense absorption). Absorptions in electronic

spectra must be described in terms of both �max and "max.

13.3 Electronic transitions in the vacuum-UV

Electronic transitions may originate from occupied bonding (� or �) or

non-bonding molecular orbitals. In general, electronic transitions from

� MOs to �� MOs correspond to light in the vacuum-UV region of the

spectrum.§ For example, C2H6 absorbs light with a wavelength of 135 nm

and this transition (written using the notation ��3���) is out of the range

of the normal UV–VIS spectrophotometer. The energy difference between

the � and �� MOs in ethyne (HC�CH) is smaller than the �–�� energy gap

in ethane, but it still corresponds to light in the vacuum-UV region

(�max ¼ 173 nm, "max ¼ 6000 dm3 mol�1 cm�1). Typically, for an isolated

C¼C or C�C bond in a molecule, the ��3��� electronic transition lies in

the vacuum-UV region.

A third type of molecular electronic transition is designated ��3�� n, where

n stands for non-bonding. Such transitions may occur in a molecule in which

an atom carries a lone pair of electrons. Examples include water, alcohols

(ROH), amines (RNH2) and halogenoalkanes (RF, RCl, RBr and RI). (The

R in these formulae refers to a general organic group.) In many cases,

��3�� n electronic transitions occur in the vacuum-UV region. For example,

in water, �max ¼ 167 nm and "max ¼ 500 dm3 mol�1 cm�1, and in methanol,

�max ¼ 177 nm and "max ¼ 200 dm3 mol�1 cm�1.

13.4 Choosing a solvent for UV–VIS spectroscopy

Solution samples are often used for UV–VIS spectroscopy, and the choice of a

solvent is important. Ideally, we need a solvent that is transparent in the

spectral region of interest. Figure 13.4 shows part of the UV–VIS spectra of

four solvents. Acetonitrile is ‘transparent’ over the range from 200 to

800nm; on moving to a lower wavelength, one observes the onset of a

broad absorption (�max ¼ 167 nm). A wavelength of 200 nm is the lower

limit (or cut-off point) for acetonitrile as a solvent in UV–VIS spectroscopy,

Non-bonding MO:
see Section 5.5

"

§ The region below�200nm is referred to as the vacuum-UV or far-UV range. It is necessary to
evacuate the sample chamber to make measurements because O2 absorbs in this region.

Fig. 13.4 The electronic spectra
(in part) of some common
solvents; the path length for each
is 1 cm. The increase in
absorbance at lower wavelength
for each solvent marks the onset
of a broad absorption band; e.g.
for acetonitrile �max ¼ 167 nm,
and for acetone �max ¼ 279 nm.
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and it is a good solvent for laboratory use. Similarly, water is transparent

down to 210 nm (�max ¼ 167 nm). The lower limit for cyclohexane is

also 210 nm, and for chloroform, it is around 240 nm. On the other hand,

acetone cuts off at 330 nm and this restricts its use as a solvent. However,

this absorption for acetone is relatively weak ("max ¼ 15 dm3 mol�1 cm�1) and
it may still be used as a solvent for compounds that possess very much larger

extinction coefficients.

13.5 �-Conjugation

The dependence of the ��3��� transition on the number
and arrangement of C¼C bonds

Figure 13.5 illustrates the shift in �max for the ��3��� transition along

the series ethene, buta-1,3-diene and hexa-1,3,5-triene. The corresponding

values of "max are 15 000, 21 000 and 34600dm3 mol�1 cm�1. The significant

relationship between these molecules is that the carbon chain increases, with

an incremental addition of alternating single and double carbon–carbon

bonds. The shift to longer wavelength with increased chain length is a

general phenomenon and indicates that the energy difference between the �

and �� levels is decreasing. Why does this happen? To answer the question,

we consider how carbon–carbon �-bonding is affected by chain length and

the arrangement of single and double bonds, and we approach the problem

by sequentially adding carbon atoms to a C2-chain.

Localized and delocalized �-bonding

Ethene (13.1) is a planar molecule in which each C atom is considered to be

sp2 hybridized. The ‘left-over’ 2p atomic orbitals (one per C atom) overlap

to give a �-bond (look back to Section 7.7). The four valence electrons of

each C atom are used to form two C�H �-bonds, one C�C �-bond and

one C�C �-bond. The �-bond is formed by the in-phase interaction of two

2p atomic orbitals that lie perpendicular to the plane of the molecule, and

the �� MO results from the out-of-phase interaction of the two 2p atomic

orbitals (Figure 13.6a). The carbon–carbon �-bond is localized.

More about alkenes in
Chapter 26; for explanation

of abbreviated structural
formulae, see Section 24.2

(13.1)

"

Fig. 13.5 In the series of
compounds ethene, buta-1,3-
diene and hexa-1,3,5-triene, �max

for the ��3��� transition shifts
to longer wavelength. This means
that if the three spectra were
overlaid, the absorption would
effectively ‘move’. (If you are not
familiar with the shorthand way
of drawing structural formulae as
shown in the figure, look at
Section 24.2.)
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Fig. 13.6 (a) The �-bonding and antibonding MOs in ethene. (b) The �MOs in the allyl anion can be understood in terms of a
standing wave between two fixed points which has no, one or two nodes. Each �-orbital also contains a nodal plane in the plane
of the molecule. In addition to schematic diagrams of the MOs, the figure shows more realistic representations that have been
generated computationally using Spartan ’04, # Wavefunction Inc. 2003.
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For an example of a delocalized �-system, we consider the allyl carbanion,

½C3H5��. The bonding in [C3H5]
� can be represented within VB theory by

resonance structures (13.2). The two resonance forms contribute equally

and the net result is that the �-bonding is delocalized over the three C

atoms as represented in structure 13.3.

(13.2) (13.3)

The bonding in the allyl anion can also be described using an MO model.

The anion is planar (13.4), and after the �-bonding framework has been

formed, each C atom has one 2p atomic orbital remaining lying

perpendicular to the plane of the molecule. The �-bonding in the allyl anion

results from the overlap of these atomic orbitals and since there are three

atomic orbitals, we must form three � MOs (Figure 13.6b). The �-bonding

MO arises from the in-phase overlap of all three carbon 2p atomic orbitals,

and the �-bonding character is spread over all three carbon centres. The

�-bond is delocalized and this result is consistent with structure 13.4

obtained using the valence bond approach. The �� orbital is readily

constructed by taking an out-of-phase combination of the three 2p atomic

orbitals and is antibonding between each pair of adjacent carbon atoms. At

a simple level, the origins of the remaining � MO are more difficult to

understand. Figure 13.6b shows that this MO has no contribution from the

central carbon atom and the MO is labelled ‘non-bonding’. One way in

which we can understand this result is to take the two terminal carbon

atoms in the allyl anion as fixed points and consider a standing wave

between the two points. There may be no change of sign in the amplitude of

the wave (no node) and this wave corresponds to the �-bonding MO in

Figure 13.6b. The amplitude of the standing wave could change sign once or

twice between the fixed points to give one or two nodes, and these situations

correspond to the highest two � MOs shown in Figure 13.6b. The nodal

plane in the second MO passes through the central carbon atom and means

that there is no contribution from this 2p atomic orbital. This MO is

therefore non-bonding with respect to the C�C�C framework. In the allyl

anion the four � electrons occupy the two lowest energy MOs.

�-Conjugation in buta-1,3-diene

We now extend the carbon chain to four atoms and consider the �-bonding in

buta-1,3-diene (13.5). All the atoms in this molecule are in one plane, i.e. they

are coplanar. After the formation of the �-framework in buta-1,3-diene,

one 2p atomic orbital per C atom remains and there must be four � MOs

(Figure 13.7). As in the allyl anion, there is a pattern in the number of

nodal planes. There are no nodal planes in the lowest-lying MO and the

�-character is delocalized over all four C atoms. The next MO has one nodal

plane and the orbital possesses �-character localized as shown in structure

13.5. The highest-lying MOs have two and three nodal planes respectively.

We may label the lower two MOs as �-bonding (these are fully occupied),

and the higher two as �� MOs (which are unoccupied). The LUMO has

some �-bonding character, but is antibonding overall. An important result of

this bonding analysis is that, although the name ‘buta-1,3-diene’ suggests

(13.4)

(13.5)

A polyene contains more

than one C¼C bond. If the

carbon chain contains

alternating C�C and C¼C
bonds, the molecule is

conjugated.
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that the �-bonds are localized in particular positions, the �-character is actually

spread out over the carbon chain. The molecule is conjugated.

The effect of conjugation on the ��3��� transition

A consequence of conjugation is that the energy difference between the

highest-lying � MO and the lowest-lying �� MO is lowered, and the

associated ��3��� transition shifts to longer wavelength. In buta-1,3-

diene, the ��3��� transition corresponds to the HOMO–LUMO

separation (Figure 13.7) and the transition is observed in the near-UV part

of the spectrum (�max ¼ 217 nm).

The �C¼C�C¼C� unit is called a chromophore – it is the group of atoms

in buta-1,3-diene responsible for the absorption of light in the UV–VIS

spectrum. The addition of another C¼C bond increases the �-conjugation

A chromophore is the group

of atoms in a molecule

responsible for the

absorption of

electromagnetic radiation.

Fig. 13.7 The �MOs of buta-1,3-diene. Each dotted line represents a nodal plane. Each �-orbital also contains a nodal plane in
the plane of the molecule. The figure shows schematic diagrams of the MOs and more realistic representations that have been
generated computationally using Spartan ’04, # Wavefunction Inc. 2003.
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BIOLOGY AND MEDICINE

Box 13.1 Carotenoids: naturally occurring polyenes

Nature provides examples of extended �-systems for

which the electronic absorption maxima lie in the

visible region of the electromagnetic spectrum.

Carotenoids are a group of polyenes that are natural

colouring agents, providing yellow, orange and red

pigments in a variety of plant and animal tissues.

Most carotenoids possess 40 carbon atoms. Lycopene

is the red pigment in ripe tomatoes, and is a useful

starting point for looking at the structures of

carotenoids. Its structure (shown below) consists of a

32-atom chain containing 13 carbon-carbon double

bonds, 11 of which are conjugated. The extent of

the p-system can be seen in the representation of the

highest occupied molecular orbital shown below.

Compare this MO with the HOMO of buta-1,3-diene

in Figure 13.7. Lycopene absorbs light of wavelengths

444, 470 and 502 nm and appears red (see Table 11.2).

Carotenoids fall into two groups: the carotenes and

the xanthophylls. Carotenes are hydrocarbons

(i.e. they contain only C and H) and are hydrophobic.

They dissolve in non-polar organic solvents but are

essentially insoluble in water. Xanthophylls are

derivatives of carotenes with hydroxy (OH) or other

oxygen-containing substituents; the presence of these

polar groups increases the hydrophilic character of the

molecule (see Section 30.3).

Cyclization of one end of a molecule of lycopene leads

to g-carotene, while cyclization of both ends gives a- or b-
carotene. a-Carotene and b-carotene are isomers which

differ only in the position of one of the double bonds

(right-hand ring in the diagrams on the next page). The

electronic absorption spectrum of each of the carotenes

exhibits two or three maxima, as illustrated opposite

for a hexane solution of b-carotene. The change in

the position of one C¼C bond on going from b- to

a-carotene influences the �-conjugation, and as a result,

the absorption maxima in a-carotene (445 and 473nm)

are at slightly lower wavenumbers than in b-carotene.
The observed colour changes from orange-yellow

(b-carotene) to pale yellow (a-carotene). g-Carotene is

The red colour in tomatoes comes from lycopene.

The structure of lycopene and the HOMO generated using Spartan ’04 #Wavefunction Inc. 2003.
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red-orange and the electronic absorption spectrum

exhibits bands between those of lycopene and

b-carotene, consistent with the structural relationships

between the three compounds. Molar extinction

coefficients for the absorption bands in the spectra of

lycopene and the carotenes are in the range 132000 and

185000 dm3 mol�1 cm�1.
b-Carotene is a precursor to vitamin A (a provitamin

A carotenoid) and is essential to human health. About

60 carotenoids possess provitamin A activity.

Although lycopene does not show this activity, it is

important because it is a powerful antioxidant,

possessing a very high singlet-oxygen quenching

capacity. Singlet-oxygen is the first excited state of O2,

and, if not scavenged, can cause damage to DNA and

enzymes. The presence of lycopene in the body is

associated with reduced risks of cardiovascular disease

and some cancers. Despite their importance, carotenoids

cannot be synthesized by the human body and we rely

upon their uptake in our diets. Important sources of b-
carotene are carrots, oranges, pink grapefruit and

cantaloupe melons. Tomatoes and tomato-containing

food products are the major sources of lycopene, and

the chart opposite shows the approximate carotenoid

profile of tomato products. Cooking tomatoes greatly

increases the bioavailability of lycopene to the human

body. The carotenoids phytoene and phytofluene

possess three and five conjugated C¼C bonds,

respectively. Both are colourless, their electronic spectra

being blue shifted with respect to that of b-carotene. In
neurosporene, the �-conjugation spreads over nine C¼C
bonds, and the compound absorbs around 450nm and

is orange in colour.

Lutein (see on the next page) is an example of a hydroxy-

substituted carotenoid. Lutein and zeaxanthin are

structurally related in the same way that b- and

a-carotene are, and the electronic absorption spectra of

lutein and zeaxanthin (both yellow in colour and

important components of egg yolks) are similar to

those of b- and a-carotene, respectively. Lutein

extracted from marigold flowers is used extensively as

a colouring agent in foods, and can be recognized on

food packaging by the E-number E161b (European

Union regulations). Being soluble in oils rather than

water makes lutein suitable for colouring margarines

and other fat-based products.

Carotenoids occur more widely in plants than in

animals. However, xanthophylls such as lutein occur

in the skin and flesh of some fish, while astaxanthin is

responsible for the pink colour of salmon. In lobsters

and prawns, astaxanthin is non-covalently bound to

proteins, but is freed when crustacea are cooked. This

leads to a colour change from blue to pink,

corresponding to a dramatic hypsochromic shift in

the absorption maximum from �630 to �480 nm.

[Data: J. M. Rold�an-Guti�errez et al. (2007) Trends Anal.

Chem., vol. 26, p. 163.]

continued
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and causes a further shift in the ��3��� transition to a longer wavelength (see

Figure 13.5). This is called a red shift (because the shift in absorption is

towards the red end of the spectrum; see Table 11.2) or bathochromic

effect. The shift to longer wavelength for each additional C¼C bond added

to the alternating �C¼C�C¼C� chain is �30 nm. The absorption also

becomes more intense (larger "max). The opposite effect, a shift to shorter

wavelength, is known as a hypsochromic or blue shift.

The addition of an alkyl substituent to a carbon atom in the chromophore

also leads to an increase in conjugation, but as this is due to an interaction

between the �-electrons in the alkyl group and the �-electrons in the

alkene chain, the effect is only small. The result is a red shift of �5 nm per

alkyl substituent. The data in Table 13.1 illustrate the effects of

conjugation in some polyenes, and if the extent of conjugation is great

enough, the absorption maximum moves into the visible region. This is

illustrated in nature by the chromophores in carotenoids as described in

Box 13.1.

A bathochromic shift or

effect is a shift in an

absorption towards the red

end of the spectrum (longer

wavelengths); it is also

called a red shift. A

hypsochromic shift or effect

is a shift in an absorption

towards the blue end

of the spectrum (shorter

wavelengths); it is also

known as a blue shift.

In a polyene, the

�-conjugation and,

therefore, the chromophore

can be extended by adding

another C¼C bond or

adding an alkyl substituent.

Abbreviated structural
formulae are explained in

Section 24.2

"

Table 13.1 Observed values of �max for some conjugated polyenes. Compare these values
with those predicted (see text) using buta-1,3-diene as your starting point.

Compound �max / nm "max / dm
3
mol

�1
cm
�1

217 21 000

227 23 000

263 30 000

352 147 000
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The addition of substituents other than alkyl groups may also affect

the position of the absorption maximum in the electronic spectrum. For

example, an OR substituent (R ¼ alkyl) causes a red shift of �6 nm, an

SR group, a red shift of �30 nm, and an NR2 group, a red shift of

�60 nm. Each of these groups can donate electron density from a lone

pair into the carbon �-system, thereby increasing the conjugation in the

molecule and extending the chromophore. This is illustrated in resonance

structures 13.6.

(13.6)

Conjugation also occurs in alkynes with alternating C�C and C�C bonds.

As the length of the chromophore increases, the absorption in the

electronic spectrum undergoes a red shift and becomes more intense.

Conjugation involving �-electrons is not restricted to carbon–carbon

multiple bonds. Other compounds that exhibit absorption spectra in the

near-UV region include a,b-unsaturated ketones and aldehydes. Structure

13.7 shows the group of atoms that must be present; the carbon atoms of

the C¼C group are labelled a and b as shown in the diagram.

The �-electrons in an a,b-unsaturated ketone or aldehyde are delocalized

in the same way as in an alternating C¼C=C�C chain. This leads to a

��3��� transition characterized by an intense absorption around 220 nm.

The presence of substituents on the a and b carbon atoms may cause

significant shifts in the absorption maximum: the ��3��� transition in 13.8

has �max 219 nm ("max ¼ 3600 dm3 mol�1 cm�1), but in 13.9, it is 235 nm

("max ¼ 14 000 dm3 mol�1 cm�1).
In addition to the band assigned to the ��3��� transition, the electronic

spectrum of an a,b-unsaturated ketone or aldehyde contains a less intense

absorption that is due to an electronic transition involving an oxygen lone

pair of electrons: a ��3�� n transition. Aldehydes, ketones, acid chlorides,

carboxylic acids, esters and azo compounds are among those for which

��3�� n transitions can also be observed, and some typical spectroscopic

data are listed in Table 13.2.

(13.7)

a,b-Unsaturated ketones and
aldehydes: see Section 33.15

(13.8)

(13.9)

"

Table 13.2 Selected electronic spectroscopic data for compounds exhibiting ��3�� n
transitions.

Compound type (R ¼ alkyl) �max / nm "max/ dm
3
mol

�1
cm
�1

R2C¼O (ketone) 270–290 10–20

RHC¼O (aldehyde) 290 15

RCOCl (acid chloride) 280 10–15

RC(O)OR’ (ester) or RCO2H
(carboxylic acid)

�200–210 40–100

RN¼NR (azo compound) 350–370 10–15
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13.6 The visible region of the spectrum

The �N¼N� chromophore

Although we have seen that extending a conjugated �-system can ultimately

shift an electronic absorption maximum into the visible region of the

spectrum, many organic compounds have absorptions only in the near-UV

region, and the compounds are colourless. However, Table 13.2 indicates

that azo compounds absorb light of wavelength approaching the ultraviolet–

visible boundary. Just as the absorption maximum for polyenes can

be shifted by introducing substituents to the carbon chain or lengthening the

polyene chain, so �max for the �N¼N� chromophore can be shifted into the

visible region. This has important consequences. Most azo compounds

are coloured and many are used commercially as dyes. Two examples are

shown in Figure 13.8, and the UV–VIS spectrum of methyl orange is shown

in Figure 13.9. The azo dye Sudan IV is shown in Box 13.2. This is one of a

series of oil-soluble Sudan dyes used to colour commercial products such as

waxes and polishes. Their addition as colouring agents to foodstuffs is

legislated against in the European Union, the US and Japan, and imported

foods such as chilli and curry powders are monitored for the presence of

Fig. 13.8 Examples of azo dyes,
all of which contain the �N¼N�
chromophore. Congo red is used
as a biological stain, and methyl
orange is an acid–base indicator.
Congo red is also used to
estimate free mineral acids.

    

         

Fig. 13.9 The UV–VIS spectrum
of aqueous methyl orange.

438 CHAPTER 13 . Electronic spectroscopy



 

these dyes. Components can be separated by using high-performance liquid

chromatography (HPLC) and checked by using UV–VIS spectroscopy. Each

Sudan red dye (Sudans I–IV) has a characteristic spectrum with an

absorption maximum close to 500nm.

The azo chromophore undergoes both ��3�� n and ��3��� transitions but
it is the ��3�� n transition that falls close to or in the visible region.

Ions of the d-block metals

Compounds of the d-block metals are often coloured. In many cases the

colours are pale but characteristic. Aqueous solutions of titanium(III) salts

often contain the aqua ion ½TiðOH2Þ6�3þ (ion 13.10). The electronic

spectrum of dilute aqueous TiCl3 shows a band with �max ¼ 510 nm due to

absorption by the octahedral ½TiðOH2Þ6�3þ cation, and the observed colour

is violet. Other metal ions also form octahedral ½MðOH2Þ6�nþ ions with

characteristic colours (Table 13.3).

(13.10)

If the water molecules are replaced by other electron-donating groups, the

new species may absorb light of a different wavelength. For example, the

addition of ammonia to a solution containing pale blue ½CuðOH2Þ6�2þ ions

results in the formation of a very dark blue solution.

The electronic transitions that occur are known as ‘d–d ’ transitions

and we discuss them in greater detail in Section 23.10. A key point is that

when an ion of a d-block metal possesses partially filled d orbitals,

electronic transitions occur with energies that correspond to the visible

region of the electromagnetic spectrum. An ion with a filled 3d level

(e.g. Zn2þ) is colourless because no ‘d–d ’ transitions are possible.

HPLC: see Section 36.7

d-Block metal ions:
see Chapter 23

"

"

Table 13.3 Colours of some hydrated ions of the d-block elements; see also Chapter 23.

Hydrated metal ion Observed colour Hydrated metal ion Observed colour

½TiðOH2Þ6�3þ Violet ½FeðOH2Þ6�2þ Very pale green

½VðOH2Þ6�3þ Green ½CoðOH2Þ6�2þ Pink

½CrðOH2Þ6�3þ Purple ½NiðOH2Þ6�2þ Green

½CrðOH2Þ6�2þ Blue ½CuðOH2Þ6�2þ Blue
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Box 13.2 Biological staining in histology, microbiology and forensics

Histology is the study of the structure of cells and

organisms. The examination of tissue or cells under a

microscope is greatly facilitated by staining the

materials to selectively dye particular regions of the

biological specimen. Two important biological stains

are hematoxylin and eosin. The absorption maximum

for hematoxylin occurs in the ultraviolet region of the

spectrum (lmax = 289 nm) and, therefore, hematoxylin

itself does not provide a visible stain. However,

dehydrogenation of hematoxylin produces hematein

which exhibits an absorption maximum at 445 nm, and

it is this oxidized form of hematoxylin that is the active

stain. Despite this fact, the stain is typically referred to

by the name of hematoxylin. The red shift on going

from hematoxylin to hematein arises because the

change from an sp3 to sp2 carbon atom between the two

aromatic rings (see the structures below) allows

the rings to become conjugated in hematein. Hematein

interacts with nucleic acids (see Section 35.8), resulting

in the nuclei of cells in animal tissue appearing blue.

The stain is most effective when it is combined with a

mordant. This is a compound that fixes the dye to the

substrate, and in the case of hematoxylin, the mordant

is usually KAl(SO4)2	12H2O (an aluminium-containing

alum, see Section 22.4). Binding hematein to the alum

results in a bathochromic shift in the absorption

maximum from 445 to 560nm, and the stain appears

violet in colour. The colour of hematein is also

pH-dependent. In basic solution, the three OH groups

attached to the aromatic rings can be deprotonated

(see properties of phenols in Section 32.12). The

bathochromic shift that accompanies complete

deprotonation is illustrated in the electronic absorption

spectra shown opposite.

Hematoxylin is used to target cell nuclei, but it is often

used in combination with eosin Y (�max ¼ 516 nm). The

net result is that the nuclei are visible as blue regions,

and the cytoplasm and collagen appear red.

Eosin Y is also used as a counter stain in bacterial

staining. In the Gram method for bacteriological

staining (named after the Danish scientist Hans

Christian Gram who first used the technique in 1844),

the most commonly used dye is crystal violet (�max ¼
590 nm).
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After the bacteria have been stained with crystal

violet, the specimen is treated with aqueous KI and I2
to fix the stain. Bacteria that appear blue after this

treatment are called Gram-positive. Some bacteria

(Gram-negative) remain colourless after the initial

staining, but appear red when the sample is treated with

Eosin Y. The Gram method of staining is important for

recognizing the bacteria associated with, for example,

whooping cough. The photograph shows a micrograph

of Gram-stained Streptococcus mutans bacteria.

Gentian violet is also used in forensic science for the

detection of fingerprints left by human sweat (so-called

latent fingerprints). The stain (often in the presence of

phenol, C6H5OH) is absorbed by fatty deposits in the

fingerprints, resulting in a purple print. Gentian violet

is particularly useful for developing latent prints on

adhesive tape surfaces.

The structures, colours and uses of some other

biological stains are shown below.

Light micrograph of Gram-stained Streptococcus mutans

bacteria; these bacteria are found in the mouth cavity and

are a major cause of tooth decay.
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SUMMARY

In this chapter, we have introduced electronic (UV–VIS) spectroscopy with an emphasis on the application
of this technique in the laboratory. We have discussed how electronic spectra arise, and the effects that
molecular structure has on the wavelength of absorption maxima.

Do you know what the following terms mean?

. UV–VIS

. HOMO

. LUMO

. �max

. "max

. vacuum-UV

. localized �-bonding

. delocalized �-bonding

. conjugated polyene

. chromophore

. bathochromic effect

. red shift

. hypsochromic effect

. blue shift

You should be able:

. to understand how some electronic spectra
arise, e.g. the spectrum of a polyene

. to comment on why choice of solvent is
important when recording electronic spectra
of solutions

. to explain what is meant by notation of the
type ��3���, ��3��� and ��3��n

. to explain why values of �max may shift in a
series of related compounds

. to give examples of compounds that absorb in
the near-UV and visible regions

PROBLEMS

13.1 Electronic spectra are often reported in terms

of wavelength but can also be recorded in

wavenumbers. Convert the following absorption

maxima given in cm�1 into � given in nm:

(a) 22 700 cm�1; (b) 35 000 cm�1.

13.2 Normal laboratory UV–VIS spectrometers operate

in the range �200–900 nm. Which of the following

types of electromagnetic radiation does this range

cover: (a) visible light; (b) near-UV radiation;

(c) vacuum-UV radiation?

13.3 Do absorptions in the vacuum-UV involve

transitions in which �E (change in energy) is

greater or smaller than those observed in the visible

region?

13.4 (a) Why are electronic spectra usually

characterized by broad absorptions? (b)

Absorptions in an electronic spectrum are usually

described in terms of �max and "max values. Draw a

diagram of a typical absorption and indicate how

you would measure �max and "max for the

absorption. (c) Why is it necessary to quote �max

and "max values rather than � and "?

13.5 For each of the following species, the value of �max

is given. In which part of the UV–VIS range does

each species absorb? (a) I�, 226 nm; (b) ½C2O4�2�,
250 nm; (c) H2O, 167 nm; (d) (E)-C6H5N¼NC6H5,

316 nm; (e) ½NiðOH2Þ6�2þ, 400 nm (one of three

bands).

13.6 (a) What is a polyene? (b) In which of compounds

13.11–13.14 is the �-bonding delocalized?

(13.11) (13.12)

(13.13) (13.14)
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13.7 Lycopene (�max ¼ 470 and 502 nm) is present in

ripe tomatoes. What colour of light does lycopene

absorb?

13.8 Suggest which types of transitions (��3���,
��3���, ��3��n or ��3��n) give rise to significant

features in the electronic spectra of (a) pentane

(13.15), (b) pent-1-ene (13.16), (c) octa-2,4,6-triene

(13.17) and (d) ethanol (13.18).

(13.15) (13.16)

(13.17) (13.18)

13.9 (a) What is a ‘red shift’? (b) Suggest why the

methoxy (MeO) substituent in the compound

MeOCH¼CHCH¼CH2 causes a red shift in the

UV–VIS spectrum with respect to the spectrum of

CH2¼CHCH¼CH2.

13.10 The following data show the dependence of �max

on the number of C¼C bonds in the polyenes

13.19.

(13.19)

n 1 2 3 4

�max / nm 358 384 403 420

(a) Rationalize the trend in values of �max.

(b) Do the compounds absorb in the vacuum-UV,

near-UV or visible parts of the spectrum?

ADDITIONAL PROBLEMS

13.11 The reaction:

can be followed by UV–VIS spectroscopy. With

the spectrometer tuned to � ¼ 470 nm, the results

show an increase in absorbance over a reaction

period of 200min. What can you deduce from these

data?

13.12 Ketones (R2C¼O) typically exhibit absorbances

in their electronic spectra with �max � 270–290 nm

("max � 10–20 dm3 mol�1 cm�1) and 190 nm

("max � >2000 dm3 mol�1 cm�1). Suggest an
explanation for these observations.

13.13 The electronic spectrum of dodeca-1,3,5,7,9,11-

hexaene:

shows absorption maxima at 308, 324, 341 and

362nm, the most intense of which is the longest

wavelength band ("max ¼ 138 000 dm3 mol�1 cm�1).
Figure 13.10 shows two of the filled �-orbitals in
this polyene.

(a) What property of the MO shown in

Figure 13.10a allows you to determine that

this is the lowest energy �-orbital?

(b) The LUMO possesses �-character. How many

nodal planes will it possess? Explain how you reach

your answer.

(c) How many MOs will dodeca-1,3,5,7,9,11-

hexaene possess in total with �-character and how

Fig. 13.10 (a) The lowest energy in-phase �-bonding MO and (b) the HOMO of dodeca-1,3,5,7,9,11-hexaene generated using
Spartan ’04 #Wavefunction Inc. 2003.
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many of these will be occupied? Rationalize your

answer.

(d) What type of electronic transitions give rise to

absorption bands in the UV–VIS spectra of

polyenes?

CHEMISTRY IN DAILY USE

13.14 Tartrazine is used as a colouring agent in foodstuffs

as well as in crayons and soaps. It contains the

following trianion and is usually prepared as the

trisodium salt shown below.

(a) The sulfonate groups (–SO�3 ) in tartrazine are

present in a wide variety of commercial dyes.

Suggest a reason for this.

(b) The electronic absorption spectrum of aqueous

solutions of tartrazine exhibits maxima at 258 and

427 nm. Why is the band at 258 nm not important

to the function of tartrazine as a dye? What colour

is the solution?

(c) Which group in tartrazine is central to the

chromophore?

(d) Sunset yellow dye is structurally related to

tartrazine and is used to colour lemon curd,

marmalades and orange-flavoured drinks. Its

absorption maximum is at 483 nm. Is this red

or blue shifted with respect to tartrazine?

13.15 Metal phthalocyanine complexes are used

extensively as dyes and pigments. One of the most

important is the parent compound shown below,

which is commercially known as CI Pigment

Blue 15 (CI stands for Colour Index).

(a) What can you deduce about the charge on the

phthalocyanine ligand in the complex shown

above? What is the oxidation state of the copper

centre in the complex? Give reasons for your

answers.

Fig. 13.11 The electronic absorption spectrum of copper(II) phthalocyanine. [Based on Figure 4 in: P. Gregory in
Comprehensive Coordination Chemistry II ; 2004, Elsevier, Chapter 9.12, p. 549.]
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(b) Figure 13.11 illustrates the absorption spectrum

of the copper complex shown above. Explain how

this spectrum gives rise to the blue colour of the

dye.

(c) If the H atoms in the compound shown above

are replaced by Cl atoms, the colour of the dye

changes to green. Does this mean that, compared

with CI Pigment Blue 15, the chlorinated dye

absorbs light of a higher or lower energy?

13.16 Annatto is a natural extract from seeds of the tree

Bixa orella, and contains bixin (13.20) which is

used to colour many dairy products as well as

smoked fish. The value of �max for bixin is 460 nm.

(a) To what general class of natural pigments does

bixin belong? Compared with other members of

this class of compound, the structure of naturally

occurring bixin is unusual. Suggest what this

feature is and why it might be unexpected.

(b) What colour pigment is bixin? Rationalize your

answer.

(13.20)

13.17 Compound 13.21 (�max = 485 nm) is used

commercially as a semipermanent hair dye. (a) If

you applied this dye, which tint might you expect to

add to your hair: red-orange; dark red; blonde;

black; yellow? (b) Comment on why this

compound absorbs light in the visible region of the

spectrum. (c) Why is the dye manufactured as a

sodium sulfonate salt?

(13.21)

Problems 445



 

14
NMR spectroscopy

14.1 Introduction

Nuclear magnetic resonance (NMR) spectroscopy is today a routine

laboratory technique. Besides its application for the identification of

compounds, NMR spectroscopy can be used to follow reactions, measure

rate and equilibrium constants and study the dynamic behaviour of

molecules. It also has medical application in MRI (magnetic resonance

imaging, see Box 14.1) and can be used to determine the structures of large

biomolecules (see Box 14.2). In this chapter, we introduce some basic

theory of NMR spectroscopy but the greater part of our discussion lies

with applications of the technique to compound characterization with an

emphasis on 1H and 13C NMR spectroscopies.

We have agonized over the level of presentation in this chapter. Compelling

arguments exist for a rigorous (and classical) discussion commencing with

concepts of precession and resonance, as do justifications for a primarily

empirical discussion. We have finally opted for the latter.

In this chapter, we use many examples of organic molecules. More detailed

information about structural diagrams and nomenclature can be found in

Chapter 24.

14.2 Nuclear spin states

Many nuclei possess a property described as spin. This is a quantum effect

which may be interpreted classically as the nucleus spinning about an axis.

The nuclear spin (nuclear angular momentum) is quantized and is described

by the nuclear spin quantum number I. The nuclear spin quantum number

can have values I ¼ 0, 1
2
, 1, 3

2
, 2, 5

2
, etc., but in this chapter we are concerned

with nuclei for which I ¼ 1
2; examples are 1H, 13C, 19F and 31P.

Topics
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Nuclei possess positive charges, and, classically, a spinning charge

generates a magnetic field, which can interact with an external magnetic

field. In this classical picture, a magnetic spin quantum number mI

describes the direction of spin and mI has values þI ;þðI � 1Þ . . .� I ; for

nuclei with I ¼ 1
2
, mI ¼ þ 1

2
or � 1

2
. There is no difference in energy between

nuclei spinning in different directions. However, the direction of spin

affects the polarity of the associated magnetic field. If an external magnetic

field is applied, this could be in the same or opposite direction to that due

to the spinning nucleus. The external magnetic field results in an energy

difference between the mI ¼ þ 1
2
and � 1

2
spin states (Figure 14.1). If splitting

of the spin states into different energies occurs upon the application of a

magnetic field, it should be possible to use a spectroscopic method to

determine the energy difference.

The experiment we have just described leads to nuclear magnetic resonance

(NMR). The energy difference between the mI ¼ þ 1
2
and � 1

2
spin states

depends upon the strength of the applied field but is very small at all

achievable fields. Typically, the energy difference is less than 0.01 kJmol�1

and electromagnetic radiation is absorbed in the radiofrequency (RF)

region. Absorption of RF energy results in a nucleus being excited from

the lower- to higher-energy spin state. Relaxation from the upper to lower

spin state then occurs.

14.3 Recording an NMR spectrum

AnNMR spectrum is a plot of absorbance against frequency. The simplest way

to record such a spectrum is to place a sample in a magnetic field and scan

through the radiofrequencies until an absorption is observed. Although this

method has been widely used, it has an inherent disadvantage. The energy

difference between the mI ¼ þ 1
2
and � 1

2
spin states is very small, and if we

consider a Boltzmann distribution (see Section 12.2) we find that the

difference in population between the upper and lower energy levels is about

one nucleus in every million! This means that NMR spectroscopy is an

inherently insensitive technique. Experimentally, we can assess the sensitivity

in terms of the signal-to-noise ratio of the recorded spectrum.

One way of increasing the signal-to-noise ratio is to record the same

spectrum a number of times, and then add these spectra together. For n

spectra, the signal increases according to n and the noise by n
1
2; the

improvement in the signal-to-noise ratio is therefore n
1
2. However, scanning

through a range of frequencies over and over again is time-consuming.

We noted above that the energy difference between the lower and upper

energy levels was very small. In the same way that the equilibrium

population of these levels is determined by the energy gap, so is the time

taken to return to this state after excitation, i.e. the time for the relaxation

Only certain nuclei are

NMR active. These include
1H, 13C, 19F and 31P.

RF = radiofrequency

"

Fig. 14.1 The splitting of nuclear
spin states on the application of
an external magnetic field.
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BIOLOGY AND MEDICINE

Box 14.1 Magnetic resonance imaging (MRI)

A hospital patient entering an MRI scanner

Magnetic resonance imaging is a clinical technique to

provide images of human organs or tumours. The

image is produced from information obtained from

the 1H NMR spectroscopic signals of H2O, and the

signal intensity depends on the 1H relaxation times

and the concentration of H2O. To aid the observation

of the organ or tumour, MRI contrast agents are

used to alter the relaxation times of the protons. Com-

plexes (see Chapter 23) containing the paramagnetic

Gd3þ ion are particularly suitable contrasting agents.

Introduction of gadolinium ions into the human body

must be done with care because free Gd3þ ions are

highly toxic. By binding the metal ions to chelating

ligands (see Chapter 23), the toxicity is reduced. Thus,

it is crucial that gadolinium(III) complexes used as

MRI contrast agents do not dissociate in vivo and are

excreted from the body as rapidly as is practical. Che-

lating ligands such as H5DTPA and H3DTPA-BMA

form thermodynamically stable complexes with metal

ions because, when the ligand coordinates to a metal

centre, it wraps around the metal ion with the forma-

tion of several chelate rings (see Chapter 23).

The structure below shows how the ligand [DTPA-

BMA]3� wraps around a Gd3þ ion. The metal ion is

in a 9-coordinate environment.

The gadolinium complex shown above is available

commerically as the MRI contrast agent Omniscan.

This is an ‘extra-cellular contrast agent’ which distri-

butes itself non-specifically in a patient’s plasma and

extra-cellular fluids. MRI contrast agents that specifi-

cally target the liver are known as ‘hepatobiliary con-

trast agents’ and an example is [Gd(BOPTA)(OH2)]
2�,

sold under the tradename of Multihance. The structure

of the parent ligand H5BOPTA is shown below.
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process to occur. The smaller the energy gap, the longer it takes to return to

the equilibrium population. In the case of NMR spectroscopy, the relaxation

time may vary from milliseconds to many hours. This places another time

constraint upon the addition of spectra, because we must wait for the

equilibrium population to be re-established between the accumulation of

consecutive spectra.

The modern method of recording NMR spectra makes use of some of

these effects to provide a partial solution to these problems. We want a

plot of intensity of absorption against frequency as an NMR spectrum,

but a plot of emission against frequency is equivalent, and as the relaxation

process is relatively slow, we could just as easily monitor the emission of

RF after excitation. In itself this would give no advantage – in fact, it

would be disadvantageous since the intensity of emission at any given

instant will always be lower than any absorption intensity because the

absorption is effectively instantaneous and the emission occurs over a

period of time (Figure 14.2). However, a plot of emission intensity against

time contains exactly the same information as a plot of absorption intensity

against frequency and the mathematical operation of a Fourier transform

(FT) interconverts the two sets of data.

Now comes the important point. The precise frequency of the absorption

of a nucleus depends upon its chemical environment and if a compound

contains several different types of environment, the simple experiment

described above involves scanning through the RF frequencies and finding

all of the absorptions. By using an FT technique, we can use a mixture of

frequencies to excite all the nuclei in the different environments at once,

and then record the emission as a function of time. Such a plot is called a

free induction decay (FID). A series of FIDs may be recorded and added

together to improve the signal-to-noise ratio, and a Fourier transformation

applied to give the conventional absorption versus frequency spectrum.

14.4 Nuclei: resonance frequencies, isotope abundances and
chemical shift values

Resonance frequencies

A particular nucleus (1H, 13C, etc.) resonates at a characteristic frequency, i.e.

it absorbs radiofrequencies within a certain range. You can draw an analogy

between an NMR spectrometer and a radio. Having tuned a radio to a

particular frequency you receive only the station selected because different

radio stations broadcast at different frequencies. Similarly, an NMR

spectrometer is tuned to a particular resonance frequency to detect a

selected NMR active nucleus. The resonance frequencies of some nuclei

with I ¼ 1
2
are listed in Table 14.1. When we record a 1H NMR spectrum

(a ‘proton spectrum’) the signals or resonances that are observed are due

only to the 1H nuclei in the sample. Similarly, a 31P NMR spectrum

contains resonances due only to 31P nuclei.

Natural abundance of a nucleus

We have already seen that a nucleus is only NMR active if it possesses

a nuclear spin, but another property that is important is the natural

Fig. 14.2 A plot of energy
emission against time from an
excited nuclear spin state; the
curve is called a free induction
decay (FID).

FT = Fourier transform

FID = free induction decay

Richard R. Ernst (1933– )
received the Nobel Prize in
Chemistry in 1991 for ‘his
contributions to the development
of the methodology of high
resolution NMR spectroscopy’.

"

"
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abundance of the nucleus (Table 14.1). Fluorine possesses one isotope and

when a 19F NMR spectrum is recorded, we observe all of the fluorine

nuclei present. The situation is similar for hydrogen, because �99.9% of

natural hydrogen consists of 1H nuclei. When a 13C NMR spectrum is

recorded, only 1.1% of the carbon nuclei present can be observed, because

the remaining 98.9% are 12C and are not NMR active (I ¼ 0).

Although a low natural abundance can be problematical, it does not mean

that the nucleus is unsuitable for NMR spectroscopy. A greater number of

FIDs may be collected in order to obtain an enhanced signal-to-noise

ratio, but alternatively a sample can be isotopically enriched.

Chemical shifts and NMR spectroscopic references

The resonance frequency of a 1H nucleus depends on its precise chemical

environment, and similar effects are found with other NMR active nuclei.

Why is this?

We explained earlier that the energy difference between the nuclear spin

states arose from the interaction between the magnetic fields of the

spinning nuclei and an applied external field. However, the local field, B,

experienced at a nucleus is not precisely the same as that applied. This is

because the bonding electron pairs in the molecule are also charges moving

in space, and they generate small local magnetic fields. The field B is the

sum of the applied field, B0, and all these smaller fields. The local fields

from the electrons vary with the chemical environment of the nucleus.

Typically, the differences in field are small, and variations in absorption

frequency of protons in different environments are only a few parts per

million. These differences give rise to different signals in the spectrum. The

Table 14.1 Resonance frequencies (referred to 100MHz for 1H)a for selected nuclei with
I ¼ 1

2
.

Nucleus Resonance

frequency / MHz

Natural

abundance / %

Chemical shift reference

1H 100 �99.9 Me4Si

19F 94.0 100 CFCl3

31P 40.48 100 H3PO4 (85% aqueous)

119Sn 37.29 8.6 Me4Sn

13C 25.00 1.1 Me4Si

195Pt 21.46 33.8 Na2½PtCl6�

29Si 19.87 4.7 Me4Si

107Ag 4.05 51.8 Aqueous Agþ

103Rh 3.19 100 Rh (metal)

a NMR spectrometers can operate at different magnetic field strengths and it is convenient to
describe them in terms of the RF needed to detect protons. A 100MHz instrument records 1H
NMR spectra at 100MHz, while a 250MHz spectrometer records the 1H NMR spectra at
250MHz. A 100MHz instrument operates with a magnetic field of 2.35 tesla and a 250MHz
at 5.875 tesla.
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position of a signal is denoted by its chemical shift value, �, relative to the

signal of a specified reference compound. The standard reference for 1H

and 13C NMR spectroscopies is tetramethylsilane (TMS, 14.1). The

12 hydrogen atoms in TMS are equivalent and there is one proton

environment giving rise to one signal in the 1H NMR spectrum of this

compound. The chemical shift value of this signal is defined as zero.

Similarly, there is only one carbon atom environment in TMS and the

signal in the 13C NMR spectrum of TMS is also defined as zero.

The signals in a particular NMR spectrum are always referenced with respect

to a standard compound (see Table 14.1), but care should be taken because

different references are sometimes used for a given nucleus. Although 85%

aqueous phosphoric acid is the standard reference compound in 31P NMR

spectroscopy, P(OMe)3 (trimethylphosphite) is sometimes used, and it is

important to quote the reference when reporting NMR spectra.

Signals due to particular nuclei in a compound that appear in the NMR

spectrum are said to be shifted with respect to the standard reference signal.

A shift to positive � is ‘shifted to higher frequency’ and a shift to negative

� is ‘shifted to lower frequency’. Older terminology that is still used relates

a positive � value to a ‘downfield shift’ and a negative � to an ‘upfield

shift’. What exactly is this � scale? The problem with NMR spectroscopy is

that the energy difference between the mI ¼ þ 1
2
and mI ¼ � 1

2
spin states

depends upon the external magnetic field. Similarly, the difference in

frequency of absorptions between nuclei in different environments also

depends on the applied field. How can we compare data recorded at

different magnetic field strengths? The solution is to define a field-

independent parameter – the chemical shift �.

We define � as follows. The frequency difference (��), in Hz, between the

signal of interest and some defined reference frequency (�0) is divided by the

absolute frequency of the reference signal (equation 14.1).

� ¼ ð� � �0Þ
�0

¼ ��

�0
ð14:1Þ

Typically, this leads to a very small number. In order to obtain a more

convenient number for �, it is usual to multiply the ratio in equation 14.1

by 106. This gives � in units of parts per million, ppm. The IUPAC defines

� according to equation 14.1, but equation 14.2 gives a method of calculating

� in ppm.§

� in ppm ¼ ð� � �0Þ in Hz

�0 in MHz
ð14:2Þ

Worked example 14.1 Chemical shift values and frequencies

On a 100MHz spectrometer, what is the shift difference in Hz between signals

appearing in the spectrum at � 1.5 ppm and � 2.6 ppm?

Equation needed:

� in ppm ¼ ð� � �0Þ in Hz

�0 in MHz

(14.1)

The chemical shift value � of
a signal in an NMR

spectrum is quoted with

respect to that of a reference

defined at zero.

§ R. K. Harris, E. D. Becker, S. M. Cabral de Menezes, R. Goodfellow and P. Granger (2001)
Pure and Applied Chemistry, vol. 73, p. 1795 – NMR nomenclature. Nuclear spin properties
and conventions for chemical shifts (IUPAC recommendations 2001).
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�0 ¼ 100MHz

ð� � �0Þ gives the shift in Hz of the signal with respect to a reference signal.

For � 1.5 ppm, ð� � �0Þ ¼ 150Hz

For � 2.6 ppm, ð� � �0Þ ¼ 260Hz

; Shift difference in Hz ¼ 260� 150 ¼ 110Hz

We can combine the working to carry out this calculation as follows:

ð�� in HzÞ ¼ ðSpectrometer frequency in MHzÞ � ð�� in ppmÞ

�� ¼ ð2:6� 1:5Þ ppm ¼ 1:1 ppm

�� ¼ ð100MHzÞ � ð1:1 ppmÞ

¼ 110Hz

This method of working is used to calculate coupling constants; see

Section 14.9.

Chemical shift ranges

The chemical shift range (i.e. the range of chemical shifts over which signals

appear in the spectrum) depends on the nucleus. For example, 1H NMR

resonances usually fall in the range �þ15 to �35ppm, whereas 13C NMR

spectra are usually recorded over a range of �þ 250 to �50ppm, and 31P

NMR spectra between the approximate limits �þ 300 to �300 ppm.

However, new chemistry can bring surprises in the form of a nucleus in an

unprecedented environment, and the spectral ‘window’ should not be fixed

in the experimentalist’s mind.

14.5 Choosing a solvent for NMR spectroscopy

Although NMR spectra may be recorded in the solid state, such spectra have

added complications, and most samples are studied as solutions. Molecules

of most solvents contain carbon and hydrogen atoms and so in the 1H or
13C NMR spectrum of a solution sample, the solvent naturally gives rise to

its own spectrum which is superimposed on that of the sample. As

the solvent is usually present in a vast excess with respect to the sample,

the signals from the solvent are often the largest features observed in the

spectrum.

A 1HNMR spectrum is easily ‘swamped’ by the signals from the solvent and

those of the sample may be obscured. The problem is solved by using deuterated

solvents in which the 1H nuclei in the solvent molecules are replaced by 2H (D)

nuclei. For example, chloroform is a common solvent and can be isotopically

labelled with deuterium to give CDCl3. Although the 2H nucleus is NMR

active (I ¼ 1), its resonance frequency is different from that of 1H and

therefore the deuterated solvent is effectively ‘silent’ in a 1H NMR spectrum.

Such solvents are commercially available and are usually labelled to an

extent of >99.5%. Residual molecules containing 1H nuclei are present but

give rise to relatively low-intensity signals in a 1H NMR spectrum. Such

solvent signals can serve as internal reference signals, e.g. the 1H NMR

spectrum of acetone (14.2, see p. 456) contains a signal at � 2.05 ppm.
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14.6 Molecules with one environment

Nuclear magnetic resonance spectroscopy can be used to ‘count’ the number

of environments of a particular nucleus in a molecule. 1HNMR spectroscopy

looks only at proton environments and 13C NMR spectroscopy can be used

to count the different types of carbon atoms in a molecule. The number of

signals in the spectrum corresponds to the number of different environments.

In this section we illustrate that more information than simply ‘one signal

means one environment’ can be obtained from an NMR spectrum. The

chemical shift can give important information about the environment, for

example, the possible geometry of the centre, or the functional groups that

are attached to it.

Figure 14.3 shows the 31P NMR spectra of PMe3 and PCl3. Each spectrum

exhibits one signal, consistent with there being one phosphorus environment

in each molecule. However, note how the nature of the substituents affects

the chemical shift of the signal. The difference in shift between these two

trigonal pyramidal PR3 molecules is particularly dramatic. For PF3, PBr3
and PI3 (all trigonal pyramidal) the 31P NMR chemical shifts are � ¼ þ96,
þ228 and þ177 ppm respectively. Each of CH4, CH3Cl, CH2Cl2 and

CHCl3 is tetrahedral, but the presence of the chloro-substituents influences

the chemical shift of the 13C nucleus: CH4 (�þ2 ppm), CH3Cl (�þ22 ppm),

CH2Cl2 (�þ54 ppm) and CHCl3 (�þ77 ppm).

14.7 Molecules with more than one environment

Chemical shifts in 13C NMR spectra

We can relate the chemical shift of a 13C NMR signal to the hybridization of

the carbon centre, e.g. sp2 carbon atoms resonate at higher frequency (more

positive �) with respect to sp carbon centres. Table 14.2 and Figure 14.4

give approximate ranges for carbon nuclei in some environments in

organic molecules. Compounds containing a carbonyl group (C¼O) are

characterized by a 13C NMR resonance at high frequency. The variety of

compounds containing sp3 hybridized carbon atoms is large and includes

cyclic and acyclic alkanes, alcohols (X ¼ OH), halogenoalkanes (X ¼ F, Cl,

Br or I), amines (X ¼ NH2), thiols (X ¼ SH) and ethers (X ¼ OR).

Me = methyl = CH3

13C NMR spectra of carbonyl
compounds: see Section 33.4

"

"

Fig. 14.3 The 31P NMR spectra of (a) PMe3 and (b) PCl3.
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Table 14.2 Approximate shift ranges for carbon environments in 13C NMR spectra (chemical shifts are with respect to
TMS � ¼ 0 ppm).

Carbon environment Hybridization
13
C chemical shift range/ppm Comments

Ketones sp2 þ230 to þ190

Aldehydes sp2 þ210 to þ185

Carboxylic acids sp2 þ185 to þ165

Amides X ¼ NH2

Esters X ¼ OR
sp2 þ180 to þ155

Alkenes sp2 þ160 to þ100

Aromatic
compounds

sp2 þ145 to þ110

Note some overlap of
the sp and sp2 regions.

Nitriles sp þ125 to þ110
g

Alkynes sp þ110 to þ75

Aliphatic compounds sp3

Aliphatic compounds sp3

Some overlap of regions depending upon X.
Overall range þ90 to 0.
Generally: CH3X < RCH2X < R2CH < R3CX

�������������������������������������"
more positive �Aliphatic compounds sp3 g

Aliphatic compounds sp3
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Worked example 14.2 Carbon atom hybridization and 13C NMR spectroscopic chemical shifts

Hepta-1,6-diene has the following structure:

The solution 13C NMR spectrum of this compound shows signals at � 138.7,

114.6, 33.3 and 28.3 ppm. Comment on these data.

Firstly, the observation of four signals in the 13C NMR spectrum is

consistent with the molecule containing four different carbon atom

environments:

Secondly, from the structural diagrams of hepta-1,6-diene drawn above,

you can see that there are three tetrahedral carbon atoms (sp3) and four

trigonal planar carbon atoms (sp2). The signals at � 138.7 and 114.6 ppm

are typical of sp2 carbon atoms, while those at � 33.3 and 28.3 ppm are

in the region associated with sp3 carbon atoms.

Signal intensities

The relative intensities of NMR signals can assist in their assignment because

the ratio of intensities gives information about the ratio of the number of

different environments in the molecule.

The 13C NMR spectrum of acetone (14.2) consists of two signals

(Figure 14.5) which can readily be assigned from their relative intensities

of 1 : 2. A word of caution however. Signal intensities in 13C NMR spectra

can be misleading owing to different relaxation effects of the different 13C

nuclei. The problem arises from our use of the FT method. Because we

collect emission data in the time domain, we should wait between

Relaxation: see Section 14.3

"

Fig. 14.4 Typical 13C NMR
chemical shift ranges for
common classes of organic
compound. For further details,
see Table 14.2.

Molecules with more than one environment 455



 

acquiring consecutive data sets until the Boltzmann distribution is achieved

for nuclei in all environments. If this is not done, we observe rapidly relaxing

nuclei more efficiently than those relaxing slowly. In practice, time

constraints may mean that a compromise is made in the time between

consecutive excitations of the nuclei and, as a result, the ratios of the

signal intensities are not always exactly equal to the ratios of the

environments of the nuclei. This is particularly true in 13C NMR spectra.§

Fortunately, chemical shift values can come to our aid in assigning signals.

Assigning 13C NMR spectra on the basis of chemical shifts

Example 1: acetonitrile The 13C NMR spectroscopic chemical shifts are

�þ1:3 and þ117.7 ppm (Figure 14.6a). There are two carbon environments:

a aliphatic (sp3)

b nitrile (sp)

and the nitrile carbon should be at higher frequency with respect to the

aliphatic carbon.

Assignment: �þ1:3 ppm is assigned to carbon a

�þ117:7 ppm is assigned to carbon b

Example 2: ethanal The observed 13C NMR spectroscopic chemical shifts

are �þ30:7 and þ199.7 ppm (Figure 14.6b). There are two carbon environ-

ments:

a aliphatic (sp3)

b aldehyde (sp2)

and the aldehyde carbon should be at higher frequency than the aliphatic

carbon.

Assignment: �þ30:7 ppm is assigned to carbon a

�þ199:7 ppm is assigned to carbon b

Refer to Table 14.2

"

§ For more detailed discussion, see: B. K. Hunter and J. K. M. Sanders (1993) Modern NMR
Spectroscopy: A Guide for Chemists, 2nd edn, Oxford University Press, Oxford.

(14.2)

Fig. 14.5 13C NMR spectrum (proton decoupled) of acetone (14.2). The spectrum was
recorded at 25MHz.
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Example 3: diethylamine The 13C NMR spectroscopic signals are at �þ15:4
and þ44.1 ppm (Figure 14.6c). There are two sp3 carbon environments:

a terminal CH3 group

b RCH2X group

and in general RCH2X carbon atoms are at higher frequency than the terminal

CH3 carbons.

Possible assignments: �þ15:4 ppm is due to carbon a

�þ44:1 ppm is due to carbon b

Worked example 14.3 Interpreting 13C NMR spectra

To which of the following compounds does the proton decoupled§ 13C NMR

spectrum shown below belong? Give reasons for your choice.

Fig. 14.6 25MHz 13C NMR
spectra (proton decoupled) of
(a) CH3CN, (b) CH3CHO and
(c) Et2NH. The same scale
applies to all the spectra.

§ Proton coupling between 13C and 1H nuclei is considered at the end of the chapter.
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First, using the structures in the question, count the number of different

carbon environments in each molecule, and hence deduce the number of

signals that you expect to see in the spectrum:

A eight carbon environments ��" eight signals

B eight carbon environments ��" eight signals

C five carbon environments ��" five signals

The spectrum shown in the question has eight signals, and therefore it must

arise from either compound A or B.

Next, look at the chemical shifts of the signals in the spectrum. There are

five signals in the range � 10 to 40 ppm, one signal close to � 70 ppm, and

two signals at �� 115 and 140 ppm. Compound A contains a C¼¼O unit

and is a ketone (see Table 14.2), and therefore you would expect to see a

signal close to � 200 ppm for the C¼¼O carbon atom. This signal is not

observed, and therefore the spectrum cannot be that of A.

Finally, check that the observed signals are consistent with what you

expect for compound B:

. two signals at �� 115 and 140 ppm: assign to the sp2 hybridized carbon

atoms of the C¼¼C bond;
. one signal close to � 70 pm: assign to the CH(OH) carbon atom;
. five signals in the range � 10 to 40 ppm: assign to the four CH2 groups

and the CH3 group.

Worked example 14.4 Sulfonamide drugs

Sulfonamide drugs are a group of antimicrobial agents, taken orally into the

human body and excreted in the urine. Two examples are shown below (colour

code: C, grey; S, yellow; O, red; N, blue; H, white). Sulfadoxine is used

to treat a range of infections, while sulfamethoxazole is administered against

urinary tract infections:
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The solution 13C NMR spectra (proton decoupled) of sulfadoxine and sulfa-

methoxazole were recorded, and one of these spectra is shown below. Assign

the spectrum to one of the sulfonamide drugs shown above, giving reasons for

your choice.

First, count the number of signals in the spectrum: ten signals.

In a molecule of sulfadoxine, there are 12 carbon atoms, while sulfa-

methoxazole contains 10 carbon atoms. Remember, however, that the

10 signals in the 13C NMR spectrum tell you that the compound contains

10 different carbon environments. This does not necessarily mean that it

contains 10 carbon atoms. Now consider the structures and look for any

carbon atoms that are chemically equivalent:

Thus, you expect to see 10 signals in the 13C NMR spectrum of sulfadoxine,

and only 8 signals in the spectrum of sulfamethoxazole. Moreover, in the
13C NMR spectrum above, the two signals at � � 55ppm can be assigned
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to the two sp3 hybridized C atoms in the OCH3 groups in sulfadoxine.

Only one signal is expected for the sp3 hybridized C atom in the CCH3

group in sulfamethoxazole, and this should appear at lower frequency

(� � 10-20 ppm).

Conclusion: the 13C NMR spectrum is that of sulfadoxine.

14.8 1H NMR spectra: chemical environments

Since the chemical shift range for 1H nuclei is relatively small, there is a

significant overlap of the ranges that are characteristic of different proton

environments. In Table 14.3 we give some approximate values for 1H

NMR spectroscopic signals in selected groups of organic compounds.§

Table 14.3 indicates that OH andNH2 protons can give rise to broad signals.

This phenomenon arises because O�H and N�H protons undergo exchange

processes on a timescale that is comparable to the NMR spectroscopic

timescale. Equation 14.3 illustrates the exchange of the hydrogen atom in

ethanol with a proton from water. The rate of exchange can be slowed

down by lowering the temperature and this can cause sharpening and

shifting of the signals.

CH3CH2OHþHOHÐ CH3CH2OHþHOH ð14:3Þ

The chemical shift value of some protons is dependent on solvent and this

is particularly true of O�H protons. The 1H NMR spectrum of neat

ethanol has a signal at �þ5:4 ppm assigned to the OH proton, but this

shifts to lower frequency on dilution in a solvent. This observation is due

to hydrogen bonding; the intermolecular interactions between ethanol

molecules (14.3) lead to a reduction in the electron density around the

hydrogen atom and causes a shift in the 1H NMR signal to higher frequency.

(14.3) (14.4)

Similarly, hydrogen bonding between carboxylic acid molecules is one of

the reasons why these protons are characterized by relatively high

frequency signals. The 1H NMR spectrum of acetic acid (Figure 14.7)

exhibits a broad signal centred at �þ11:4 ppm (assigned to OH) and a

sharp, more intense signal at �þ2:1 ppm (assigned to CH3). Acetic acid

can form a hydrogen-bonded dimer (14.4); we discuss this further in

Chapter 33.

Timescales: see Section 11.3

Hydrogen bonding:
see Section 21.8

"

"

§ For greater detail, see: D. H. Williams and I. Fleming (2007) Spectroscopic Methods in Organic
Chemistry, 6th edn, McGraw-Hill, London.
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Table 14.3 Typical shift ranges for proton environments in 1H NMR spectra of organic compounds (chemical shifts are with
respect to TMS � ¼ 0 ppm).

Proton environment
1
H chemical shift range Comments

Carboxylic acids þ9 to þ13 Often broad and dependent upon solvent

Amides þ5 to þ12 Broad and dependent upon solvent

Aldehydes þ8 to þ10 Sharp (usually no confusion with carboxylic
acid, amide or amine signals)

� þ7 CHCl3 �þ7:25 ppm

Aromatic
compounds

þ6 to þ10 C6H6 �þ7:2 ppm

Alkenes þ4 to þ8

Terminal alkynes þ2.5 to þ3

Amines þ1 to þ6 Broad and dependent upon solvent

Alcohols þ0.5 to þ8 Often broad and dependent upon solvent

Methine þ1.5 to þ4.5

Methylene þ1.5 to þ4.5

Methyl 0 to þ4 TMS defined as � ¼ 0 ppm

These shift ranges are represented diagrammatically below:
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BIOLOGY AND MEDICINE

Box 14.2 Biological macromolecular structure determination using
NMR spectroscopy

Although this chapter is concerned with the NMR spec-

tra of simple molecules, the technique has now devel-

oped to such an extent that the structures of large

biomolecules, including proteins, can be determined

from their NMR spectroscopic characteristics. Use

is made of 1H, 13C and 15N NMR spectra, and of 13C

and 15N isotopically labelled biomolecules, in

particular for high molecular weight proteins. A key

step forward was the application of two-dimensional

NMR spectroscopic methods, originally developed in

the 1970s by Jean Jeener. All the NMR spectra that

are shown in this book are one-dimensional, but in a

two-dimensional spectrum, the signals in a spectrum

can be correlated with each other so that nuclei that

couple give rise to ‘cross peaks’. Both homonuclear

(e.g. 1H–1H) and heteronuclear (e.g. 13C–1H) two-

dimensional spectra can be studied.

Kurt Wüthrich (1938– ).

A range of two-dimensional techniques is now

available. Two examples are COSY (COrrelated Spec-

troscopY) and NOESY (Nuclear Overhauser Enhance-

ment SpectroscopY). Using COSY spectra, it is

possible to deduce intermolecular connectivity patterns

and bond angles using information from spin–spin

coupling and the magnitudes of coupling constants;

these data depend on through-bond couplings. The

results of NOESY spectra provide information about

through-space internuclear interactions. Proteins and

other large biomolecules consist of thousands of

atoms, and there are many thousands of distance and

angle parameters. Thus, solving a protein structure is

time-consuming, and requires extensive computer

analysis of the NMR spectroscopic data. Nonetheless,

it is now a relatively routine technique. Together with

developments in X-ray diffraction methods, structure-

solving by NMR spectroscopy has revolutionized our

understanding of protein structure. The first protein

structure to be determined by NMR spectroscopic

methods was that of proteinase inhibitor IIa from bull

seminal plasma, and was published in 1985. In 2002,

Kurt Wüthrich shared the Nobel Prize in Chemistry

for ‘his development of nuclear magnetic resonance

spectroscopy for determining the three-dimensional

structure of biological macromolecules in solution’.

An X-ray diffraction study of a crystalline biomole-

cule effectively gives a static picture of the molecule.

In contrast, NMR spectroscopic data are obtained for

solution samples in which the molecule is non-rigid.

This is clearly seen in the structure shown below

which illustrates the superimposition of 20 NMR spec-

troscopic structure solutions of a variant human prion

protein.

[Data: R. Zahn et al. (2003) Journal of Molecular Biology, vol.

326, p. 225.]

For further information, see:

G. Wider (2000) – ‘Structure determination of biological

macromolecules in solution using NMR spectroscopy’.

BioTechniques, vol. 29, p. 1278.

M. Pellecchia, D. S. Sem and K. Wüthrich (2002) Nature

Reviews, vol. 1, p. 211.
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(14.5) (14.6)

Overlapping of the characteristic regions in 1H NMR spectra may make

spectroscopic assignment difficult. In propyne (14.5), the signals for the

Calkyne–H and the methyl group are coincident (�þ1:8 ppm). The 1H NMR

spectrum of butan-2-one (14.6) has signals at �þ1:1, þ2.1 and þ2.5 ppm.

Although the relative intensities allow us to distinguish the CH2 resonance

from those of the CH3 groups, how can we determine which signal

corresponds to which methyl group? Fortunately, a feature of NMR

spectroscopy that we have so far ignored now comes to our aid: nuclear spins

that are magnetically inequivalent may couple to one another and this results

in characteristic splittings of NMR signals.

14.9 Nuclear spin--spin coupling between nuclei with I¼ 1
2

Coupling between two inequivalent 1H nuclei

A hydrogen nucleus may be in one of two spin states (mI ¼ þ 1
2
, mI ¼ � 1

2
)

and we stated earlier that the energy difference between these spin states

was controlled by the applied magnetic field. Later, we showed that

smaller energy differences (giving rise to different chemical shifts) resulted

from movement of electrons within bonds. What happens when two

magnetically non-equivalent hydrogen nuclei in a molecule are close to each

other?

Consider a system with two hydrogen atoms HA and HX which are in

different magnetic environments. Let us introduce a shorthand notation:

HA with mI ¼ þ 1
2
is labelled �(A)

HA with mI ¼ � 1
2
is labelled �(A)

HX with mI ¼ þ 1
2
is labelled �(X)

HX with mI ¼ � 1
2
is labelled �(X)

In the simplest case, the magnetic field experienced by HA (or HX) is

independent of the spin state of HX (or HA). In other words, the local

Fig. 14.7 100MHz 1H NMR spectrum of acetic acid, CH3CO2H, and its molecular structure. Colour code: C, grey; O,
red; H, white.
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magnetic field generated by the spin of one nucleus is not detected by the

other nucleus. The spectrum will consist of two absorptions corresponding

to the �ðAÞ3���ðAÞ and �ðXÞ3���ðXÞ transitions (Figure 14.8a). We say

that these two resonances are singlets (see Box 14.3) and that there is no

coupling between HA and HX.

Now let nucleus HA be affected by the magnetic field associated with HX.

The consequence is that the 1H NMR signal for HA is split into two equal

lines, depending on whether it is ‘seeing’ HX in the � or � spin state. It

follows that the signal for HX is also split into two lines in an exactly

equal manner. We say that HA and HX are coupling and that the

spectrum consists of two doublets (Figure 14.8b). This theory is treated

more rigorously in Box 14.4.

Coupling can only be detected between non-equivalent nuclei, and the

magnitude of the coupling is given by the coupling constant, J, measured

in Hz. The coupling constant in Hz is independent of the field strength of

the NMR spectrometer. It is important that the coupling constant is

quoted in Hz; if it were given in ppm, then it would vary with the

spectrometer field. For example, a coupling constant of 25Hz corresponds

to 0.1 ppm at 250MHz and 0.25 ppm at 100MHz (equation 14.4; see also

worked example 14.5).

ðJ in HzÞ ¼ ðSpectrometer frequency in MHzÞ � ð�� in ppmÞ ð14:4Þ

where �� ¼ difference in chemical shifts

Fig. 14.8 (a) Two singlet
resonances are observed for two
protons HA and HX if the two
nuclei do not couple. (b) If
coupling occurs, each resonance
is split by the same amount to give
two doublets.

THEORY

Box 14.3 A more rigorous approach to the observation of two singlets for
two nuclei with I¼ 1

2 that do not couple

There is in fact a selection rule implicit in the discussion

in the main text, and this rule is that �mI ¼ �1.
An alternative way of describing our spin system for

nuclei HA and HX involves writing the total spin states for

both nuclei. This gives four energy levels as shown below.

Notice that this refers to the total energy of the system –

there is no direct interaction between HA and HX.

Four transitions are possible when we consider the

selection rules �mI ðHAÞ ¼ �1, and �mI ðHXÞ ¼ �1,
and these are:

1 �ðAÞ�ðXÞ3���ðAÞ�ðXÞ

2 �ðAÞ�ðXÞ3���ðAÞ�ðXÞ

)
HX transitions

3 �ðAÞ�ðXÞ3���ðAÞ�ðXÞ

4 �ðAÞ�ðXÞ3���ðAÞ�ðXÞ

)
HA transitions

If there is no interaction between the nuclei, the energy

difference between the �ðAÞ�ðXÞ and �ðAÞ�ðXÞ states
must be the same as between the �ðAÞ�ðXÞ and

�ðAÞ�ðXÞ states, and so the energy of transitions 1

and 2 must be the same. Similarly, transitions 3 and 4

will occur at the same energy, but at a different energy

from 1 and 2. In other words we see two resonances

in the NMR spectrum assigned to HA and HX, and

each signal is a singlet.
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The coupling constant J is measured in Hz:

J in Hz ¼ (Spectrometer frequency in MHz)� (�� in ppm)

THEORY

Box 14.4 A more rigorous approach to the observation of two doublets for
two coupled nuclei with I¼ 1

2

In Box 14.3, we considered the possible transitions

between the four energy levels corresponding to the

total spin states of nuclei HA and HX which did not

interact with each other. If there is interaction between

the nuclei (i.e. if there is spin–spin coupling), then each

energy level is affected by the same amount, �E. This

perturbation is represented below, where the left-hand

side of the diagram corresponds to that in Box 14.3.

The same four transitions are allowed, but now the

transition energies are:

1’ �ðAÞ�ðXÞ3���ðAÞ�ðXÞ
2’ �ðAÞ�ðXÞ3���ðAÞ�ðXÞ

�
HX transitions

3’ �ðAÞ�ðXÞ3���ðAÞ�ðXÞ
4’ �ðAÞ�ðXÞ3���ðAÞ�ðXÞ

�
HA transitions

where

1’ ¼ 1� 2�E

2’ ¼ 2þ 2�E

3’ ¼ 3� 2�E

4’ ¼ 4þ 2�E

8>>><
>>>:

We saw in Box 14.3 that, without coupling, transitions 1

and 2 have the same energy, and transitions 3 and 4 are

also degenerate. Inspection of the scheme below shows

that, with coupling, these degeneracies are removed,

giving new transition energies of 1’, 2’, 3’ and 4’. In

terms of the observed spectrum, this means that the

signal for HA is split into two components, the overall

signal being a doublet. Similarly, the signal for HX

becomes a doublet with exactly the same splitting as

is observed for the signal assigned to HA.
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Worked example 14.5 Coupling constants

A doublet in a
1
H NMR spectrum has a coupling constant of 10.0Hz. To what

value of �� does this correspond if the spectrum is recorded on (i) a 200MHz

and (ii) a 600MHz spectrometer?

Equation needed:

ð�� in HzÞ ¼ ðSpectrometer frequency in MHzÞ � ð�� in ppmÞ

; ð�� in ppmÞ ¼ ð�� in HzÞ
(Spectrometer frequency in MHz)

ðiÞ On a 200MHz spectrometer: �� ¼ 10:0Hz

200MHz
¼ 0:050 ppm

ðiiÞ On a 600MHz spectrometer: �� ¼ 10:0Hz

600MHz
¼ 0:017 ppm

�� is inversely proportional to the field strength, and therefore �� becomes

larger if the magnetic field strength of the spectrometer is lower.

The nuclei that are coupling should be indicated by adding subscripts to

the symbol for J. For example, if the coupling constant between HA and

HX is 10Hz, then we write: JHAHX
10Hz, or JHH 10Hz, or JAX 10Hz.

The splitting of the resonance for HA by its coupling with nucleus HX is

summarized in Figure 14.9a, and measurement of JHH is indicated in the

diagram.

Fig. 14.9 (a) The formation of a
doublet signal for HA as it
couples to one nucleus HX; the
doublet has equal intensity lines,
split by an amount equal to the
coupling constant, JHH. (b) The
formation of a triplet signal for
HA as it couples to two
equivalent nuclei HXð1Þ and
HXð2Þ; adjacent lines in the triplet
are split by an amount equal to
the coupling constant, JHH.
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Coupling between more than two inequivalent 1H nuclei

Now consider the case in which HA can ‘see’ two nuclei HX, labelled HXð1Þ
and HXð2Þ, which are equivalent to one another, but are inequivalent to

HA. Nucleus HA can couple with both HXð1Þ and HXð2Þ and the process is

illustrated in a stepwise form in Figure 14.9b. The result is a three-line

pattern (a triplet) for the 1H NMR signal for HA. Each line represents one

of the possible combinations of the two spin states of HXð1Þ and HXð2Þ as
‘seen’ by HA and these are:

�ðX1Þ�ðX2Þ
�ðX1Þ�ðX2Þ
�ðX1Þ�ðX2Þ
�ðX1Þ�ðX2Þ

� These are degenerate because the energy

difference between �(X1) and �(X1) must

be the same as that between �(X2) and �ðX2Þ

The three lines of the triplet therefore have the relative intensities 1 : 2 : 1 as

shown in Figure 14.9b.

In other compounds, HA could couple to three or four equivalent HX

nuclei to give a quartet (1 : 3 : 3 : 1) or a quintet (1 : 4 : 6 : 4 : 1) respectively.

For coupling to equivalent nuclei with I ¼ 1
2
, the number of components in

the signal of a simple system (the multiplicity of the signal ) is given by

equation 14.5, and the intensity ratio of the components can be determined

by using Pascal’s triangle (Figure 14.10). The general name for a doublet,

triplet, quartet, etc., is a multiplet and this description is often used if the

exact nature of the signal cannot be resolved.

Multiplicity ¼ nþ 1 ð14:5Þ
where n ¼ number of equivalent coupled nuclei, each of spin I ¼ 1

2

A most important point to remember is that magnetically equivalent nuclei

do not exhibit spin–spin coupling.

Spin–spin coupling occurs between non-equivalent nuclei, and if n is the

number of equivalent coupled nuclei, each of spin I ¼ 1
2
, the multiplicity of the

signal is nþ 1.

Consider the 1H NMR spectrum of ethanol (14.7). The spectrum shown in

Figure 14.11 is of a solution of ethanol in CDCl3 solution. There are three

signals: a broad signal at �þ2:6 ppm, a triplet at �þ1:2 ppm and a quartet

at �þ3:7 ppm. The broad signal is assigned to the OH group; note that the

Fig. 14.10 Pascal’s triangle gives
the relative intensities of the
components of multiplet signals
when coupling is between nuclei
with I ¼ 1

2
. Note that each row

begins and ends with 1. The other
entries in a given row in the series
are obtained by summing pairs of
numbers in the previous row –
the triplet has intensities
1 : (1þ 1) : 1, and the quartet has
intensities 1 : (1þ 2) : (2þ 1) : 1.
The triangle can thereby be
extended (see end-of-chapter
problem 14.9).
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expected coupling to the OH group in ethanol is not observed when the

alcohol is dissolved in CDCl3.
§ Protons of type a couple to the two

equivalent protons b, and the signal for protons a is a triplet. Protons of

type b couple to the three equivalent protons a, and the signal due to

protons b is a quartet. The spectrum may be assigned on the basis of

coupling, but the relative integrals of the two signals (a : b ¼ 3 : 2) will

confirm the answer. Notice that we have used the word integral rather

than intensity. Because the signal is split by the coupling, it is the sum of

the intensities of the component peaks that we must measure. This is best

found by measuring the area under the peak and this is the integral of the

signal.

The question arises: ‘How far along a carbon chain does coupling occur?’

It is difficult to give a definitive answer but a good start is to consider 1H–1H

coupling through one C�C bond (as in ethanol). In practice, more distant

coupling may be observed, and this possibility must be kept in mind when

interpreting spectra.

If we return to Figure 14.11, both the triplet and the quartet have values of

JHH 7Hz. It is no coincidence that the values are the same – both the triplet

and the quartet arise from coupling between the same sets of nuclei.

The magnitude of coupling constants depends on a variety of factors, and

within this book we can deal with the topic only superficially. However, one

type of organic compound that shows a diagnostic relationship between

molecular geometry and coupling constants is the family of alkenes. In each of

the alkenes 14.8 to 14.10, substituents X and Y are different from each other,

and in each structure, HA and HX are magnetically inequivalent and couple to

each other. Typically, for 14.8, JHH 0–2Hz, for 14.9, JHH 12–18Hz, and for

14.10, JHH 6–12Hz. These values may allow 1H NMR spectroscopic data to

be used to distinguish between isomers of an alkene. Coupling between 1H

nuclei on adjacent C atoms of a C¼C bond is called vicinal coupling.

(14.8) (14.9) (14.10)

(14.7)

Alkenes: see Chapter 26

"

§ The 1H NMR spectrum of neat ethanol shows a triplet for the OH proton coupling to the CH2

protons; the spectrum is not as simple as in Figure 14.11.

Fig. 14.11 100MHz 1H NMR spectrum of ethanol (14.7) in CDCl3 solution, and its molecular structure. Colour code:
C, grey; O, red; H, white.
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Vicinal coupling is the coupling between 1H nuclei on adjacent C atoms of a

C¼C bond.

Interpretation of some spectra involving 1H--1H coupling

Example 1: 2-chloropropanoic acid The 1HNMR spectrum consists of three

signals at �þ11:2 ppm (broad), þ4.5 ppm (quartet) and þ1.7 ppm (doublet)

(Figure 14.12).

The high-frequency signal is assigned to the OH group.

The three methyl protons a couple with proton b, and the signal for a is a

doublet.

Proton b couples with three methyl protons and the signal for b is a quartet.

Thus the signals at �þ4:5 and þ1.7 ppm can be assigned to b and a,

respectively.

Example 2: propan-1-ol The 1H NMR spectrum consists of four signals at

�þ3:6 ppm (triplet), þ2.3 ppm (broad), þ1.6 ppm (sextet) and þ0.9 ppm
(triplet).

The broad signal can be assigned to the OH group.

The signal for the terminal methyl group should be a triplet owing to

coupling to the two equivalent protons b. Since terminal CH3 groups are

usually at less positive � than methylene (CH2) groups (see Table 14.3), we

can assign the signal at �þ0:9 ppm to protons a.

We are now left with a sextet at �þ1:6 ppm and a triplet at �þ3:6 ppm. The

best way of tackling the assignment of these two signals is to predict what is

expected and try to match the predictions to the observations.

The methylene protons cwill couple to the two equivalent protons b to give

a triplet. Further coupling to the OH proton is expected but we have already

seen in Figure 14.11 that such coupling is not seen in ethanol dissolved in

CDCl3, and this is actually a general result. We can assign the triplet at

�þ3:6 ppm to methylene group c.

Protons b can couple to both three equivalent protons of type a and two

equivalent protons of type c, but the values of JHaHb
and JHbHc

will be

approximately the same and a sextet (Figure 14.13) due to coupling to five

protons is expected.

Question What would be the effect on the signal shown in Figure 14.13 if

JHaHb
> JHbHc

, or JHaHb
< JHbHc

?

Fig. 14.12 100MHz 1HNMR spectrum of 2-chloropropanoic acid, and its molecular structure. Colour code: C, grey; O,
red; Cl, green; H, white.

Fig. 14.13 The signal at
�þ1:6 ppm in propan-1-ol is
expected to be a sextet because
the coupling constants JHaHb

and
JHbHc

are approximately equal.
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THEORY

Box 14.5 First and second order spectra

The description of spin–spin coupling that we give in

the main text is a first order treatment. This is a valid

model if there is a sufficiently large chemical shift

difference, ��, between the signals arising from the

nuclei that are coupling. As the signals come closer

together, the coupling patterns begin to show second

order effects. This may involve an effect called ‘roofing’

in which the relative intensities of the lines making up a

pair of doublets, for example, change as �� decreases.
This is illustrated below in a series of simulated

500MHz 1HNMR spectra for two chemically

inequivalent protons which couple with JHH 7.5Hz:

In more complicated cases, additional lines appear as

the signals come closer together. As a result, the pair of

multiplets can no longer be described in terms of the pat-

terns expected from a Pascal’s triangle. Second order

effects are particularly noticeable when the chemical

shift difference, ��, between the signals for the coupled

nuclei is less than 4–5 times the coupling constant, J.

It is conventional to label protons with letters to

indicate whether the chemical shift difference between

the protons is large (first order spectrum) or small

(second order effects). Two well-separated nuclei are

labelled as protons A and X and we say that an ‘AX

pattern is observed’. This corresponds to the labelling

that we use in the main text for coupling between

protons that leads to first order spectra. If the chemical

shift difference between two coupling protons is small,

the labels A and B are used. Intermediate cases can be

given intermediate labels, e.g. A and M.

�� ¼ 150Hz

�� ¼ 75Hz

�� ¼ 25Hz
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Example 3: 2-iodopropane The 1HNMR spectrum of 2-iodopropane contains

a doublet at �þ1:9 ppm and a septet at �þ4:3 ppm.

There are two proton environments: a (six protons) and b (one proton).

Protons of type a couple with b and the signal for a is a doublet.

Proton b couples with the six equivalent nuclei a, and the signal for b is a

septet.

Thus, the signal at �þ1:9 ppm is assigned to the methyl groups and that at

�þ4:3 ppm is assigned to b.

Chemical and magnetic equivalence and inequivalence

In the above examples, proton sites have been taken to be magnetically

inequivalent on the basis of their chemical inequivalence. We now make

the distinction between nuclei which are chemically equivalent but magnetically

inequivalent.

Furan (14.11) contains two proton environments (a and b). The 1H NMR

spectrum of furan consists of two signals (as expected for two chemically

different 1H environments) but the signals (�þ6:6 and þ7.4 ppm) are both

multiplets rather than having simple coupling patterns. This can be

explained as follows.

Put yourself in the position of one of the protons of type a – you ‘see’ one

proton b attached to the adjacent carbon centre and you see another proton

b’ that you think is different from b. Although the two protons of type b

are chemically equivalent, they are (in the eyes of proton a) magnetically

inequivalent. There are two sets of couplings:

. between a and b to give a doublet

. between a and b’ to give a doublet

and the signal for a is a doublet of doublets.

Similarly, a proton of type b ‘thinks’ that a is different from a’ and so the

resonance for b is also a doublet of doublets (Figure 14.14).

Coupling between 13C nuclei

When we discussed 13C NMR spectra, we ignored the possibility of 13C–13C

coupling. Why was this? The answer lies in a consideration of the negligible

chance of this coupling occurring. Since the natural abundance of 13C is only

1.1%, it follows that the probability of having two 13C nuclei attached to one

another in a molecule is very low indeed. We are justified in ignoring JCC
unless a sample has been isotopically enriched with 13C.

(14.11)

Fig. 14.14 In furan (14.11),
proton a couples to b and b’ to
give a doublet of doublets.
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Coupling between 1H and 13C nuclei: heteronuclear coupling

Spin–spin coupling is not restricted to spins of like nuclei (e.g. 1H–1H). Any

non-equivalent nuclei that have I > 0 may interact with one another, and

to illustrate this we consider coupling between 1H and 13C nuclei. When

different nuclei couple, it is called heteronuclear coupling.

The argument as to why we do not observe 13C–13C coupling in a 13C

NMR spectrum also applies to 1H–13C coupling in a 1H NMR spectrum.

Consider acetone (14.12). The probability of a 1H NMR nucleus being

bonded to a 13C nucleus is very low. Therefore, in the 1H NMR spectrum,

we can ignore the possibility of JCH – the spectrum is a singlet

(�þ2:1 ppm). On the other hand, since the natural abundance of 1H is

�99.9%, it is approximately true that every 13C nucleus present in the

methyl groups of acetone is attached to 1H nuclei. In the 13C spectrum,
13C–1H coupling is observed for each methyl 13C as Figure 14.15 shows.

THEORY

Box 14.6 Satellite peaks in NMR spectra

We have seen that in a 1H NMR spectrum, coupling

between 13C and 1H nuclei can be ignored, but that in

the 13C NMR spectrum of the same sample, 13C–1H

coupling is observed. The difference followed from

the different natural abundances of the two nuclei.

Consider now the case of the 1H NMR spectrum of

SnMe4 which is shown in the simulated spectrum

below.

Tin possesses 10 isotopes. Two of these are NMR

active: 117Sn (I ¼ 1
2
, 7.6%) and 119Sn (I ¼ 1

2
, 8.6%). In

a sample of SnMe4 there is a statistical distribution of

the naturally occurring tin isotopes.

. 83.8% of the SnMe4 molecules possess Sn nuclei

with I ¼ 0.
. 7.6% of the SnMe4 molecules possess 117Sn nuclei.

. 8.6% of the SnMe4 molecules possess 119Sn nuclei.

This means that in the 1H NMR spectrum of SnMe4,

83.8% of the 1H nuclei give rise to a singlet (no

coupling to tin), while 7.6% of the protons couple to
117Sn (to give a doublet) and 8.6% couple to 119Sn

(also to give a doublet). The J119Sn1H and J117Sn1H

coupling constants are 54Hz and 52Hz respectively

and therefore the two doublets are separated from

one another. The doublets are called satellites.

Exercises In the spectrum below:

. Where is the singlet?

. Where are the two doublets?

. Where would you measure the values of J119Sn1H

and J117Sn1H?
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APPLICATIONS

Box 14.7 SNIF-NMR spectroscopy: monitoring the authenticity of wines

Quality control is crucial to the wine industry.

A technique called Site Specific Natural Isotope Frac-

tionation (or SNIF) NMR spectroscopy, first developed

in 1985 by Ge�rard Martin, is an important analytical

technique in the food industry for quality control of

wine. The basis for the method is to measure the ratio

of 2H : 1H nuclei in a particular site in a molecule by

use of 2H NMR spectroscopy (2H, I ¼ 1). Alcohol is

produced by the fermentation of sugars originating

from fruit, and in the case of wine, from grapes. Wine

contains less than �13% ethanol, and the analysis of

a wine involves the distillation of the ethanol followed

by recording its 2H NMR spectrum.

Now to the important point. A molecule of ethanol

contains a CH2 group and a CH3 group. In the fermen-

tation process, the hydrogen atoms in these two groups

specifically originate from water and sugars, respec-

tively. In nature, groups in an organic molecule such

as a sugar contain characteristic ratios of 2H : 1H

atoms depending upon the natural synthetic pathway

to the molecule. Variations in the 2H : 1H ratios origi-

nate from kinetic isotope effects (see Section 21.2) in

enzyme-catalysed biosynthetic steps. If the 2H : 1H

ratio in the CH3 group in an ethanol molecule can be

determined, then information can be gained as to

the origins of the sugars from which the wine was

made by comparison with data from authentic samples.

Similarly, the 2H : 1H ratio in the CH2 group in an

ethanol molecule reflects the 2H : 1H ratio in the

ground- or rainwater in the region in which the vines

were grown. Although small, there is sufficient variation

in the 2H : 1H ratios to authenticate the origins of the

sugars (and therefore the grapes) used in the

fermentation process. In order to understand why 2H

and not 1H NMR spectroscopy is used, it is important

to remember that naturally occurring hydrogen consists

of 99.985% 1H and 0.015% 2H. Thus, variation in the

deuterium content is more accurately determined than

the same variation in the proton content, i.e. a small vari-

ation in a small number is more accurately determined

than the same small variation in a large number.

The proton decoupled 2H NMR spectrum of a

sample of ethanol is shown in the figure below.

Naturally occurring deuterium nuclei can be present

in any of the six available sites in the ethanol molecule,

giving rise to three signals. Notice that all signals are

singlets, and this is because the probability of two or

more deuterium atoms being present in one molecule

is extremely low, so no 2H��2H spin��spin coupling is

observed. In order to be able to determine an absolute

(rather than relative) 2H : 1H ratio, the integrals of

the ‘CH2’ and ‘CH3’ signals are measured with respect

to a standard sample. The food industry uses tetra-

methylurea, (Me2N)2CO, containing a known amount

of deuterium label as its official reference compound.

The technique of SNIF–NMR spectroscopy was

initially introduced by the French Government to

permit wines to be checked for adulteration. It is now

the official quality control method of the European

Union and the Office International de la Vigne et du

Vin, and is applied not only to wine, but to fruit

juices, maple syrups and flavourings such as vanilla.

61MHz proton decoupled 2H NMR spectrum of ethanol with

a standard reference against which other signals are integrated.

[Based on a figure in: C. Deleanu in Encyclopedia of Analytical

Science (2005), Elsevier, Oxford, p. 303]
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Heteronuclear coupling can be suppressed in a spectrum by an

instrumental technique called heteronuclear decoupling and in the laboratory,

you may often encounter proton-decoupled 13C NMR spectra; this is written
13Cf1Hg. A comparison of Figures 14.5 and 14.15 shows the differences

between proton-decoupled and proton-coupled 13C NMR spectra of acetone.

Worked example 14.6 Interpretation of a 1H NMR spectrum

The 100 MHz
1
H NMR spectrum of 1-nitropropane (14.1314.13) is shown below.

(a) Assign the signals in the spectrum. (b) Can
1
H NMR spectroscopy

be used to distinguish between the isomers 1-nitropropane (14.1314.13) and 2-

nitropropane (14.1414.14)? (We introduced isomerism in Section 6.11; 1-nitropropane

and 2-nitropropane are examples of constitutional isomers. We discuss this

further in Chapter 24.)

(a) The 1H NMR spectrum contains two triplets and a sextet. Look at

structure 14.13 and count the number of proton environments: there are

three, labelled a, b and c below:

Protons a couple to two equivalent protons b giving a triplet. Protons c couple

to two equivalent protons b, giving a triplet. To assign the two triplets, use the

fact that signals for CH3 protons are usually at less positive � than signals

for CH2 protons (see Table 14.3). Therefore, the triplet at � 1.0ppm can be

assigned to protons a, and the triplet at � 4.4ppm to protons c.

(14.13)

(14.14)

(14.12)

Fig. 14.15 25MHz 13C NMR spectrum of acetone; for the quartet, JCH ¼ 172Hz. Using
the a and b labelling shown in structure 14.12, the quartet in the spectrum is assigned to
carbon atoms a, and the singlet to carbon atom b.
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Protons b couple to two equivalent protons c and to three equivalent

protons a. The spectrum shows a sextet, indicating that the values of

JHaHb
and JHbHc

are virtually the same. This can be confirmed by looking

at the two triplets from which values of JHaHb
and JHbHc

can be measured.

The sextet can unambiguously be assigned to protons b.

(b) Consider the structure of the second isomer, 2-nitropropane. There are

two proton environments:

1H NMR spectroscopy can therefore distinguish between the isomers, simply

on the basis of the number of signals. The spectrum of 1-nitropropane exhibits

three signals (two triplets and a sextet) while that of 2-nitropropane exhibits

two signals (a doublet for protons b and a septet for protons a).

(In the experimental spectrum of 14.14, the doublet appears at � 1.5 ppm

and the septet at � 4.7 ppm.)

SUMMARY

Chapter 14 gives an introduction to NMR spectroscopy, with an emphasis on nuclei with I¼ 1
2. The level of

theory has purposely been kept at a basic level, and the chapter has focused on the interpretation of 13C and
1H NMR spectra.

Do you know what the following terms mean?

. nuclear spin quantum
number, I

. magnetic spin quantum
number, mI

. nuclear spin states

. NMR active nucleus

. free induction decay, FID

. resonance frequency of
a nucleus

. 1H NMR spectrum

. 13C NMR spectrum

. chemical shift value

. chemical shift range

. signal intensity

. signal integral

. spin�spin coupling

. Pascal’s triangle

. coupling constant

. proton-decoupled 13C NMR
spectrum

You should be able:

. to list the properties of a nucleus that make it
suitable for NMR spectroscopy

. to discuss whether a high natural abundance
of an NMR active nucleus is essential for NMR
spectroscopy

. to discuss briefly why FT-NMR spectroscopy
made an impact on the development of this
technique

. to discuss briefly how an NMR signal arises

. to interpret 13C NMR spectra in terms of
different carbon environments in a molecule

. to understand why a deuterated solvent is
usually used in 1H NMR spectroscopy

. to explain the origin of a simple coupling
pattern

. to interpret 1H NMR spectra in terms of different
proton environments and simple spin�spin
couplings

. to exemplify how nuclei may be chemically
equivalent but magnetically inequivalent
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PROBLEMS

14.1 Using the data in Table 14.1, determine the

resonance frequency of 31P nuclei on a 400MHz

spectrometer, and the resonance frequency of 13C

nuclei on a 250MHz instrument.

14.2 The 13C NMR spectrum of acetic acid (14.15) has

signals at � 20:6 and 178.1 ppm. Assign the

spectrum.

(14.15) (14.16)

14.3 The 13C NMR spectrum of 2-methylpropan-2-ol

(14.16) has signals at � 31:2 and 68.9 ppm. Suggest

assignments for these signals. What other feature

of the spectrum would confirm the assignments?

14.4 The 13C NMR spectrum of 14.17 possesses signals

of approximately equal intensities at � 20:5, 52.0,
80.8 and 170.0 ppm. Suggest assignments for the

spectrum.

(14.17)

14.5 Compounds 14.18 and 14.19 are isomers of butyne.

The 13C NMR spectra of the two isomers are

shown in Figure 14.16. (a) Which spectrum belongs

to which compound? (b) Assign the signals.

(14.18) (14.19)

14.6 Compounds 14.20 and 14.21 both have the

molecular formula C4H10O and are isomers.

(14.20) (14.21)

Peaks in the 13C and 1H NMR spectra of these

compounds are listed below. Assign the spectra to

the correct compounds, and assign the peaks in the

spectra.

Isomer I: 13C NMR: � 69.1, 31.2 ppm; 1H NMR

� 1.26 (singlet), 2.01 ppm (singlet).

Isomer II: 13C NMR: � 66.0, 15.4 ppm; 1H NMR

� 1.14 (triplet), 3.37 ppm (quartet).

14.7 (a) What is the hybridization of each C atom in

N�CCH2CH2CH2CH2C�N? (b) The 13C NMR

spectrum of this compound exhibits signals at

� 119.3, 24.3 and 16.4 ppm. Which signals can you

unambiguously assign?

14.8 The 13C NMR spectrum of compound 14.22 shows

signals at � 8.4, 28.7 and 170.3 ppm. Assign the

spectrum.

(14.22)

14.9 Predict the relative intensities and the coupling

patterns of the signals in the 1H NMR spectrum of

2-methylpropane (14.23).

(14.23)

Fig. 14.16 The 13C NMR spectra of the two isomers of butyne.

476 CHAPTER 14 . NMR spectroscopy



 

14.10 Assign each of the following 1H NMR spectra.

What are the expected relative integrals of the

signals?

Compound Resonances,

�/ppm

(a)
1.3 (doublet),

2.7 (septet)

(b)
1.1 (triplet),

2.2 (quartet),

6.4 (very broad)

(c)
1.1 (triplet),

2.1 (singlet),

2.5 (quartet)

(d)
1.3 (triplet),

3.7 (quartet),

4.1 (singlet),

10.9 (broadened)

(e) 2.5 (doublet),

5.9 (quartet)

(f ) 2.2 (quintet),

3.7 (triplet)

14.11 The 1H NMR spectrum of acetaldehyde (14.24)

consists of signals at � 2.21 and 9.79 ppm.

(a) Assign the spectrum. (b) The inequivalent

protons couple (J 2.9Hz). What will be the

multiplicities of the signals?

(14.24)

14.12 Look back at structures 14.18 and 14.19 (problem

14.5). How would 1H NMR spectroscopy allow

you to distinguish between these isomers?

14.13 What would you expect to observe in the 1H NMR

spectrum of compound 14.25?

(14.25)

14.14 The 1H NMR spectrum of bromoethane,

CH3CH2Br; consists of signals at � 1.7 and

3.4 ppm. Assign the signals and predict their

coupling patterns.

14.15 What would you expect to observe in the 1H NMR

spectrum of triethylamine (14.26)?

(14.26)

14.16 Why does the 1H NMR spectrum of

CH2ClCF2Cl appear as a triplet? [Hint: Look at

Table 14.1]

14.17 What would you expect to observe in the 1H NMR

spectra of the following compounds?

ADDITIONAL PROBLEMS

14.18 The 13C NMR spectrum of compound 14.27 shows

two quartets at � 115 and 163 ppm, with coupling

constants of 284Hz and 44Hz respectively.

Rationalize this observation.

(14.27)

14.19 Two branched-chain alkanes, A and B, have the

molecular formula C7H16 and are isomers (see

Section 24.6). Spectroscopic data for the

compounds are as follows:
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A: 1H NMR � 1.38 (1H, septet, J 6.9Hz), 0.84 (9H,

singlet), 0.83 (6H, doublet, J 6.9Hz) ppm; 13C{1H}

NMR � 37.7, 32.7, 27.1, 17.9 ppm.

B: 1H NMR � 1.62 (2H, multiplet, J 7.2, 6.6Hz),

1.03 (2H, doublet, J 7.2Hz), 0.85 (12H, doublet,

J 6.6Hz) ppm; 13C{1H} NMR � 48.9, 25.6,
22.9 ppm.

Suggest possible structures for A and B, and assign

the spectra.

14.20 (a) Use VSEPR theory to predict the structure

of PF5. How many F environments are there?

(b) The 31P NMR spectrum of PF5 at 298K

consists of a binomial sextet. Explain how this

arises. (c) Predict what is observed in the 19F

NMR spectrum of PF5 at 298K. (d) Draw the

structure of [PF6]
�, using VSEPR theory to

help you. (e) Predict the nature of the 31P and
19F NMR spectra of a solution of ½NH4�½PF6�.
[Hint: Use Table 14.1]

CHEMISTRY IN DAILY USE

14.21 NMR spectroscopy is routinely used in

collaboration with other techniques in forensic

science, for example, for the identification of illicit

drugs. Libraries of 1H and 13C NMR spectra of

authentic samples are available. Bearing in mind

that accurate identification of a chemical in a

forensic investigation is essential, comment on the

following statements.

(a) When a solution 1H NMR spectrum of a sample

is compared with a database reference solution

spectrum, the solvent used in both cases must be

the same.

(b) Given a choice of analysing the 1H, 13C or
13C{1H} NMR spectrum of a drug sample, an

investigator may find it useful to consider the
13C{1H} NMR spectrum first.

14.22 So-called poloxamers are block copolymers

manufactured for use as non-ionic surfactants,

e.g. Pluronic1 polymers produced by BASF.

Poloxamers possess the general structure:

For example, when a ¼ 80 and b ¼ 27, the block

copolymer is called poloxamer 188. Poloxamers are

used in the cosmetic and pharmacuetical industries.

They are able to form micelles (see Figure 35.13)

and have the potential to be used for drug delivery.

Ethanal and propanal are two common impurities

in poloxamers, and the level of impurities must be

screened during the manufacturing process, e.g. by
1H NMR spectroscopy.

(a) In the 1H NMR spectrum of a D2O solution of

poloxamer 188, convenient signals used to

determine the amounts of ethanal and propanal

are a singlet at � 2.22 ppm and a triplet at

� 0.89 ppm. Assign these signals to the relevant

protons in the two compounds, giving reasons

for your answer.

(b) During the analysis of a sample of poloxamer

188, the integrals of the signals at � 2.22 and

0.89 ppm are recorded with respect to that of a

signal at � 1.2 ppm. Suggest an assignment for

this latter signal.

(c) Calibration curves for the analytical experiments

were prepared using the following data. The

‘relative integral’ is defined as in part (b) above.

What is the relationship between the

concentration of each impurity and the relative

integral? Are analogous relationships always

valid in NMR spectroscopic experiments?

Give an explanation for your answer.

Ethanal

Concentration / mg g�1 105 110 175 240 345

Relative integral / 10�4 1.10 1.30 2.25 3.05 4.50

Propanal

Concentration / mg g�1 105 110 175 240 345

Relative integral / 10�4 2.20 2.55 3.75 4.75 6.90

[Data: J. Forshed et al. (2005) Anal. Chim. Acta, vol. 552, p. 160.]
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15
Reaction kinetics

15.1 Introduction

Information about the mechanism of a reaction comes, in part, from a study

of the rate of the reaction. Such information is concerned with the reaction

kinetics, and in this chapter we shall discuss this topic in detail. In this

introductory section we summarize some basic facts about reaction rates.

Throughout this chapter, we make significant use of graphical data. You

may wish to refer to the section entitled ‘Plotting and interpreting graphs’

in the accompanying Mathematics Tutor which is available via the website

www.pearsoned.co.uk/housecroft. The Mathematics Tutor also reviews the

calculus that is needed to handle some of the rate equations in this chapter.

Thermodynamics and kinetics

In discussions of the thermodynamics of a reaction, we can talk about

various energy terms (see Chapter 17) but for now we restrict our

discussion to the enthalpy.

The fact that a reaction is thermodynamically favourable does notmean that

it necessarily takes place quickly. For example, the reaction of an alkane with

O2 is exothermic. Equation 15.1 shows the combustion of pentane. This

reaction is not spontaneous – an initiation such as a spark or flame is

required.Mixtures of alkanes and O2 may be kept unchanged for long periods.

C5H12ðlÞ þ 8O2ðgÞ ��" 5CO2ðgÞ þ 6H2OðlÞ ð15:1Þ

�rH ¼ �3509 kJ per mole of C5H12

Many other reactions which do actually proceed (for example the dissolution

of ammonium nitrate in water) are endothermic. Clearly the enthalpy change

is not the ultimate arbiter of the spontaneity of a chemical reaction and we

Topics

How fast is a reaction?

Kinetics versus

thermodynamics

Measuring rate

Order of a reaction

Rate equations

Rate constants

Boltzmann distribution

Arrhenius equation

Catalysts

Reversible reactions

Molecularity

Steady-state

approximation

Chain reactions

Michaelis–Menten

kinetics

Changes in enthalpy:
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will see in Chapter 17 that a new energy term, the change in Gibbs energy

�G, is an important factor. However, the fact remains that a knowledge of

the thermodynamic changes in a reaction gives no knowledge per se about

the rate of the conversion of starting materials to products.

If we consider a reaction such as:

Aþ B��"CþD

then, in order for compounds A and B to react with one another to give

C and D, bonds may be broken or formed. The precise sequence of events

is described as a reaction pathway. There are many possible pathways by

which A and B could react to give C and D, and each of these has a

characteristic energy barrier called the activation energy, Ea. There is a

direct relationship between Ea and the rate of a reaction. Reactions usually

proceed by the pathway with the lowest activation barrier.

In a reaction with a single step, there is one associated activation energy.

However, a reaction may involve several steps, each with a characteristic value

of Ea. The reaction profile in Figure 15.1 describes the reaction between A and

B to give C and D by a reaction pathway consisting of two steps. The

activation energy for the first step isEa(1). After this first stage, an intermediate

species is formed which can then undergo further reaction, with an activation

energy Ea(2), to form C and D. Each of the energy maxima represents

the energy of a transition state. In Figure 15.1, {TS(1)}‡ is the transition

state during the first step of the reaction, and {TS(2)}‡ is the transition

state associated with the second step. The braces (‘curly brackets’) with

the superscript ‘double-dagger’, ‡, are used to indicate a transition state. The

distinction between an intermediate and a transition state is important.

Figure 15.1 shows the first step in the reaction has the higher activation

energy: Eað1Þ > Eað2Þ. However, in a reaction pathway with a series of

steps, it is not necessarily the first step that has the highest activation energy.

The larger the value of Ea, the more difficult it is for the reaction to proceed

and, in proceeding along a reaction profile, any step with a high activation

The activation energy, Ea, of

a reaction is the energy in

excess of that possessed by

the ground state that is

required for the reaction to

proceed.

A transition state occurs at

an energy maximum, and

cannot be isolated.

An intermediate occurs at a

local energy minimum, and

can be detected (e.g.

spectroscopically) and,

perhaps, isolated.

Fig. 15.1 Profile for the two-step
reaction of A with B, to give C
and D. The first and second
transition states are labelled
{TS(1)}‡ and {TS(2)}‡

respectively. The overall enthalpy
change during the reaction is
�rH.
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energy slows the reaction down.We discuss this again in Section 15.7. The step

with the highest Ea is called the slow or rate-determining step (RDS).

Figure 15.2 illustrates reaction profiles for two three-step reactions. In the

first profile (Figure 15.2a), step 1 has the highest Ea and is the rate-

determining step. In Figure 15.2b, it is the second step that determines

how fast the reaction proceeds.

What does ‘rate of a reaction’ mean?

The progress of a reaction can be monitored in terms of the appearance of a

product or the disappearance of a reactant as a function of time as shown in

Figure 15.3 for reactions of two different stoichiometries.

The change in concentration of a reactant or product (in mol dm�3) with
respect to time (in s) is a measure of the rate of a reaction, and this gives

units of rate as mol dm�3 s�1.
Consider two different reactions (both of the general form given in

equation 15.2) involving a reactant A. The rate at which A disappears

depends on the reaction concerned and the precise reaction conditions.

A��" products ð15:2Þ

Figure 15.4a describes a reaction in which the concentration of A decreases

linearly during the reaction. The rate at which A disappears is equal to the

gradient of the graph, and is constant over the course of the reaction,

i.e. it does not depend upon the concentration of A.

The change in concen-

tration of a reactant or

product with respect to time

is a measure of the rate of a

reaction. The units of rate

are often mol dm�3 s�1,
although other units of time

may be used.

Fig. 15.2 Schematic representations of reaction profiles for two three-step reactions. In (a), step 1 is the rate-determining step
(slow) because it has the highest Ea; steps 2 and 3 are relatively fast. In (b), step 2 is the slow step.

Fig. 15.3 (a) In a reaction of the type A��" B (i.e. one mole of A is converted into one mole of B), the rate of disappearance of
A should mirror the rate of appearance of B. (b) In a reaction of type 2A��" B, the maximum amount of B formed is half the
initial amount of A.
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Figure 15.4b refers to a reaction in which the concentration of A decreases

quickly at the beginning of the reaction but then decreases more slowly as

time progresses. Here, the rate of reaction changes with time. At time t1,

the rate is found by drawing a tangent to the curve at the point X(t1) and
finding the gradient of the tangent. At a time t2, the rate is determined by

drawing a second tangent to the curve at a second point, X(t2), as shown

in Figure 15.5. In this example, the rate of reaction at t2 is less than that at

t1, i.e. the reaction rate decreases as the reaction proceeds.

Factors that affect the rate of a reaction

Some of the factors that influence the rate of a reaction are:

. concentration;

. pressure (particularly for reactions involving gases);

Problem 15.1 asks you to
determine rates of reaction

from Figure 15.4

"

Fig. 15.4 A plot of the decrease in the concentration of a reactant A against time may be (a) linear or (b) non-linear. The rate of
the disappearance of A is constant in graph (a); the rate is equal to the gradient of the line. In graph (b), the rate varies with time,
and is found at various times by drawing tangents to the curve and measuring their gradients; rate at t1 > rate at t2.

Fig. 15.5 When a plot of
concentration, c, against time, t,
is a curve, the rate of reaction at
a particular point can be found
by drawing a tangent to the
curve at the point and
measuring the gradient of this
line. For the tangent drawn in
the figure, the gradient is
(c1 � c2)/(t1 � t2). This gives a
negative gradient (see equation
15.10 and discussion).
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. temperature;
. surface area (for reactions involving solids).

Figure 15.6a shows the carbon dioxide evolution from two reaction vessels in

which calcium carbonate reacts with dilute hydrochloric acid (equation 15.3).

CaCO3ðsÞ þ 2HClðaqÞ ��"CaCl2ðaqÞ þH2OðlÞ þ CO2ðgÞ ð15:3Þ

The rate at which CO2 is produced is a measure of the rate of the reaction. The

two reactions proceed at different rates; that represented by plot I proceeds

approximately twice as fast as that shown in plot II. Clearly, the conditions

in the two reaction vessels are different. The rate may be influenced by the

concentration of hydrochloric acid (Figure 15.6b), the surface area of the

calcium carbonate (e.g. powder instead of granules) or the temperature.

How do you choose an experimental method for
monitoring a reaction?

When choosing a method to follow a reaction, you must look for features

that give rise to a measurable change between starting materials and

products. It is most convenient to use a non-intrusive method so that the

reaction itself is not perturbed. Conventional spectroscopic methods or

some other physical property of the reaction solution such as its refractive

index, viscosity or volume may be used. Some reactions proceed too quickly

to be followed by simple spectroscopic methods.

We are not concerned here with details of particular methods, but in the

reactions described in this chapter, we exemplify some possible experimental

techniques. Equation 15.3 showed an example of a reaction monitored by

the evolution of a gas. In Figure 11.7, a reaction with a change in colour

was illustrated.

15.2 Rate equations: the dependence of rate on concentration

Rate expressed as a differential equation

Throughout this section, we shall be concerned with the general reaction:

A��" products

The concentration of A at a given time, t, is written as [A] or [A]t. The initial

concentration (at t ¼ 0) is denoted as [A]0. The rate of reaction can be

expressed in terms of the rate of disappearance of A with time, and is

Fig. 15.6 The rate of reaction
between solid CaCO3 and
aqueous HCl may be followed by
measuring the volume of CO2

evolved. (a) Two reactions, I and
II, are carried out under different
conditions. The rate of reaction
I is approximately twice that of
reaction II. (b) One factor that
influences the rate of the reaction
is the concentration of the acid.
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written mathematically as the negative differential coefficent (derivative) of [A]

with respect to time, t (equation 15.4). The negative sign is needed to show

that A is disappearing.

Rate of reaction ¼ � d½A�
dt

ð15:4Þ

It is sometimes more convenient experimentally to follow the appearance of a

product than the disappearance of a reactant. In a reaction:

A��"Bþ C

the rate of appearance of B is written as the positive differential of [B] with

respect to time (equation 15.5). The positive sign shows that B is appearing.

Rate of reaction ¼ þ d½B�
dt

ð15:5Þ

For this particular reaction, the rate at which B and C appear must equal the

rate at which A disappears. In addition, the rates at which B and C appear

must be the same. It follows that the rate of reaction:

A��"Bþ C

can be expressed by three different differentials as in equation 15.6.

Rate of reaction ¼ � d½A�
dt
¼ þ d½B�

dt
¼ þ d½C�

dt
ð15:6Þ

The general rate equation

The concentration of A is at a maximum at the beginning of a reaction and

decreases during the reaction. Equation 15.7 gives a general expression in

which the rate of the reaction depends on the concentration of A.

Rate of reaction ¼ � d½A�
dt
/ ½A�n ð15:7Þ

The power n in equation 15.7 is called the order of the reaction with respect to

A and may be zero or have an integral or fractional value. The order shows

the exact dependence of the rate on [A], but in this chapter we are primarily

concerned with values of n of 0, 1 or 2.

Equation 15.7 is often written in the form shown in equation 15.8 where k

is the rate constant for the reaction. The units of the rate constant vary with

the order of the reaction as discussed below. Whereas the rate of a reaction

depends upon the concentration of the reactants, the rate constant is

independent of concentration. It is important that you distinguish between

these two terms. For a given concentration, the larger the value of k, the

faster the reaction proceeds.

Rate of reaction ¼ � d½A�
dt
¼ k½A�n ð15:8Þ

The general rate equation for a reaction A ��" products is:

Rate of reaction ¼ � d½A�
dt
¼ k½A�n

where [A] is the concentration of A at time t, k is the rate constant and n is the

order of the reaction with respect to A.

More about differential
equations in the

Mathematics Tutor
which can be accessed

via the website
www.pearsoned.co.uk/

housecroft

"
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Zero order with respect to A

The graph in Figure 15.7 corresponds to a reaction in which the rate does not

depend upon the concentration of A. That is, the power n in equation 15.8 is

zero. A number raised to the power zero is equal to unity, and so ½A�0 ¼ 1.

Thus, the rate of reaction is equal to a constant k (equation 15.9).

Rate of reaction ¼ � d½A�
dt
¼ k½A�0 ¼ k ð15:9Þ

This reaction is zero (or zeroth) order with respect to A. In this case, the units

of the rate constant are the same as those of rate: mol dm�3 s�1. The rate of
the reaction does not vary with time. In Figure 15.7, the rate of reaction can

be found by measuring the gradient of the line: from the graph, during the

time interval from t1 to t2, the concentration of A has fallen from [A]1 to

[A]2. The gradient of the line is determined as shown in equation 15.10.

Gradient of line¼ ½A�1 � ½A�2
t1 � t2

¼ 0:02

�60

¼�3:33� 10�4 moldm�3 s�1 ð15:10Þ
¼ �3� 10�4 moldm�3 s�1 ðto 1 sig: fig:Þ

The gradient is negative because we are looking at the disappearance of

reactant A. However, we express the rate of disappearance of A as

3� 10�4 mol dm�3 s�1.

When a reaction is zero order with respect to a reactant A, the rate does not

depend upon the concentration of A and the rate equation is:

Rate of reaction ¼ � d½A�
dt
¼ k

The units of k are mol dm�3 s�1.

First order with respect to A

If the rate of a reaction is directly proportional to the concentration of

reactant A, then the reaction is first order with respect to A. The rate

equation is given in equation 15.11.

Rate of reaction ¼ � d½A�
dt
¼ k½A� ð15:11Þ

This means that as [A] decreases during the reaction, the rate of reaction also

decreases. A plot of [A] against time is therefore non-linear, as in Figure 15.8.

The rate constant in equation 15.11 has units of s�1 (or min�1, h�1, etc.).

When a reaction is first order with respect to a reactant A, the rate depends

upon the concentration of A according to the rate equation:

Rate of reaction ¼ � d½A�
dt
¼ k½A�

The units of k are s�1 (or min�1, h�1, etc.).
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Second order with respect to A

If the rate of reaction depends upon the square of the concentration of A,

then the reaction is second order with respect to A. The corresponding rate

law is given in equation 15.12:

Rate of reaction ¼ � d½A�
dt
¼ k½A�2 ð15:12Þ

Once again, a plot of [A] against time is non-linear, but is not an exponential

curve.

The units of the rate constant in equation 15.12 are often dm3 mol�1 s�1,
but other units of time may be used.

When a reaction is second orderwith respect to a reactant A, the rate equation is:

Rate of reaction ¼ � d½A�
dt
¼ k½A�2

The units of k are often dm3 mol�1 s�1.

15.3 Does a reaction show a zero, first or second order
dependence on A?

Once again in this section, we refer to the general reaction 15.13.

A��" products ð15:13Þ

Graphical methods

If a plot of [A] against time is linear, we may conclude that there is a

zero order dependence upon A. On the other hand, if such a plot is

non-linear (as in Figure 15.4b), we cannot immediately deduce the exact

order (other than saying it is non-zero). If we impose a restriction that the

order is likely to be first or second, how can we distinguish between them?

Fig. 15.7 In a zero order reaction, a plot of [A] against
time is linear, and the rate of reaction is constant. See
equations 15.9 and 15.10.

Fig. 15.8 In a first order reaction, a plot of [A] against
time is an exponential curve; the rate of reaction decreases
with time. See equation 15.11.
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There are several ways of processing experimental results, and one

method is summarized in the flow diagram in Figure 15.9. The choices of

the graphs to be plotted follow from the rate equations 15.11 and 15.12.

The rate of reaction at a given time can be determined from a graph of [A]

against time and can be found from the gradient of a tangent drawn to the

curve.

Worked example 15.1 Thermal decomposition of benzoyl peroxide

Above 373K, benzoyl peroxide decomposes. Benzoyl peroxide has a strong

absorption in its IR spectrum at 1787 cm
�1

and the disappearance of this

band gives a measure (using the Beer–Lambert Law) of the concentration of

the peroxide. Use the data given (which were recorded at 380K) to determine

the rate equation for the decomposition of benzoyl peroxide.

Time/min 0 15 30 45 60 75 90 120 150 180

[Benzoyl peroxide]

�102/mol dm
�3

2.00 1.40 1.00 0.70 0.50 0.36 0.25 0.13 0.06 0.03

[Data from: M. D. Mosher et al. (1991), J. Chem. Educ., vol. 68, p. 510.]

The initial concentration of the benzoyl peroxide was 2:00� 10�2 mol dm�3.
(Notice how this information is stated in the table.)

Fig. 15.9 This flowchart
summarizes how to use graphical
methods to determine whether a
reaction of the type:

A��" products

is zero, first or second order with
respect to A. It is important that
the reaction is followed for a
sufficiently long period of time to
ensure that the correct plots are
obtained.
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First plot the concentration of benzoyl peroxide as a function of time:

As the graph is non-linear, the decomposition is not zero order, but it may

be first or second order with respect to benzoyl peroxide. One method of

distinguishing between these possibilities is to see if a plot of rate against

[A] is linear.

Next, determine the rate of the decomposition at several points. Five

points are sufficient, but they should be representative of the data as a

whole, and should not be taken from one portion of the curve. The

rate of reaction at time t is found by drawing a tangent to the curve at

time t. The tangents have negative gradients because we have plotted the

variation in [benzoyl peroxide]. Since the peroxide is decomposing

during the reaction, the negative gradient corresponds to a positive rate

of reaction.

Tabulate the new data; you should use the graph above to confirm the

values of the rates stated in the table below.

[Benzoyl peroxide]� 102 /mol dm�3 2.00 1.40 1.00 0.50 0.13

Rate of reaction� 104 /mol dm�3 min�1 4.44 3.27 2.23 1.17 0.25

Now plot the reaction rate against the concentration of the peroxide:
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The straight line means that the reaction is first order with respect to

benzoyl peroxide and we can write down the rate equation as:

Rate of reaction ¼ � d½Benzoyl peroxide�
dt

¼ k½Benzoyl peroxide�

The rate constant k can be found from the second graph and equals the

gradient of the straight line, 2:25� 10�2 min�1, or 3:75� 10�4 s�1.
Drawing tangents to a curve is not an accurate method of obtaining

your answer, and you will find an alternative method for solving worked

example 15.1 later in the chapter.

Initial rates method

In the initial rates method, the rate of reaction is measured at a time as close

as possible to the point of mixing the reagents. The experiment is repeated

several times using different concentrations of reactant. From these data,

the dependence of the rate on the initial concentration of a reactant can be

determined. Consider a reaction of the general type:

A��" products

The rate of the reaction is given by equation 15.14.

Rate of reaction ¼ k½A�n ð15:14Þ

Case 1: n ¼ 0 For a zero order reaction, a plot of [A] against time is linear, and the

gradient of this line gives the rate constant, k, as in Figure 15.7. It is not

necessary to run more than one experiment since both the order and rate

constant can be found from one set of experimental data.

Case 2: n ¼ 1 or 2 If a reaction is first or second order with respect to A, a plot of [A] against

time is a curve. By using different initial concentrations of A, [A]0, different

curves are obtained (Figure 15.10a). The initial rate of each experiment

(i.e. the rate of the reaction at t ¼ 0) is found by measuring the gradient of

a tangent drawn to each curve at t ¼ 0. Figure 15.10b shows this for one of

the curves from Figure 15.10a. By comparing the values of the gradients,

we can see whether, for example, the rate doubles when the concentration

of A is doubled. This particular result would show that the rate depended

directly on [A] and that the reaction was first order with respect to A

(equation 15.15). As an exercise, draw tangents to the three curves in

Figure 15.10a and show that the reaction is first order with respect to A.

Rate of reaction ¼ k½A� i.e. Rate / ½A� ð15:15Þ

More generally, the data are treated as follows. By taking logarithms of the

left- and right-hand sides of equation 15.14, we can write equation 15.16.

Now compare this equation with the general equation for a straight line

(equation 15.17).

logðRateÞ ¼ logðk½A�nÞ ¼ log kþ n log½A� ð15:16Þ
y ¼ mxþ c ð15:17Þ
where m ¼ gradient

c ¼ value of y when x ¼ 0

Using the initial rate values from a series of experiments such as those in

Figure 15.10a, a graph of log(Rate) against log[A]0 is plotted. This is shown

1 min�1 ¼ 1

60
s�1

For practice working with
logarithms, look at Section 4

of the Mathematics Tutor,
accessed via the website

www.pearsoned.co.uk/
housecroft

"

"
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 in Figure 15.10c for the data from Figure 15.10a. The order of the reaction

with respect to A is found directly from the gradient of the line, and log k is

found from the intercept on the log(Rate) axis (i.e. the value of log(Rate)

when log[A]0 ¼ 0). As in Figure 15.10c, it may not be possible to obtain

this value without extrapolating the line. The data from Figure 15.10c give

values of n ¼ 1 and log k ¼ �1:2. Therefore, k ¼ 0:063min�1. The units of

k follow from the fact that the original values of time were given in units

of min. As an exercise, you should verify these numbers using the data in

the figure.

An advantage of the initial rates method is that the reaction need only be

followed for a short period, and not until completion. The disadvantage of

the method is that measuring the gradient of a tangent drawn to a curve

(Figure 15.10b) is not an accurate means of determining a rate of reaction.

Half-life method

The time taken for the concentration of reactant A to fall from [A]t to [A]t/2

(where [A]t is the concentration of reactant A at a specific time t) is called the

half-life of the reaction.

Fig. 15.10 Initial rates method. (a) For the reaction A��" products, the variation in [A] with time, t, is measured for at least
three different values of [A]0. (b) The gradient of a tangent drawn to the curve at t ¼ 0 gives the initial rate of reaction. (c) A plot
of the values of log [A]0 against log(Rate) gives the order of the reaction (from the gradient) and the rate constant (from the
intercept, see text).
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For a first order dependence, half-lives measured for the steps:

½A�t ��"
½A�t
2
;
½A�t
2
��" ½A�t

4
;
½A�t
4
��" ½A�t

8
;
½A�t
8
��" ½A�t

16
; etc:

will be constant. This is not true for a reaction which is second order with

respect to A. We return to half-lives in Sections 15.5 and 15.6.

Worked example 15.2 The decay of a photogenerated species

The blue mercury(II) complex I shown on the left is formed by irradiating

a related mercury(II) compound, but once formed, this photogenerated

species converts back to the original compound. The disappearance of I

(�max ¼ 605 nm, " ¼ 27 000 dm
3
mol

�1
cm
�1
) can be followed by UV–VIS

spectroscopy, and the concentration of I at time t can be found using the

Beer–Lambert Law. Use the following table of data to deduce the order of

the reaction with respect to I.

Time/min 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

10
5
[I] / mol dm

�3
1.447 1.061 0.826 0.612 0.449 0.336 0.249 0.200 0.139 0.106 0.083

[Data from: R. L. Petersen et al. (1985) J. Chem. Educ., vol. 62, p. 802.]

The rate equation for the decay of I has the general form:

� d½I�
dt
¼ k½I�n

First, plot [I] against time:

The curve shows that the reaction is not zero order with respect to

compound I.

There are various ways to proceed, and one is to measure several

half-lives.

The initial concentration ½I�0 ¼ 1:447� 10�5 mol dm�3.
From the graph, the first half-life is the time for the concentration to fall

from ½I�0 to
½I�0
2
¼ 1:2min.

The second half-life is the time to go from
½I�0
2

to
½I�0
4
¼ 2:35� 1:2min ¼

1:15min.

The half-life of a reaction is

the time taken for the

concentration of reactant A

at time t, [A]t, to fall to half

of its value,
½A�t
2

.
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The third half-life is the time to go from
½I�0
4

to
½I�0
8
¼ 3:55� 2:35min ¼

1:2min.

The three half-lives are equal within experimental error and the reaction

is therefore first order with respect to compound I.

15.4 Rate equations for reactions with more than one reactant

The simple reaction of A that we have used so far is not common in real

chemical situations. More often there are two or more reactants and the

rate of reaction may depend on the concentration of more than one

species. We now consider the implications of this for the rate equation.

The general rate equation and orders

Consider the reaction in equation 15.18.

Aþ B��" products ð15:18Þ

The rate of this reaction may depend upon:

. [A] only; or

. [B] only; or

. both [A] and [B]; or

. neither [A] nor [B]; or

. [A] and/or [B] and some other species.

The rate of the reaction can be measured by monitoring the disappearance

of A or B, or the appearance of the products. Since A and B react in a 1 : 1

ratio in reaction 15.18, they will be used up at the same rate as each other.

A general rate equation for this situation is written in equation 15.19.

Rate of reaction ¼ � d½A�
dt
¼ � d½B�

dt
¼ k½A�n½B�m ð15:19Þ

The reaction is nth order with respect to A, and mth order with respect to B,

and the overall order of the reaction is ðmþ nÞ. Compare this with the case of

reaction 15.13 where the overall order and the order with respect to A must

be identical. The rate constant k refers to the overall rate of the reaction. For

example, the rate equation for the hydrolysis of sucrose (reaction 15.20 and

Figure 15.11) is given in equation 15.21. The reaction is first order with

respect to sucrose and first order with respect to water, and is second order

overall.

C12H22O11

Sucrose

þH2O��"C6H12O6

Glucose

þ C6H12O6

Fructose

ð15:20Þ

Rate of reaction ¼ k½C12H22O11�½H2O� ð15:21Þ

The rate of reaction can be written in terms of the disappearance of any

reactant or appearance of any product, and relationships between the

corresponding differentials follow from the stoichiometry of the reaction.

For example, consider reaction 15.22.

2Aþ B��" 3C ð15:22Þ
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The rate of reaction can be written in terms of the disappearance of A or B, or

the appearance of C and is given by equation 15.23.

Rate of reaction ¼ � d½B�
dt
¼ � 1

2

�
d½A�
dt

�
¼ þ 1

3

�
d½C�
dt

�
ð15:23Þ

However, it is important to remember that the stoichiometric equation for a

reaction tells you nothing about the rate equation. In reaction 15.20, both of

the reactants do occur in the rate equation, but this is not always the case.

For example, reaction 15.24 exhibits a rate equation that does not follow

from the stoichiometry (equation 15.25).

½MnO4�� þ 8Hþ þ 5Fe2þ ��"Mn2þ þ 4H2Oþ 5Fe3þ ð15:24Þ

Rate of reaction 6¼ k½MnO4
��½Hþ�8½Fe2þ�5 ð15:25Þ

The problem of investigating the rate when there is more
than one reactant

In a system that has more than one reactant, the concentrations of all the

reactants decrease with time. In order to deduce the rate equation, we should

separately observe the effect that each reactant has on the rate of the

reaction. This can be achieved by using the isolation method in which all but

one of the reactants are present in vast excess so that as the reaction

proceeds, there is no effective change in the concentration of these components.

Consider the following reaction of A with B:

Aþ B��" products

See the discussion of
molecularity in Section 15.10

"

Fig. 15.11 The structures of sucrose, glucose and fructose. The structures of these sugars have been determined by X-ray
diffraction methods [sucrose: M. Bolte et al. (2001) private communication to the Cambridge Crystallographic Data

Centre; a-D-glucose: A. Mostad (1994) Acta Chem. Scand., vol. 48, p. 276; b-D-fructose: J. A. Kanters et al. (1977) Acta
Crystallogr., Sect. B, vol. 33, p. 665]. Colour code: C, grey; O, red; H, white.
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Let there be 1� 10�4 moles of A and 1� 10�2 moles of B present initially in

10 cm3 of solution. When half of the initial amount of A has reacted,

9:95� 10�3 moles of B remain unused. Thus the concentration of B has

hardly changed, whereas the concentration of A has fallen significantly.

(As an exercise, determine the concentration of A and B at the beginning

of the reaction and at the point when half of A has reacted. What is the

percentage change in each of the two concentrations?) Any effect on the

observed rate will be mainly due to changes in the concentration of A. In

order to find out how the rate depends upon [B], the reaction must be

repeated either with A in vast excess, or with different concentrations of B

(always in a large excess) as will be shown in worked example 15.3.

Consider an example in which the overall rate equation for the reaction

between A and B is given in equation 15.26. If B is in vast excess, then [B]

is assumed to be a constant (known) value, and the rate equation takes the

form shown in equation 15.27.

Rate of reaction ¼ � d½A�
dt
¼ k½A�½B� ð15:26Þ

Rate of reaction ¼ � d½A�
dt
¼ k’½A� where k’ ¼ k½B� ð15:27Þ

The reaction is said to show pseudo-first order kinetics. It is first order with

respect to A, and the condition of a constant concentration of B leads to

the reaction appearing to be first order overall.

15.5 Integrated rate equations

So far we have dealt with rates of reaction in terms of a differential equation,

and Figure 15.9 illustrated a graphical strategy for determining simple rate

equations. However, determining rates by drawing tangents to curves is

not an accurate method.

The experimental data are often in the form of readings of [A] at various

times, t, and therefore it would be useful to know exactly how [A] varies with

t rather than having to treat the data as outlined in Figure 15.9. Thus, if the

reaction is zero, first or second order with respect to A, what is the actual

relationship between [A] and t ? For this, we need the integrated form of a

rate equation.

Deriving integrated rate equations

In this section we derive integrated rate equations for reactions of the type:

A��" products

or reactions involving reactant A in which reactants other than A are in vast

excess. We focus only on reactions in which the rate is zero, first or second

order with respect to A.

Equation 15.28 gives the differential form of a zero order rate equation.

� d½A�
dt
¼ k ð15:28Þ

In order to obtain a relationship between [A] and t, we integrate equation

15.28, introducing an integration constant, c, because the integration is

See worked examples
15.3–15.5

More about integration in
the Mathematics Tutor,

accessed via the website
www.pearsoned.co.uk/

housecroft

"

"
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without limits. First, separate the variables in equation 15.28, and then

perform the integration:

�d½A� ¼ k dt

�
ð
d½A� ¼

ð
k dt

c� ½A� ¼ kt

To find c, we know that at t ¼ 0, [A] is the initial concentration [A]0.

Substituting these values into the integrated equation gives c ¼ ½A�0, and
therefore the integrated rate equation for a reaction:

A��" products

that is zero order with respect to A is given by equation 15.29.

½A� ¼ ½A�0 � kt ð15:29Þ

Since [A]0 is a constant, equation 15.29 corresponds to a linear relationship

between [A] and t (compare equation 15.29 with 15.17). Given experimental

data for the variation of [A] with time, the rate constant for the reaction can

be found from the gradient of a plot of [A] against t (Figure 15.12).

The differential form of a first order rate equation is given in equation 15.30.

� d½A�
dt
¼ k½A� ð15:30Þ

In order to obtain a relationship between [A] and t, we integrate equation

15.30, introducing an integration constant, c:

� d½A�
½A� ¼ kdt

�
ð
d½A�
½A� ¼

ð
kdt

c� ln½A� ¼ kt

To find c, we apply the condition that when t ¼ 0, ½A� ¼ ½A�0. This gives
c ¼ ln½A�0, and therefore the integrated rate equation for a reaction:

A��" products

that is first order with respect to A is given by equation 15.31.

ln½A� ¼ ln½A�0 � kt ð15:31Þ

This equation corresponds to a linear relationship between ln [A] and t

(compare equation 15.31 with 15.17), and the rate constant for the reaction

is determined from the gradient of a plot of ln [A] against t (Figure 15.13).

Equation 15.32 gives the differential form of a second order rate equation.

� d½A�
dt
¼ k½A�2 ð15:32Þ

Integration of this equation leads to a relationship between [A] and t, in

which c is the integration constant:

� d½A�
½A�2

¼ kdt

�
ð
d½A�
½A�2

¼
ð
kdt

cþ 1

½A� ¼ kt

Fig. 15.12 The rate constant for
a reaction A��" products which
is zero order with respect to A is
found from a plot of [A] against
time.

Fig. 15.13 The rate constant for
a reaction A��" products which
is first order with respect to A is
found from a plot of ln [A]
against time.
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To find c, we again apply the condition that when t ¼ 0, ½A� ¼ ½A�0. This
gives c ¼ 1=½A�0. Thus, the integrated rate equation for a reaction:

A��" products

that is second order with respect to A is given by equation 15.33.

1

½A� ¼
1

½A�0
þ kt ð15:33Þ

This equation corresponds to a linear relationship between 1=½A� and t, and

the rate constant for the reaction can be found from the gradient of a plot of

1=½A� against t (Figure 15.14).
Application of the integrated rate equations 15.29, 15.31 and 15.33 is

illustrated in the following three worked examples.

Worked example 15.3 The bromination of acetone

Bromine reacts with acetone in the presence of hydrochloric acid according to

the following equation:

The reaction can be monitored by using UV–VIS spectroscopy; aqueous Br2
absorbs light of wavelength 395 nm.

The rate equation is given by:

Rate of reaction ¼ � d½Br2�
dt
¼ k½Br2�m½CH3CðOÞCH3�n½Hþ�p

(a) A reaction is carried out in aqueous solution with initial concentrations of

acetone, hydrochloric acid and bromine being 1.60, 0.40 and 0.0041mol dm
�3

respectively, and the results are tabulated below. Determine the order of the

reaction with respect to Br2.

Time / s 0 10 20 30 40 50 60

10
3
[Br2] /mol dm

�3
4.10 3.85 3.60 3.30 3.10 2.85 2.60

(b) If the acid and acetone are kept in excess but their concentrations are varied,

the rate of the reaction alters according to the following results. Use these data

along with those in part (a) to derive the overall rate equation.

Acetone /mol dm
�3

1.60 1.60 0.80 0.80

[H
þ
] / mol dm

�3
0.40 0.20 0.40 0.20

[Br2]0 / mol dm
�3

0.0041 0.0041 0.0041 0.0041

Relative rate of reaction 1.00 0.50 0.50 0.25

[Data from: J. P. Birk et al. (1992) J. Chem. Educ., vol. 69, p. 585.]

Fig. 15.14 The rate constant for
a reaction A��" products which
is second order with respect to A

is found from a plot of
1

½A� .
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(a) The conditions of the reaction are such that both acid and acetone are

in vast excess and so the rate equation can be written as:

� d½Br2�
dt
¼ k’½Br2�m

We are given no clues about the possible dependence of the rate on [Br2]

and so we may begin by plotting [Br2] against time:

Since this graph is linear, we deduce that the rate is independent of the

concentration of Br2. Therefore, the rate is zero order with respect to Br2.

The rate equation with respect to [Br2] is therefore:

� d½Br2�
dt
¼ k’½Br2�0 ¼ k’

(b) The overall rate equation is given as:

� d½Br2�
dt
¼ k½Br2�m½CH3CðOÞCH3�n½Hþ�p

but since m ¼ 0, we can simplify this to:

� d½Br2�
dt
¼ k½CH3CðOÞCH3�n½Hþ�p

From the table of data, we see that:

. the rate halves when [Hþ] halves;

. the rate halves when [CH3C(O)CH3] halves;

. the rate falls by a factor of 4 when both [Hþ] and [CH3C(O)CH3] are

halved.

We conclude that the rate depends directly on each of [CH3C(O)CH3] and

[Hþ]. The reaction is therefore first order with respect to each component.

The rate equation becomes:

� d½Br2�
dt
¼ k½CH3CðOÞCH3�½Hþ�

How can we determine the overall rate constant?

For the reaction in part (a), we know both [CH3C(O)CH3] and [Hþ], and
these are assumed to be constant during the reaction.

Thus, for this particular experiment:

� d½Br2�
dt
¼ k½CH3CðOÞCH3�½Hþ�

where ½CH3CðOÞCH3� ¼ 1:6mol dm�3 and ½Hþ� ¼ 0:40mol dm�3

Exercise Work out the

percentage change in the

concentrations of acetone

and Hþ when all of the Br2
has reacted. Is the

assumption of constant

concentrations valid?
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The gradient of the graph in part (a) is k’:

k’ ¼ 2:5� 10�5 mol dm�3 s�1

Therefore, we have two expressions for the rate of disappearance of Br2:

� d½Br2�
dt
¼ k0 ¼ 2:5� 10�5 mol dm�3 s�1

and

� d½Br2�
dt
¼ k� ð1:6mol dm�3Þ � ð0:40mol dm�3Þ

Setting the right-hand sides of these equations equal to each other allows

us to find k:

k� ð1:6mol dm�3Þ � ð0:40mol dm�3Þ ¼ 2:5� 10�5 mol dm�3 s�1

k ¼ ð2:5� 10�5 mol dm�3 s�1Þ
ð1:6mol dm�3Þð0:40mol dm�3Þ

¼ 3:9� 10�5 dm3 mol�1 s�1

Worked example 15.4 The esterification of trifluoroacetic acid

Benzyl alcohol reacts with trifluoroacetic acid according to the following

equation:

C6H5CH2OH

Benzyl alcohol

þ CF3CO2H

Trifluoroacetic acid

��" CF3CO2CH2C6H5

Benzyl trifluoroacetate

þ H2O

Water

This is an example of the more general reaction:

Alcoholþ Carboxylic acid��"EsterþWater

The disappearance of the alcohol can be followed by
1
HNMR spectroscopy and

monitoring changes in the integral of the signal for the CH2 protons. The data

below have been recorded at 310K for a reaction in which the acid is present in a

large excess. Confirm that the reaction is first order with respect to the alcohol,

and determine the pseudo-first order rate constant.

Time /min 0 6.5 10 15 20 25 30 40 50

[Alcohol] /mol dm
�3

1.00 0.67 0.57 0.41 0.30 0.23 0.14 0.07 0.04

[Data from: D. E. Minter et al. (1985) J. Chem. Educ., vol. 62, p. 911.]

The rate equation for the reaction may be written as:

Rate of reaction ¼ � d½C6H5CH2OH�
dt

¼ k½C6H5CH2OH�n½CF3CO2H�m

but with the acid in vast excess the equation is:

� d½C6H5CH2OH�
dt

¼ k’½C6H5CH2OH�n

We need to confirm that n ¼ 1, and also find the pseudo-first order rate

constant k’. This is most efficiently achieved by plotting ln [Alcohol]

against time. First, tabulate the necessary data:

Exercise Why are the

units of k different from

those of k’ ?
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Time /min 0 6.5 10 15 20 25 30 40 50

ln [Alcohol] 0 �0.400 �0.562 �0.892 �1.204 �1.470 �1.966 �2.659 �3.219

A graph of ln [Alcohol] against time is linear:

This is consistent with the integrated first order rate equation:

ln½Alcohol� ¼ ln½Alcohol�0 � k’t

and the result confirms that the reaction is first order with respect to benzyl

alcohol.

The pseudo-first order rate constant k’ is found from the slope of the

line:

k’ ¼ 0:066min�1 or 1:1� 10�3 s�1

Worked example 15.5 The reaction between I2 and hex-1-ene

Hex-1-ene (15.115.1) reacts with I2 in acetic acid to give 1,2-diodohexane (15.215.2).

The dependence of the rate on [I2] can be studied if a large excess of

hex-1-ene is used. Results recorded at 298K are tabulated below. Determine

the order of the reaction with respect to I2, and write a rate equation for

the reaction. Do your results exclude the involvement of acetic acid in the

rate-determining step?

Time / s 0 1000 2000 3000 4000 5000 6000 7000 8000

[I2] /mol dm
�3

0.0200 0.0156 0.0128 0.0109 0.0094 0.0083 0.0075 0.0068 0.0062

[Data from: K. W. Field et al. (1987) J. Chem. Educ., vol. 64, p. 269.]

The overall rate equation can be written as follows, making the assump-

tion that no other species are involved:

� d½I2�
dt
¼ k½I2�m½hex-1-ene�n

but since the hex-1-ene is in excess, we can write:

� d½I2�
dt
¼ k’½I2�m

(15.1)

(15.2)
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Firstly, plot [I2] as a function of time:

Since this graph is non-linear, we know that m 6¼ 0, but it may be 1 or 2.

However, we can rule out a first order dependence by looking at the first

two half-lives. The time taken for the initial concentration to halve is

�3500 s. If the reaction were first order with respect to I2, it should

take another 3500 s for the concentration of I2 to halve again. This is

not the case.

The next step is to test for a second order dependence. Using the integrated

form of the rate equation, we have:

1

½I2�
¼ 1

½I2�0
þ k’t

and so we need to plot
1

½I2�
against time.

Time / s 0 1000 2000 3000 4000 5000 6000 7000 8000

1

½I2�
/ dm3 mol�1 50 64 78 92 106 120 134 148 162

The plot is linear and confirms that the reaction is second order with

respect to I2.

The pseudo-second order rate equation is therefore:

� d½I2�
dt
¼ k’½I2�2

Exercise What is a rough

estimate for the second

half-life?
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We can determine k’ from the gradient of the graph of
1

½I2�
versus time.

Gradient ¼ k’ ¼ 0:014 dm3 mol�1 s�1

The involvement of acetic acid cannot be ruled out even though it is the

solvent; it is present in vast excess.

15.6 Radioactive decay

A nuclide that decomposes into another nuclide is radioactive. Decay may

involve one of several processes:

. loss of an a-particle, i.e. a helium nucleus [42He]2þ;

. loss of a b-particle (b�), i.e. an electron emitted from the nucleus;

. emission of g-radiation which often accompanies loss of a- or b-particles.

When an a-particle is emitted by a nuclide, the daughter nuclide (the product)

has an atomic number two units lower than the parent nuclide and a mass

number four units lower (equation 15.34).

238
92U��" 234

90Thþ 4
2He ð15:34Þ

The a-particle is represented in equation 15.34 as neutral He becauseHe2þ ions
readily pick up electrons and helium gas is produced. When a b-particle is

emitted by a nuclide, the daughter nuclide possesses the same mass

number as the parent nuclide, but has an atomic number one unit greater

(equation 15.35). The decay process in equation 15.35 is the basis of

radiocarbon dating (see Box 15.1).

14
6C��" 14

7Nþ b� ð15:35Þ

The radioactive decay of any nuclide follows first order kinetics, although it

must be remembered that this statement refers to the decayof a single nuclide. If

the daughter nuclide is also radioactive, it will begin to decay as soon as it is

formed, thereby complicating the overall process. Consider the decay of a

nuclide to a single, stable product. Radioactive decay is often considered in

terms of the number of nuclei, N, present at a given time. Since the decay is

first order with respect to the starting material, equation 15.36 is appropriate.

lnN ¼ lnN0 � kt ð15:36Þ
where: N ¼ number of nuclei at time t

N0 ¼ number of nuclei present at t ¼ 0

A plot of lnN versus time, t, is linear and the rate constant, k, can be

determined from the gradient of the line (as in Figure 15.13). For first order

kinetics, the half-life is constant. This leads to a radionuclide having a

characteristic half-life, t1
2
, and a nuclide may be described as being ‘short-

lived’ or ‘long-lived’. For example, the half-life of 130
55Cs (an artificial radio-

nuclide) is 30.7 minutes, whereas that of naturally occurring 235
92U is

7:04� 108 years. Radionuclides have many medical applications and the

half-life of the nuclide is crucially important. For example, uptake of 131I by

the thyroid gland is used as a means of investigating the size of the gland.

Uptake of 131I is rapid, allowing diagnostic medicine to be performed

efficiently, but equally important is the removal of the radionuclide from the

body (t1
2
for 131I is 8 days, and decay is by b� emission).

The radioactive decay of

any nuclide is a first order

process and a radionuclide

has a characteristic

half-life, t1
2
.

Artificially made isotopes:
see Box 1.3

"
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APPLICATIONS

Box 15.1 Radiocarbon dating

Radiocarbon dating is a technique used widely by

archaeologists to date articles composed of organic

material. This includes the dating of ancient textiles,

and a much publicized example is the radiocarbon

dating of the Turin shroud. The technique was first

developed by Willard F. Libby, and in 1960, he was

awarded the Nobel Prize in Chemistry for ‘his method

to use carbon-14 for age determination in archaeology,

geology, geophysics and other branches of science’.

Willard F. Libby (1908–1980).

The method of radiocarbon dating relies on the fact

that one isotope of carbon, 14C, is radioactive with a

half-life of 5730 years. Carbon-14 decays to nitrogen-

14 by losing a b-particle:
14
6C��" 14

7Nþ b�

In a living plant, the ratio of 14C : 12C is constant.

Although carbon-14 decays, it is reformed at the

same rate by collisions between high-energy neutrons

(10n) and atmospheric nitrogen-14:

14
7Nþ 1

0n��" 14
6Cþ 1

1H

When a plant undergoes photosynthesis, it takes upCO2.

Consequently, the uptake of carbon-14 (along with

carbon-12 and carbon-13) is a continuous process until

the plant dies. At this point, the decaying radioactive

carbon-14 is not replaced, and the ratio of 14C : 12C

alters with time. If we assume that the 14C : 12C ratio in

living species has not altered over an archaeological time-

scale, then it is possible to date an artefact originating

from plant material by measuring the 14C : 12C ratio.

Unfortunately, this ratio has altered, but corrections

can be made by using data from extremely old, but still

living, trees. One example is the American bristlecone

pine which grows in the mountains of eastern California.

For example, suppose that you wish to date an ancient

wooden relic, and you find that 0.90 g of carbon isola-

ted from this wood has an activity of 0.19 Bq (Bq ¼
becquerel, SI unit of radioactivity). This radioactivity is

compared with that from wood obtained from a recently

felled tree; you find that 0.90 g of carbon from this tree

has an activity of 0.25Bq. The decay of the 14C isotope

follows first order kinetics:

ln N=ln N0 � kt or ln

�
N

N0

�
=� kt

where N ¼ 0.19Bq and N0 ¼ 0.25Bq. Thus,

�kt ¼ ln
0:19

0:25
¼ �0:27

The rate constant, k, is found from the half-life of 14C

(see equation 15.37):

k ¼ ln 2

t1
2

¼ ln 2

5730 y
¼ 1:21� 10�4 y�1

Thus, the age of the relic, t =
0:27

ð1:21� 10�4 y�1Þ
� 2200

years.

Samples of organic material for dating are converted

to carbon dioxide by combustion. The CO2 gas is then

analysed by using mass spectrometry (see Chapter 10).

This technique separates CO2 molecules that

contain different isotopes of carbon and oxygen,

e.g. (14C)(16O)2, (13C)(16O)2 and (12C)(16O)2. In the

mid-1970s, accelerator mass spectrometry (AMS) was

developed and now provides a highly sensitive

technique for determining the ratios of carbon isotopes

present in a sample. A crucial point is that, by using

AMS, it is possible to distinguish between 14C and 14N.

The photograph below shows samples of CO2 being

loaded into a linear accelerator for radiocarbon dating.

Linear accelerator used in radiocarbon dating.

502 CHAPTER 15 . Reaction kinetics



 
Figure 15.15 shows the first order decay of 20781Tl to the stable isotope 207

82Pb.

The half-life of 207
81Tl can be determined by measuring the time taken for the

concentration of 207
81Tl to fall from 0.8 to 0.4 mmol dm�3 (mmol¼micromole).

From Figure 15.15, this gives t1
2
¼ 4:8min. When using experimental data, at

least three consecutive half-lives should be taken from a decay curve, and an

average value of t1
2
then calculated. As an exercise, measure the first three

half-lives from Figure 15.15 and confirm that t1
2
¼ 4:8min.

The relationship between the half-life of a radionuclide and the rate

constant for its decay can be derived from equation 15.36. After the first half-

life, t ¼ t1
2
, and N ¼ N0=2. Substitution of these values into equation 15.36

leads to equation 15.37.

ln

�
N0

2

�
� lnN0 ¼ �kt1

2

ln

�
N0

2N0

�
¼ � ln 2 ¼ �kt1

2

t1
2
¼ ln 2

k

ð15:37Þ

Since the half-lives of radionuclides vary greatly, units of t1
2
can be given as

seconds (s), minutes (min), hours (h), days (d) or years (y). Similarly, rate

constants may be quoted in s�1, min�1, h�1, d�1 or y�1. Table 15.1 lists

the half-lives of selected radionuclides.

Worked example 15.6 Radioactive decay

The following data refer to the decay of
222

Rn:

Time / days 0 2.0 5.0 12.0 20.0

mmoles of
222

Rn 4.40 3.05 1.77 0.50 0.12

Determine the half-life of
222

Rn and the rate constant for its decay

(1mmol ¼ 10
�6

molÞ.

Two methods could be used to tackle this problem.

Method 1: Since radioactive decay is first order with respect to the parent

nuclide, use the integrated form of the rate equation and plot ln (moles of
222Rn) against time. Data to be plotted:

Half-life method:
see worked example 15.2

The SI unit of time is the
second

"

"

Fig. 15.15 Radioactive decay of
any nuclide is a first order process
and a plot of the number of
nuclides against time is an
exponential decay curve. The
curve shown illustrates the decay
of 207

81Tl to
207
82Pb.
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Time / days 0 2.0 5.0 12.0 20.0

ln (moles 222Rn) �12.33 �12.70 �13.24 �14.51 �15.94

These data give the following plot:

From equation 15.36, the gradient of this graph gives the rate constant, k:

k ¼ 0:180 day�1

To find the half-life:

t1
2
¼ ln 2

k
¼ ln 2

ð0:180 day�1Þ
¼ 3:85 days

Method 2: Plot a decay curve (moles of 222Rn against time) and measure

three consecutive half-lives. This method is as in worked example 15.2.

You should try this method and confirm a value of t1
2
¼ 3:85 days. Confirm

the value of k found by method 1.

Table 15.1 Half-lives, t1
2
, of selected radioactive nuclides. Some nuclides occur naturally,

others are artificial.

Naturally occurring

radionuclides

% Natural

abundance

t1
2

Artificial

radionuclides

t1
2

40K 0.012 1:3� 109 y 14Ca 5730 y

50V 0.25 >1:4� 1017 y 60Co 5.27 y

87Rb 27.83 4:9� 1010 y 99Mo 2.75 d

115In 95.7 4:4� 1014 y 99mTcb 6.01 h

123Te 0.91 1:3� 1013 y 131I 8.04 d

130Te 33.87 2:5� 1021 y 214Rn 0.27 ms

144Nd 23.80 2:1� 1015 y 218Po 3.04min

235U 0.72 7:0� 108 y 222Rn 3.82 d

238U 99.27 4:5� 109 y 226Ra 1599 y

a Traces occur naturally;
b m ¼ metastable.
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15.7 The dependence of rate on temperature: the Arrhenius
equation

Distribution of the kinetic energies of molecules

In Section 15.1, we stated that the activation energy, Ea, of a reaction is the

energy in excess of that possessed by the ground state that is required for the

reaction to proceed. Consider a sample of a gas such as H2 contained in a

closed vessel at a fixed temperature. The molecules are in continual motion,

but some molecules are moving faster than others. The kinetic energy, Ek, of

a molecule is related to the molecular velocity, v, by equation 15.38.

Ek ¼ 1
2
mv2 m ¼ molecular mass ð15:38Þ

The distribution of kinetic energies is described by a Boltzmann distribution

curve. The curve (Figure 15.16a) is asymmetrical and shows that there are

more molecules with lower energies than there are with higher energies.

When a chemical reaction occurs, the reactant molecules must possess a

certain minimum (activation) energy (Figure 15.1). The Boltzmann

distribution of kinetic energies is temperature-dependent, and Figure 15.16b

shows typical distributions at two temperatures. The number of molecules

in a given sample stays constant, and so the area under the two graphs must

be the same. However, the maximum of the graph shifts to higher energy at

higher temperature. The change in shape of the graph corresponds to there

being more molecules with higher energies at the higher temperature.

A reaction can proceed only when molecules possess a certain minimum

energy, Ea � �H. For a given reaction, the activation energy

(Figure 15.17) essentially has a fixed value; Ea is temperature-independent.

If we mark an arbitrary value on Figure 15.16b as Ea, then we can see that

the number of molecules that possess this, or a higher, energy increases as

the temperature is increased. This means that a greater proportion of

molecules can react, and there is an increase in the rate of reaction. It is

often found that a rise in temperature of 10K leads to an approximate

doubling of the rate of reaction; we consider this statement critically later

in this section.

Energy and enthalpy:
see Section 4.5

"

Fig. 15.16 (a) Boltzmann distribution of kinetic energies. The curve refers to a particular temperature (compare with b).
(b) Boltzmann distributions of kinetic energies at two temperatures. For a specified number of molecules, the area under
each curve is the same. For a given reaction, the activation energy is not dependent on temperature. The blue shaded area
overlaps the pink shaded area.

The dependence of rate on temperature: the Arrhenius equation 505



 

Svante August Arrhenius

(1859–1927).

Catalyst: see Section 15.8

"

Fig. 15.17 The reaction
profile for a single-step reaction
showing Ea.

The Arrhenius equation

The discussion above is quantified by the Arrhenius relationship (equation

15.39). Notice that the Arrhenius equation involves the energy of

activation. In Section 4.5 we discussed the difference between an energy

and an enthalpy value; here we set Ea � �H.

ln k ¼ lnA� Ea

RT
or k ¼ A e�Ea=RT ð15:39Þ

where the units of Ea are kJmol�1

k ¼ rate constant

A ¼ frequency factor

R ¼ molar gas constant ¼ 8:314� 10�3 kJK�1 mol�1

T ¼ temperature (K)

The frequency factor or pre-exponential factor, A, may be taken to be a

constant for a given reaction. It has the same units as the rate constant

and is related to the rate at which collisions occur between reactant

molecules and also to the relative orientation of the reactants.

The Arrhenius equation states:

ln k ¼ lnA� Ea

RT
or k ¼ A e�Ea=RT

where k ¼ rate constant, A ¼ frequency factor, R ¼ molar gas constant,

T ¼ temperature and the units of Ea are kJmol�1.

Some typical values of activation energies are listed in Table 15.2, and the data

illustrate the effect that a catalyst has on the value of Ea for a given reaction.

Worked example 15.7 Determination of the activation energy for the decomposition of an organic

peroxide

The decomposition of a peroxide ROOR (R¼ organic substituent) is first order

with respect to the peroxide. The rate constant varies with temperature as follows:

Temperature / K 410 417 426 436

k / s�1 0.0193 0.0398 0.0830 0.2170

Determine the energy of activation for the reaction.
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The Arrhenius equation gives a relationship between k and T:

ln k ¼ lnA� Ea

RT

and so we need to plot ln k against
1

T
.

1

T
/K�1 0.002 44 0.002 40 0.002 35 0.002 29

ln k �3.948 �3.224 �2.489 �1.528

Ea can be found from the gradient of the line:

Gradient ¼ �Ea

R
¼ �15 960K

Ea ¼ ð15 960KÞ � ð8:314� 10�3 kJK�1 mol�1Þ

¼ 133 kJmol�1 (to 3 sig. figs)

Physical constants: see
inside the back cover of

the book

"

Table 15.2 Typical values of activation energies. Note the effect that a catalyst has on the
value of Ea.

Reaction Comments Ea / kJmol
�1

2H2O2 ��" 2H2OþO2 No catalyst 79

2H2O2 ��" 2H2OþO2 Enzyme catalysed 23

2NOCl��" 2NOþ Cl2 100

NOþO3 ��"NO2 þO2 10.5

2HI��"H2 þ I2 No catalyst 185

2HI��"H2 þ I2 With a gold catalyst 121

2HI��"H2 þ I2 With a platinum catalyst 59

2NH3 ��"N2 þ 3H2 No catalyst 335

2NH3 ��"N2 þ 3H2 With a tungsten catalyst 162

C2H5Brþ ½OH�� ��"C2H5OHþ Br� Reaction in aqueous solution 90
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In addition to allowing us to calculate the activation energy of a reaction,

the Arrhenius equation also gives an estimate of how the rate of a reaction

changes with temperature. For a given reaction, let us assume that A and

Ea are constant and thus (using equation 15.39) we can write equation

15.40. This simplifies to equation 15.41 in which kn is the rate constant at

temperature Tn.

ln k2 � ln k1 ¼
�
lnA� Ea

RT2

�
�
�
lnA� Ea

RT1

�

¼ Ea

R

�
1

T1

� 1

T2

�
ð15:40Þ

ln
k2
k1
¼ Ea

R

�
1

T1

� 1

T2

�
ð15:41Þ

This gives us the ratio of rate constants
k2
k1
, and a ratio of reaction rates can be

determined as illustrated in worked example 15.8.

A word of caution: reactions do not necessarily obey the Arrhenius equation

over wide ranges of temperature, and equation 15.41 must be used with care.

Worked example 15.8 The dependence of rate on temperature

The activation energy for the reaction of hydroxide ion with bromoethane to

give ethanol is 90.0 kJmol
�1
. How much faster will the reaction proceed if

the temperature is raised from 295 to 305K?

The larger the value of k, the faster the reaction rate.

From the Arrhenius equation:

ln
k2
k1
¼ Ea

R

�
1

T1

� 1

T2

�

For the reaction in the problem, Ea ¼ 90:0 kJmol�1 and T1 and T2 are 295

and 305K, respectively.

ln
k2
k1
¼ ð90:0 kJmol�1Þ
ð8:314� 10�3 kJK�1 mol�1Þ

�
1

ð295KÞ �
1

ð305KÞ

�

¼ 1:20

k2
k1
¼ 3:32

Thus, the rate constant increases by a factor of 3.32 when the temperature

is raised from 295 to 305K.

We have been given no information about the rate equation but for two

reactions with equal initial concentrations of reactants, the ratio of the

rates will be equal to the ratio of the rate constants:

Rate 1

Rate 2
¼ k1½C2H5Br�m½OH��n

k2½C2H5Br�m½OH��n

Hence the rate of reaction at 305K is 3.32 times faster than the rate of

reaction at 295K.
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At the beginning of this section, we commented that a rise in temperature

of 10K leads to an approximate doubling of the reaction rate. However,

equation 15.41 shows that there is also a dependence on Ea. Figure 15.18

illustrates how an increase in the temperature from 300 to 310K affects the

rate of a reaction for values of Ea ranging from 10 to 150 kJmol�1. The
approximate doubling of rate is valid only for values of Ea � 50 kJmol�1.
This is a typical value for many reactions in solution.

15.8 Catalysis and autocatalysis

A catalyst is a substance that alters the rate of a reaction without appearing

in any of the products of that reaction. Catalysts may speed up or slow down

a reaction. The latter is known as negative catalysis and is critical in

stabilizing many commercially important materials. Examples of some

catalysed reactions are given in Table 15.2.

A catalyst provides a new pathway for a reaction; if this pathway has a lower

activation energy than the uncatalysed pathway, the reaction rate is increased:

Catalysts fall into two general categories: homogeneous and heterogeneous

catalysts.

A catalyst may speed up or

slow down a reaction, and

does not appear in the

product.

Fig. 15.18 For a rise in
temperature from 300 to 310K,

the ratio of the rate constants

k2=k1 for a reaction changes as

a function of the energy of

activation. The approximate

doubling of a reaction rate for

a 10 degree temperature rise is

only valid for values of Ea of

�50 kJmol�1.
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A homogeneous catalyst is in the same phase as the components of the reaction

that it is catalysing; a heterogeneous catalyst is in a different phase from the

components of the reaction.

Heterogeneous catalysts

Many industrial catalysts are heterogeneous and important examples include

bulk metal surfaces and zeolites and involve the reactions of gases. Selected

applications are:

. in the Haber process, a-Fe catalyses the reaction of H2 and N2 to give

ammonia (see text below):

N2 þ 3H2 ��" 2NH3

. a mixture of Pd, Pt and Rh is used in motor vehicle catalytic converters

to catalyse the oxidation of CO and hydrocarbons and reduction of

NOx (see Box 22.7);

. zeolite catalysts are used in the catalytic cracking of heavy petroleum

distillates (see Section 25.4).

When molecules of gaseous reactants are passed over the surface of a

heterogeneous catalyst, some of the molecules are adsorbed on to the

surface. If adsorption involves only weak van der Waals interactions

between the gas molecules (the adsorbate) and the surface atoms, the

process is called physisorption. If adsorption involves the formation of

chemical bonds between surface atoms and adsorbate as in equation 15.42,

the process is known as chemisorption.

ð15:42Þ

In equation 15.42, the H�H bond of H2 is cleaved, leaving H atoms adsorbed

on the metal surface and available for reaction with another adsorbed species.

TheM�H bondmust not be too strong otherwise the atoms remain adsorbed.

Consider the reaction between H2 and N2 to give NH3. The reaction involves

the cleavage of N�N and H�H bonds, and the formation of N�H bonds.

In the absence of a catalyst, the reaction proceeds very slowly because

the activation energy for the dissociation of N2 and H2 is very high. In the

presence of a metal catalyst, chemisorption of H2 and N2 occurs, and

the adsorbed H and N atoms combine to yield NH3 which desorbs from the

surface. In choosing a suitable metal catalyst for the reaction, early d-block

metals such as Mo and Re are avoided because, although they chemisorb

N2 efficiently, the M�N interaction is so strong that N atoms preferentially

Catalytic cycles: see Box 21.7

Zeolites: see Figure 22.18
and associated text

"

"
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remain on the surface rather than reacting with adsorbed H atoms. For Co,

Rh, Ir, Ni and Pt, the adsorption of N2 has a large activation energy and

this means a slow rate of reaction. The catalyst used industrially is a-Fe,
produced by reducing Fe3O4 mixed with K2O (to enhance catalytic activity),

SiO2 and Al2O3 (to stabilize the structure of the catalyst).

A large surface area is essential for the efficient activity of a heterogeneous

catalyst. If a catalyst consists of a piece of bulk metal, the atoms sited within

the lump of metal are unavailable for catalytic activity. By using a catalyst

that is composed of small metal particles dispersed on, for example, an

alumina support, the number of available metal atoms is increased. Very

fine powders of alumina have enormous surface areas (�900m2 g�1) and

depositing metal particles on this surface dramatically increases the surface

area of metal with respect to that of a piece of bulk metal, and hence

increases the number of catalytic sites. Zeolites are aluminosilicates with

structures featuring open lattices with ordered channels and, consequently,

huge surface areas. We return to these important catalysts in Section 22.6.

Homogeneous catalysts

We cannot generalize about the action of a homogeneous catalyst. Each

catalyst operates in a unique manner and facilitates a pathway from

reactants to products in the reaction that it is catalysing. Many industrial

homogeneous catalysts involve organometallic compounds (see Section 23.14)

and examples include:

. cis-[Rh(CO)2I2]
� (a square planar complex anion, 15.3) catalyses the

reaction of methanol with CO to form acetic acid in the Monsanto process:

CH3OHþ CO��"CH3CO2H

. HCo(CO)4 (which loses CO to give the active catalyst HCo(CO)3)

catalyses the conversion of alkenes to aldehydes in the Oxo-process (or

hydroformylation).

The overall pathway is usually represented in a catalytic cycle in which

intermediate species are displayed (see Box 21.7). The cycle must be a

closed loop because, as products are formed, the catalyst is regenerated

and is fed back into the catalytic process.

Autocatalysis

An interesting phenomenon occurs when one of the products of a reaction is

able to act as a catalyst for the process. The reaction is said to be

autocatalytic. The reaction in equation 15.43 begins with only A and B

present; one of the products, D, is a catalyst for the reaction. Once D is

present (equation 15.44), the rate of the reaction increases.

Initially: Aþ B ��"CþD ð15:43Þ

Autocatalysed: Aþ B��"
D

CþD ð15:44Þ

Figure 15.19 shows how the concentration of [MnO4]
� varies during reaction

with dimethylamine. Initially, the reaction proceeds relatively slowly, but

once products are present in solution, the rate at which the [MnO4]
� ions

disappear increases. The reaction is catalysed by the Mn2þ ions generated

in the reduction of [MnO4]
�.

(15.3)
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A biological example is the conversion of trypsinogen to trypsin. Trypsin is

a digestive enzyme present in the small intestine. Its function is to cleave

protein chains into smaller units. The active site in trypsin involves the

amino acid residues histidine, serine and aspartate (see Table 35.1) and

these are highlighted in the structural diagram of the enzyme shown in

Figure 15.20a. Trypsin is formed in the pancreas in the inactive form of

trypsinogen. The conversion of trypsinogen to trypsin is catalysed by

trypsin. Figure 15.20b shows the appearance of trypsin in the reaction as a

function of time. The S-shaped plot is characteristic of an autocatalytic

reaction – once the catalyst enters the system, the reaction accelerates.

15.9 Reversible reactions

So far we have only considered reactions which go in one direction, but in

many cases, the forward reaction is opposed by the reverse (or back)

reaction. In this section we briefly consider the consequences on the rate

equation of having two opposing first order processes.

Consider the reactions given in equation 15.45, in which the rate constants

for the forward and backward reactions are k1 and k�1 respectively.

A �����"3�����
k1

k�1
B ð15:45Þ

Fig. 15.19 A plot of the
concentration of manganate(VII)
against time for the autocatalytic
reaction between Me2NH and
[MnO4]

� in aqueous solution;
the catalyst is Mn(II). [Data
from: F. Mata-Perez et al. (1987)
J. Chem. Educ., vol. 64, p. 925.]

Fig. 15.20 (a) The structureof the
enzyme trypsin (from wild boar,
Sus scrofa), determined by X-ray
crystallography [A. Johnson et al.
(1999)Biochim. Biophys. Acta, vol.
1435, p. 7]. The structure is shown
in a ribbon representation,with the
amino acid residues in the active
sitehighlightedusingball-and-stick
representations (aspartate, top;
histidine, middle; serine, bottom;
colour code: C, grey; N, blue; O,
red). (b) A plot of trypsin
concentration against time as
trypsinogen is hydrolysed to
trypsin. This product catalyses the
reaction, and the S-shape of the
curve is characteristic of an
autocatalytic reaction.
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The measured rate of disappearance of A does not obey simple first order

kinetics because as B is formed, some of it re-forms A in a first order

process. The rate of the forward reaction is given by equation 15.46.

Rate of reaction ¼ � d½A�
dt
¼ k1½A� � k�1½B� ð15:46Þ

Assuming that only A is present initially, then the initial rate of reaction is

simply k1½A�0 (from equation 15.11, with the initial concentration of A, [A]0).

The concentration of B at time t is equal to the difference in the

concentrations of A at times 0 and t (equation 15.47). Note that this

relationship is dependent upon the stoichiometry of the reaction; in this

case, one mole of A gives one mole of B, and vice versa.

½B� ¼ ½A�0 � ½A� ð15:47Þ

Thus, we can rewrite the rate equation in terms of A as in equations 15.48 and

15.49.

Rate of reaction ¼ � d½A�
dt
¼ k1½A� � k�1f½A�0 � ½A�g ð15:48Þ

or

Rate of reaction ¼ � d½A�
dt
¼ ðk1 þ k�1Þ½A� � k�1½A�0 ð15:49Þ

Remember that [A]0 is a constant and therefore the second term on the

right-hand side of equation 15.49 is also a constant. Thus, the reaction

shows a first order dependence upon A. Equation 15.49 has the form:

y ¼ mxþ c

and therefore a plot of rate of reaction against [A] is linear with a gradient

equal to ðk1 þ k�1Þ. The value of k�1 can be found from the intercept since

the initial concentration of A, [A]0, is known. Thus, both rate constants

may be determined as exemplified below.

Worked example 15.9 A reversible reaction

Experimental data for the reaction

A����"3����
k1

k�1
B

are tabulated below. The initial concentration of A is 0.050mol dm
�3
. Use these

results to determine the first order rate constants k1 and k�1.

[A] /mol dm
�3

0.045 0.040 0.030 0.020 0.010

10
4
Rate /mol dm

�3
min

�1
8.97 7.94 5.88 3.82 1.76

The reversible reaction should obey the rate equation:

� d½A�
dt
¼ ðk1 þ k�1Þ½A� � k�1½A�0

(from equation 15.49) and has the form y ¼ mxþ c

A plot of the reaction rate against [A] is linear, with a gradient

m ¼ ðk1 þ k�1Þ and an intercept on the y axis, c ¼ �k�1½A�0.
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The gradient of the line ¼ ðk1 þ k�1Þ ¼ 2:1� 10�2 min�1

After extrapolation, intercept on the y axis ¼ �k�1½A�0
¼ �0:30� 10�4 mol dm�3 min�1

From the intercept:

k�1 ¼
ð0:30� 10�4 mol dm�3 min�1Þ

ð½A�0 mol dm�3Þ

¼ ð0:30� 10�4 mol dm�3min�1Þ
ð0:050mol dm�3Þ

¼ 6:0� 10�4 min�1

Substituting the value for k�1 into the equation for the gradient allows us

to find k1:

k1 ¼ ð2:1� 10�2 min�1Þ � k�1

¼ ð2:1� 10�2 min�1Þ � ð6:0� 10�4 min�1Þ

¼ 0:020min�1

(Notice that the rate constant for the back reaction is much smaller than

that for the forward reaction. What would be the effect on the reaction

if k�1 > k1?)

15.10 Elementary reactions and molecularity

In this section, we move from studying the behaviour of bulk matter to a

discussion of reactions at the level of individual molecules. Eventually this

will lead us to the microscopic reaction mechanism. We emphasize a crucial

point here: the kinetics of a reaction may be determined experimentally,

and the mechanism of the reaction is inferred from these measurements. A

mechanism cannot be ‘proven’ – at best a mechanism is consistent with all of

the kinetic data available.

Elementary reactions

So far, our discussions of rate equations have focused on one-step reactions

such as:

A��" products
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or

Aþ B��" products

However, in many reactions, the complete pathway from reactants to

products involves a series of steps, each of which is called an elementary

reaction. Figure 15.1 showed a profile for a two-step reaction: the

intermediate species lies in a local energy minimum along the pathway

from reactants to products. Figure 15.21 shows a profile for a three-step

reaction in which reactant A is converted to product D through two

intermediates, B and C. The sequence of elementary reactions is:

A��"B

B��"C

C��"D

and each elementary reaction has a characteristic activation energy and rate

constant. The rate-determining step of the complete reaction is the

elementary reaction with the highest activation barrier, e.g. in Figure 15.21,

this is the conversion of A to B. In some reactions, it is possible to follow

the growth and decay of intermediate species, as well as the decay of the

reactant(s) and growth of the product(s). Figure 15.22 shows the results of

an experiment in which the bromination of 1,2-dichlorobenzene (15.4) was

followed by using a gas chromatograph coupled to a mass spectrometer

(see Box 24.3 and Sections 36.6 and 36.7). Curve A shows the decay of

1,2-dichlorobenzene and curves B and E illustrate the growth of two

brominated products. Curves C and D show that two intermediate species

were detected. By finding out information about the intermediates in a

reaction and the reaction kinetics, it is possible to build up a picture of the

(15.4)

Fig. 15.21 The reaction profile
for a reaction A��"D. The
mechanism comprises three
elementary steps involving two
intermediates, B and C.

Fig. 15.22 The variation in
concentrations of reactant A
(1,2-dichlorobenzene),
intermediates C and D, and
products B and E during the
bromination of 1,2-
dichlorobenzene. [Data from:
D. A. Annis et al. (1995) J. Chem.
Educ., vol. 72, p. 460.]
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reaction mechanism and to propose a sequence of elementary steps. Normally,

rates of reactions are reported in terms of the rate of loss of a reactant, or the

rate of formation of a product, and do not include terms involving

intermediates. Experimentally, it is easier to follow what happens to a

reactant or product, rather than an intermediate, during a reaction.

Nonetheless, the rate-determining step in a reaction may be one involving an

intermediate, and so we must look in detail at the kinetics of elementary

steps. In the sections that follow, we see how the overall rate equation for a

reaction depends on the rate equations for the elementary steps.

Molecularity: unimolecular and bimolecular reactions

The molecularity of an elementary reaction step is the number of molecules

or atoms of reactant taking part. The term ‘molecularity’ only refers to an

elementary reaction and must not be confused with the ‘order’ of an

overall reaction. Most elementary reactions involve only one or two

species and are known as unimolecular or bimolecular steps respectively.

Equations 15.50 and 15.51 show examples of unimolecular reactions. The

first is a decomposition (by bond cleavage to form radicals, see Section 24.10)

and the second is an isomerization in which the relative positions of the two

chlorine atoms change.

Br2 ��" 2Br
� ð15:50Þ

ð15:51Þ

In a bimolecular step, two species combine to give the product(s). The

reacting species may be the same or different from each other, as equations

15.52 and 15.53 illustrate:

2NO2 ��"N2O4 ð15:52Þ

CH3CH2Brþ ½OH�� ��"CH3CH2OHþ Br� ð15:53Þ

In the next section, we develop the relationship between elementary steps and

overall reaction mechanisms, and in Sections 15.12 and 15.13 we consider the

steady state approximation and its application to multi-step reactions.

For a given reaction, one of the elementary steps must be the slowest (rate-

determining) stage. The molecularity of this rate-determining step (RDS)

defines the observed kinetics for the overall reaction. This is the reason

why the terms appearing in the rate equation may differ from the overall

stoichiometry of the reaction. This statement is further illustrated in the

following sections.

15.11 Microscopic reaction mechanisms: unimolecular
and bimolecular elementary steps

We have seen that elementary steps play a decisive role in defining the

mechanism of a reaction. In this section we look at the problem of writing

rate equations in terms of the experimental concentrations of starting

materials or products.

The molecularity of an

elementary step is the

number of molecules or

atoms of reactant taking

part.

Mechanisms of reactions
are also discussed in

Chapters 25--35

RDS stands for

rate-determining step.

"
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Writing rate equations for unimolecular and bimolecular steps

Earlier in this chapter we used experimental data to determine overall rate

equations. We have also seen that overall reaction mechanisms are

composed of elementary reactions, and these are usually unimolecular or

bimolecular steps. The aim of studying the kinetics of a reaction is to use

the experimental data to write an overall reaction mechanism. The problem

is tackled by first suggesting a mechanism, i.e. a series of elementary steps,

and then writing down the rate equation in accord with the mechanism. If

this rate equation is consistent with that determined experimentally, then it

is possible (but not proven) that the proposed mechanism is correct.

We now come to a critical point. Although we cannot write down an

overall rate equation using the stoichiometry of a reaction, we can deduce

the rate equation for an elementary step from the stoichiometry of that step.

In a unimolecular step such as the decomposition of Cl2 into chlorine

radicals (equation 15.54), the rate of reaction depends directly on the

concentration of the reactant – one molecule of reactant is involved in the

step. The decomposition of Cl2 occurs when the molecule is excited

(thermally or photolytically) and the Cl�Cl bond is broken. The rate of

reaction for the fission of Cl2 into two radicals is given in equation 15.55.

Cl2 ��" 2Cl
� ð15:54Þ

Rate ¼ k½Cl2� ð15:55Þ

In a bimolecular step, two molecules must collide before a reaction can occur,

and therefore the rate of reaction depends on the concentrations of both

species. The dimerization of NO2 is a bimolecular process (equation 15.52)

and the rate of dimerization is given by equation 15.56. The squared

dependence tells us that two molecules are involved.

Rate ¼ k½NO2�2 ð15:56Þ

If the bimolecular reaction involves two different molecules, the rate equation

reflects this. Dioxygen is formed when an oxygen radical, O
�
, collides and reacts

with an ozone molecule (equation 15.57). The rate of the reaction depends on

both [O
�
] and [O3] as equation 15.58 shows. Although the O atom is a diradical

with two unpaired electrons, we represent it here simply as O
�
.

O
� þO3 ��" 2O2 ð15:57Þ

Rate ¼ k½O��½O3� ð15:58Þ

For a unimolecular step: A��"B Rate ¼ k½A�
For a bimolecular step: 2A��"B Rate ¼ k½A�2

For a bimolecular step: Aþ B��"C Rate ¼ k½A�½B�

15.12 Combining elementary steps into a reaction mechanism

The rate equations described in the last section involved isolated elementary

steps. What happens when we combine a series of such steps into a reaction

pathway? It is vital to remember that experimental kinetics data and rate

Overall rate equations:
see Section 15.4

The rate equation for an

elementary step can be

deduced from the

stoichiometry of that step,

but the overall rate equation

cannot be written down

using the stoichiometry of

the overall reaction.

Each of O and O2 is a
diradical: see Figure 4.23 and

associated discussion

"

"
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equations refer to overall reactions. A sequence of elementary steps

constitutes a proposed mechanism, and if the overall rate equation derived

from such elementary steps agrees with the experimentally determined rate

equation, then the proposed mechanism may be correct, but it is not

proven. We shall look at some real examples later, but first we consider

some general examples.

A two-step reaction and the steady state approximation

Consider the two-step reaction of A��"C proceeding through intermediate

B. Each elementary reaction has a characteristic rate constant (equations

15.59 and 15.60).

A���"
k1

B ð15:59Þ

B���"
k2

C ð15:60Þ

The smaller the rate constant k, the slower the reaction. Let us take the case

where k1 � k2, i.e. the rate of formation of B from A is much slower than the

conversion of B to C. This means that B��"C is a fast step in the mechanism,

and as soon as any B is formed, it is converted to C. There is never a build-up

of B, and B cannot be detected by, for example, spectroscopic methods. The

rate-determining step of the overall reaction is therefore A��"B, and the

overall rate equation (equation 15.61) is the same as the rate equation for

elementary step 15.59.

Rate of reaction ¼ � d½A�
dt
¼ k1½A� ð15:61Þ

In the case where k1 	 k2, A is converted to B in a fast step, and the

concentration of B increases rapidly. Intermediate B is consumed in the

rate-determining step (slow step) and the overall rate equation (equation

15.62) is equal to the rate equation for elementary step 15.60. Since [B] is

high, it is very likely that B can be monitored spectroscopically.

Rate of reaction ¼ � d½B�
dt
¼ k2½B� ð15:62Þ

The case where k1 	 k2 is an extreme one, and even when k1 ¼ k2, the

concentration of B is still sufficiently high (Figure 15.23a) that it may be

monitored and so the expression for the rate of reaction in equation 15.62

is still in terms of an experimental observable. Now we must look at the

general case where the concentration of intermediate B is very low and

effectively constant during most of the reaction period (Figure 15.23b).

Because [B] is very low, it cannot be measured experimentally. Therefore,

we have a problem because equation 15.62 is expressed in terms of a

quantity which is not experimentally observable. It would be convenient if

we had a way of algebraically expressing [B] in terms of [A] or [C], so that

the rate of reaction in equation 15.62 is related to an experimental

observable. The steady state (or stationary state) approximation provides

such a treatment. We make the assumption that during most of the

reaction period, the concentration of B is a constant, steady state value,

i.e. there is no increase or decrease in [B]. This leads to equation 15.63.

d½B�
dt
¼ � d½B�

dt
¼ 0 ð15:63Þ

The steady state

approximation states that

the concentration of an

intermediate B during most

of a reaction is constant:

d½B�
dt
¼ � d½B�

dt
¼ 0
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How can we use equation 15.63? Intermediate B is generated from A in a

reaction with rate constant k1 (equation 15.59) and is converted to C at a

rate dependent on k2 (equation 15.60). The rate of formation of B is

therefore given by equation 15.64, and rearrangement of this expression

gives equation 15.65.

d½B�
dt
¼ k1½A� � k2½B� ¼ 0 ð15:64Þ

k1½A� ¼ k2½B�

½B� ¼ k1½A�
k2

9>=
>; ð15:65Þ

We know from equation 15.62 that the rate of the reaction is related to the

concentration of B and so, by combining equations 15.62 and 15.65, we

obtain a new expression for the rate of reaction in terms of the experimentally

measurable concentration of A (equation 15.66).

Rate of reaction ¼ k2½B� ¼ k2

�
k1½A�
k2

�
¼ k1½A� ð15:66Þ

The steady state approximation is often applied when a proposed mechanism

is complex and goes through several intermediates. In Section 15.13 and

Box 15.2, we illustrate applications of the steady state approximation.

Pre-equilibrium

In this section, we remain focused on the reaction A��"C through

intermediate B, but now look at a case in which intermediate B undergoes

Fig. 15.23 Plots of the variation of concentrations of A, B and C in the reaction of A��"C through intermediate B (equations
15.59 and 15.60): (a) for the case where k1 ¼ k2, and (b) for a case where the concentration of B is low and approximately con-
stant for most of the reaction.
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two competing reactions: reaction to form C, and reaction to re-form A. The

three elementary steps can be written as reactions 15.67 and 15.68, where

equation 15.67 describes a pre-equilibrium.

A����*)����
k1

k�1
B ð15:67Þ

B���"
k2

C ð15:68Þ

The pre-equilibrium can never be established if k2 	 k�1 because in this case,

B is converted to C too rapidly. A pre-equilibrium is established if k2 � k�1,
and the conversion of B to C is the rate-determining step. The rate of reaction

is given by equation 15.69.

Rate of reaction ¼ d½C�
dt
¼ k2½B� ð15:69Þ

The equilibrium constant, K, for equilibrium 15.67 is given by equation 15.70.

K ¼ ½B�½A� ð15:70Þ

It follows that ½B� ¼ K ½A�, and substitution of this expression into equation

15.69 allows us to write the rate of reaction in terms of the concentrations of

A and C, i.e. measurable quantities (equation 15.71).

d½C�
dt
¼ k2½B� ¼ k2K ½A� ð15:71Þ

The equilibrium constant, K, can also be expressed in terms of the rate

constants for the forward and back reactions as shown in equation 15.72.

K ¼ k1
k�1

ð15:72Þ

By making this substitution into equation 15.71, the rate of reaction can be

written in terms of the rate constants k1, k�1 and k2 (equation 15.73).

d½C�
dt
¼
�
k1k2
k�1

�
½A� ð15:73Þ

This is a first order rate equation, and experimental data provide an observed

rate constant, kobs (equation 15.74) where kobs ¼
�
k1k2
k�1

�
.

d½C�
dt
¼ kobs½A� ð15:74Þ

15.13 Proposing a mechanism consistent with experimental
rate data

Now that we have considered some general cases, let us turn our attention to

representative examples. The examples illustrate how experimental data are

used to support a proposed mechanism for a reaction.

Case study 1: decomposition of ozone

Ozone decomposes according to equation 15.75, and the experimentally

determined rate law for the reaction is equation 15.76.

2O3 ��" 3O2 ð15:75Þ

More about equilibria in
Chapter 16

Equilibrium constants:
see Section 16.3

"

"
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Rate of reaction ¼ � d½O3�
dt
¼ kobs

�
½O3�2

½O2�

�
ð15:76Þ

Since O2 appears in the rate equation, the reaction mechanism does not

involve the simple collision of O3 molecules. In proposing a mechanism, we

write a possible series of elementary steps and then deduce from them an

overall rate equation. If the proposed mechanism is plausible, the theoretical

rate equation must be the same as that found experimentally under

appropriate conditions. The proposed mechanism for the decomposition of

O3 is given in scheme 15.77. Notice that summation of the elementary steps

gives the overall reaction equation 15.75. An oxygen atom is a diradical, but

for clarity, we simply write O in the following equations.

O3 ����*)����
k1

k�1
O2 þO

O3 þO ���"
k2

2O2

9>>=
>>; ð15:77Þ

Based on this reaction mechanism, the rate of disappearance of O3 is given

by equation 15.78. There are three terms because O3 is consumed in two

elementary steps and formed in one step. The negative term on the right-

hand side of equation 15.78 shows that this term refers to the appearance

(rather than disappearance) of O3.

� d½O3�
dt
¼ k1½O3� � k�1½O2�½O� þ k2½O3�½O� ð15:78Þ

We now use the steady state approximation to obtain an expression for

[O] (equation 15.79), assuming that the overall rate of formation of the

intermediate O is zero.

d½O�
dt
¼ 0

k1½O3� � k�1½O2�½O� � k2½O3�½O� ¼ 0

½O� ¼ k1½O3�
k�1½O2� þ k2½O3�

ð15:79Þ

By substituting equation 15.79 into equation 15.78, we obtain an expression

for the rate of disappearance of O3 in terms of observable concentrations

(equation 15.80).

� d½O3�
dt
¼ k1½O3� �

ðk�1½O2� � k2½O3�Þk1½O3�
k�1½O2� þ k2½O3�

¼ k1k�1½O2�½O3� þ k1k2½O3�2 � k1k�1½O2�½O3� þ k1k2½O3�2

k�1½O2� þ k2½O3�

� d½O3�
dt
¼ 2k1k2½O3�2

k�1½O2� þ k2½O3�
ð15:80Þ

Equation 15.80 does not have the form of the observed rate equation

15.76. However, in the proposed reaction mechanism, the k2 step should

be much slower than the steps in the pre-equilibrium and therefore

k2½O3� � k�1½O2�. It follows that:

k�1½O2� þ k2½O3� � k�1½O2�

and so the rate of disappearance of O3 can be written as equation 15.81,

an expression that does have the same form as the observed rate law,

Radicals: see Section 1.11

"
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in which kobs ¼
2k1k2
k�1

:

� d½O3�
dt
¼ 2k1k2½O3�2

k�1½O2�
ð15:81Þ

The agreement between the experimental rate law and that derived from

reaction scheme 15.77 means that the proposed mechanism is consistent

with the observed reaction kinetics.

It is also possible to express the rate of reaction in terms of the rate of

appearance of O2, and from reaction scheme 15.77, we can write equation

15.82.

d½O2�
dt
¼ k1½O3� � k�1½O2�½O� þ 2k2½O3�½O� ð15:82Þ

The factor of 2 in the last term of equation 15.82 follows from the

stoichiometry of the elementary step: two moles of O2 are formed in every

collision between O3 and O. By making the substitution for [O] from

equation 15.79 into rate equation 15.82, we arrive at expression 15.83 for

the rate of appearance of O2 in terms of [O2] and [O3] (you should verify

this derivation).

d½O2�
dt
¼ 3k1k2½O3�2

k�1½O2� þ k2½O3�
ð15:83Þ

If, as above, k2½O3� � k�1½O2�, then equation 15.83 simplifies to:

d½O2�
dt
� 3k1k2½O3�2

k�1½O2�

Again, the theoretical rate law (based on the proposed mechanism) is of

the same form as that obtained experimentally. Moreover, comparison of

equations 15.81 and 15.83 confirms that the rates of formation of O2 and

disappearance of O3 are related according to the overall reaction 15.75, i.e.

the rate of formation of O2 is
3=2 times the rate of disappearance of O3.

Case study 2: reaction of NO with O2

The gas phase reaction of NO with O2 (equation 15.84) follows the rate law

given in equation 15.85.

2NOþO2 ��" 2NO2 ð15:84Þ

d½NO2�
dt

¼ kobs½NO�2½O2� ð15:85Þ

At first glance, this might suggest that the reaction takes place in one step

involving a termolecular collision between two molecules of NO and one

molecule of O2. However, termolecular elementary steps are uncommon, and

a mechanism composed of unimolecular and/or bimolecular steps is more

likely. The mechanism proposed for reaction 15.84 is shown in scheme 15.86.

2NO ����*)����
k1

k�1
N2O2

N2O2 þO2 ���"
k2

2NO2

9>>=
>>; ð15:86Þ
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In order to test whether the mechanism is plausible, we must work out

the rate law that follows from the mechanism and then see how it relates

to the experimental rate equation. The rate of appearance of NO2 is given

by equation 15.87; the factor of 2 is needed because two moles of NO2

are formed when one molecule of N2O2 collides with one molecule of O2

(equation 15.86).

d½NO2�
dt

¼ 2k2½N2O2�½O2� ð15:87Þ

We now use the steady state approximation to find an expression for the

concentration of the intermediate N2O2 (equation 15.88).

d½N2O2�
dt

¼ k1½NO�2 � k�1½N2O2� � k2½N2O2�½O2� ¼ 0

k�1½N2O2� þ k2½N2O2�½O2� ¼ k1½NO�2

½N2O2� ¼
k1½NO�2

k�1 þ k2½O2�
ð15:88Þ

Substitution of equation 15.88 into rate equation 15.87 gives an expression

(equation 15.89) for the rate of appearance of NO2 in terms of measurable

concentrations.

d½NO2�
dt

¼ 2k2½N2O2�½O2� ¼
2k1k2½NO�2½O2�
k�1 þ k2½O2�

ð15:89Þ

This rate equation is not consistent with the experimental rate law 15.85.

However, if the k2 step in scheme 15.86 is very slow compared to the

equilibrium (i.e. if a pre-equilibrium is established), then k2½O2� � k�1, and
it follows that:

k�1 þ k2½O2� � k�1

In this case, equation 15.89 can be rewritten as equation 15.90 and now the

rate law is of the same form as the experimental equation 15.85 in which

kobs ¼
2k1k2
k�1

.

d½NO2�
dt

¼ 2k1k2½NO�2½O2�
k�1

ð15:90Þ

15.14 Radical chain reactions

The kinetics of radical chain reactions are not simple but the topic is an

important one. Flames, atmospheric reactions and explosions are some

examples of chain reactions. In this section we illustrate the complex

nature of reactions involving radicals.

Linear chain processes

A chain reaction involves initiation and propagation steps in which radicals

are generated, and termination steps in which radicals are removed from

the system. If there is no net gain in the number of radicals formed in the

propagation steps, such as in reaction 15.91, the chain is called a linear chain.

CH3
� þ Cl2 ��"CH3Clþ Cl

� ð15:91Þ

More about radical chain
reactions in Section 25.7

In a linear chain there is no

increase in the number of

radicals present.

"
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Branched chain processes

In some radical reactions, a propagation step results in a net increase in the

number of radicals in the system. Equation 15.92 illustrates the reaction

between an H
�
radical and an O2 molecule in which a hydroxyl radical and

an oxygen atom (a diradical) are formed.

H
� þO2 ��"OH

� þ �
O
� ð15:92Þ

Such a process has the effect of branching the chain. The increased number of

radicals in the systemmeans thatmore reaction steps involving radicals can now

take place. The rate of the reaction increases dramatically and can result in an

explosion. Two examples are gas-phase hydrocarbon oxidations (combustion)

and the reaction between H2 and O2, initiated by a spark, to give water.

The dramatic difference between a linear and a branched chain is

summarized in Figure 15.24.

The reaction between H2 and Br2

Gaseous H2 and Br2 react at 500K to form hydrogen bromide; the mechanism

is a linear chain reaction. The initiation, propagation and termination steps

are given in equations 15.93–15.95 and 15.97. Reaction 15.96 is an

inhibition step – although a new radical is formed, some of the HBr product

is used up. Note that reaction 15.96 is the reverse of propagation step

15.94, and the termination step shown in equation 15.97 is the reverse of

the initiation reaction 15.93.

Br2 ���"
k1

2Br
�

initiation ð15:93Þ

Br
� þH2 ���"

k2
HBrþH

�
propagation ð15:94Þ

H
� þ Br2 ���"

k3
HBrþ Br

�
propagation ð15:95Þ

HBrþH
� ����"

k�2
Br

� þH2 inhibition ð15:96Þ

2Br
� ����"

k�1
Br2 termination ð15:97Þ

This mechanism is consistent with the observed rate law given in equation

15.98. This is derived in Box 15.2 on the basis of the elementary steps

shown above and by using the steady state approximation.

Rate ¼ d½HBr�
dt

¼
2k2k3

�
k1
k�1

�1
2

½Br2�
3
2½H2�

k3½Br2� þ k�2½HBr� ð15:98Þ

In a branched chain, the

number of radicals increases

during the reaction.

Fig. 15.24 The difference
between a linear and branched
radical chain: (a) a linear chain in
which each propagation step uses
and generates one radical, and (b)
a branched chain in which each
step (after the initial radical is
formed) generates two radicals.
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THEORY

Box 15.2 Use of the steady state approximation in a radical chain reaction

The elementary reactions shown in equations 15.93–15.97 together constitute the linear chain mechanism for the

reaction of H2 and Br2 to give HBr. A rate law, which is consistent with experimentally observed kinetic results,

can be derived as follows.

HBr is formed in equations 15.94 and 15.95 and consumed in equation 15.96. The rate of formation of HBr is

therefore:

d½HBr�
dt

¼ k2½Br
��½H2� þ k3½H

��½Br2� � k�2½H
��½HBr� ðiÞ

By the steady state approximation:

d½Br��
dt
¼ d½H��

dt
� 0

d½Br��
dt
¼ 2k1½Br2� � k2½Br

��½H2� þ k3½H
��½Br2� þ k�2½H

��½HBr� � 2k�1½Br
��2 � 0 ðiiÞ

and

d½H��
dt
¼ k2½Br

��½H2� � k3½H
��½Br2� � k�2½H

��½HBr� � 0 ðiiiÞ

The addition of equations (ii) and (iii) results in the cancellation of three terms, and we have:

2k1½Br2� � 2k�1½Br
��2 ¼ 0

Therefore : ½Br��2 ¼ 2k1½Br2�
2k�1

½Br�� ¼
�

k1
k�1

�1
2

½Br2�
1
2 ðivÞ

Rearrange equation ðiiÞ to make ½H�� the subject : ½H�� ¼ k2½Br
��½H2�

k3½Br2� þ k�2½HBr�

Substituting in for ½Br�� gives : ½H�� ¼
k2

�
k1
k�1

�1
2

½H2�½Br2�
1
2

k3½Br2� þ k�2½HBr� ðvÞ

Nowwe return to rate equation (i) and make substitutions for [Br
�
] and [H

�
] using equations (iv) and (v). First, note

that [H
�
] is a factor of the last two terms and thus we can write:

d½HBr�
dt

¼ k2½Br
��½H2� þ ½H

��fk3½Br2� � k�2½HBr�g

¼ k2

�
k1
k�1

�1
2

½Br2�
1
2½H2� þ

k2

�
k1
k�1

�1
2

½H2�½Br2�
1
2

k3½Br2� þ k�2½HBr�

0
B@

1
CA
fk3½Br2� � k�2½HBr�g

¼ k2

�
k1
k�1

�1
2

½Br2�
1
2½H2�

�
1þ k3½Br2� � k�2½HBr�

k3½Br2� þ k�2½HBr�

�

¼ k2

�
k1
k�1

�1
2

½Br2�
1
2½H2�

�
k3½Br2� þ k�2½HBr� þ k3½Br2� � k�2½HBr�

k3½Br2� þ k�2½HBr�

�

¼ k2

�
k1
k�1

�1
2

½Br2�
1
2½H2�

�
2k3½Br2�

k3½Br2� þ k�2½HBr�

�

¼
2k2k3

�
k1
k�1

�1
2

½Br2�
3
2½H2�

k3½Br2� þ k�2½HBr�

This final rate equation can be written in the simpler form:

d½HBr�
dt

¼ k½Br2�
3
2½H2�

½Br2� þ k’½HBr� where k ¼ 2k2

�
k1
k�1

�1
2

and k’ ¼ k�2
k3
:
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Two other elementary steps could have been considered, the initiation step

involving the homolytic cleavage of the H�H bond in H2, and the inhibition

step involving the reaction between HBr and a Br
�
radical. However, the

consistency between experimental data and equation 15.98 indicates that

neither of these steps is important.

15.15 Michaelis–Menten kinetics

Enzymes are protein molecules (see Chapter 35) that function as catalysts in

biological systems. We introduced one example, trypsin, in Figure 15.20.

Enzymes interact with specific substrates, and the specificity is often

rationalized in terms of a ‘lock-and-key’ model. The enzyme and substrate

are complementary in terms of, for example, hydrogen bonding (see

Section 21.8) or covalent interactions. This is represented in scheme 15.99

in which enzyme (E) and substrate (S) come together, S is converted to

product (P), and finally E and P part company. Equation 15.100 gives the

mechanism in a non-pictorial form.

ð15:99Þ

Eþ S����*)����
k1

k�1
ES���"

k2
Eþ P ð15:100Þ

In 1913, Leonor Michaelis and Maud Menten observed that:

. at very low substrate concentrations, the rate of enzyme reaction is

directly proportional to [S], i.e. first order with respect to [S];
. at very high substrate concentration, the rate is zero order with respect

to [S].

These observations are summarized in Figure 15.25. In enzyme kinetics,

the rate is often expressed as the velocity of reaction, V. At the very start

of the reaction where [S] is very low, the curve rises steeply and is

approximately linear. The flattening of the curve at high [S] corresponds to

a constant rate limit being approached. These results are rationalized as

follows.

The enzyme–substrate bound state, ES, is an intermediate, and the steady

state approximation can be applied to find an expression for [ES] (equation

15.101).

d½ES�
dt
¼ k1½E�½S� � k�1½ES� � k2½ES� ¼ 0

½ES� ¼ k1½E�½S�
k�1 þ k2

ð15:101Þ

Enzymes are proteins that

act as biological catalysts.
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It is not possible to measure [ES], but the total concentration of enzyme, [E]0,

present can be measured and equals the sum of the concentrations of bound

and unbound enzyme:

½E�0 ¼ ½E� þ ½ES� or ½E� ¼ ½E�0 � ½ES�

Substituting for [E] into equation 15.101 gives equation 15.102.

½ES� ¼ k1ð½E�0 � ½ES�Þ½S�
k�1 þ k2

½ES� ¼ k1½E�0½S�
k�1 þ k2 þ k1½S�

ð15:102Þ

The Michaelis constant, KM, is defined in equation 15.103; we see the

physical meaning of KM later.

KM ¼
k�1 þ k2

k1
ð15:103Þ

Equation 15.102 can be rewritten so that it incorporates theMichaelis constant:

½ES� ¼ ½E�0½S��
k�1 þ k2

k1
þ ½S�

� ¼ ½E�0½S�
KM þ ½S�

According to the proposedmechanism, the rate of the appearance of product

P (velocity of reaction) is given by equation 15.104, and substitution of the

expression for [ES] gives a rate law in terms of measurable concentrations

(equation 15.105).

d½P�
dt
¼ V ¼ k2½ES� ð15:104Þ

V ¼ k2½E�0½S�
KM þ ½S�

ð15:105Þ

See problem 15.29

"

Fig. 15.25 (a) The dependence of the rate of an enzyme reaction (V) on the concentration of substrate (S) illustrated here by
experimental data for the urease-catalysed hydrolysis of urea. [Data: K. R. Natarajan (1995) J. Chem. Educ., vol. 72, p. 556].

(b) A plot of
1

V
against

1

½S� allows the Michaelis constant ðKMÞ and maximum velocity ðVmaxÞ to be determined.

Michaelis–Menten kinetics 527



 

The maximum velocity, Vmax, is obtained when [ES] is at a maximum.

Ideally, this corresponds to all the enzyme being bound to the substrate,

and ½ES� ¼ ½E�0. From equation 15.104, we can write:

Vmax ¼ k2½E�0

and substitution of this into equation 15.105 gives the Michaelis–Menten

equation in its most commonly quoted form (equation 15.106). The curve

in Figure 15.25a is consistent with this equation.

V ¼ Vmax½S�
KM þ ½S�

Michaelis--Menten equation ð15:106Þ

Now we return to the physical meaning of KM. From the Michaelis–Menten

equation, we can see that KM ¼ ½S� when V ¼ Vmax=2. (As an exercise, make

KM the subject in equation 15.106, and then substitute in the condition that

V ¼ Vmax=2.)

At very low substrate concentrations, KM 	 ½S�, and equation 15.106

reduces to equation 15.107, showing that the reaction rate is first order

with respect to [S] (Vmax and KM are constants).

V ¼ Vmax½S�
KM

at very low [S] ð15:107Þ

At very high substrate concentrations, KM � ½S�, and equation 15.106

reduces to equation 15.108 in which the reaction rate is independent of [S]

and is a constant value.

V ¼ Vmax½S�
½S� ¼ Vmax at very high [S] ð15:108Þ

In theory, Vmax can be found from a plot of rate versus [S] (Figure 15.25a);

Vmax is the constant rate corresponding to the horizontal part of the curve.

However, in practice, this limit is not usually reached. One of several other

approaches uses the Lineweaver–Burk equation (equation 15.109) which is

the inverse of the Michaelis–Menten equation.

1

V
¼ KM þ ½S�

Vmax½S�
¼ KM

Vmax

�
1

½S�

�
þ 1

Vmax

Lineweaver--Burk equation ð15:109Þ

This equation has the form of a straight line graph of
1

V
plotted against

1

½S�
(Figure 15.25b). The line has a gradient equal to

KM

Vmax

. When
1

½S� ¼ 0

(i.e. when the line intercepts the
1

V
axis):

1

V
¼ 1

Vmax

When
1

V
¼ 0 (i.e. when the line intercepts the

1

½S� axis):

0 ¼ KM

Vmax

�
1

½S�

�
þ 1

Vmax

KM

Vmax

�
1

½S�

�
¼ � 1

Vmax

1

½S� ¼ �
1

KM
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Worked example 15.10 Enzymic activity of horseradish peroxidase

Horseradish peroxidase (the structure of which is shown in Figure 15.26) is an

enzyme found in the root of the horseradish plant. Its function is to catalyse the

oxidation of organic substrates that contain aromatic rings (see Chapter 32).

The following oxidation reaction can be monitored by using a UV–VIS spectro-

meter because the product absorbs light of wavelength 450 nm.

The initial velocities, V , of the reaction were found to vary with the concentra-

tion of the substrate, [S], as follows:

[S] /mmol dm
�3

0.11 0.18 0.29 0.37 0.48

10
3 V /mmol dm

�3
s
�1

1.36 1.90 2.53 2.78 3.08

Show that these data are consistent with Michaelis–Menten kinetics.

Determine the maximum velocity, and the Michaelis constant for the reaction.

[Data from: T. M. Hamilton et al. (1999) J. Chem. Educ., vol. 76, p. 642.]

A plot of V against [S] gives a curve of the type shown in Figure 15.25a.

The easiest way to confirm that this curve is consistent with Michaelis–

Menten kinetics is to use the method of Lineweaver–Burk. Plot 1/V

against 1/[S] and show that this is linear:

Fig. 15.26 (a) The structure of the haem-containing enzyme horseradish peroxidase (genetically engineered) determined
by X-ray diffraction [G. Berglund et al. (2002) Nature, vol. 417, p. 463]. In this structure, the enzyme is in a state in which

it possesses a 5-coordinate Fe(II) with no bound oxygen-containing species. The protein backbone is shown in a ribbon
representation and the iron-containing haem unit (see also Box 5.2) is shown in a space-filling representation. (b) A
ball-and-stick representation of the haem unit. The iron centre is bound by a protoporphyrin group through four nitrogen
atoms, and by an axially coordinated histidine unit that connects the haem unit to the protein backbone. The point of
connection is represented by the ‘broken stick’. Colour code: Fe, green; C, grey; N, blue; O, red.
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1

Vmax

is found from the intercept on the vertical axis, i.e. the value of
1

V

when
1

½S� ¼ 0.

From the graph:
1

Vmax

¼ 195 dm3 smmol�1

Vmax ¼ 5:13� 10�3 mmol dm�3 s�1

The gradient of the line ¼ 59:7 s ¼ KM

Vmax

KM ¼ ð59:7 sÞ � Vmax

¼ ð59:7 sÞ � ð5:13� 10�3 mmol dm�3 s�1Þ

¼ 0:310mmol dm�3

Check: Look at the table of data and confirm that the value of KM is the

substrate concentration when V ¼ Vmax

2
.

The graph in worked example 15.10 illustrates a general point that, in a

Lineweaver–Burk plot, the experimental points tend to be biased towards

one part of the line. This can lead to inaccuracies. Another method of

treating the data is to use a Eadie–Hofstee plot. Rearrangement of the

Michaelis–Menten equation gives a linear relationship between V=½S� and
V (equation 15.110):

V ¼ Vmax½S�
KM þ ½S�

Michaelis--Menten equation

VKM þ V½S� ¼ Vmax½S�

VKM ¼ Vmax½S� � V ½S�

V

½S� ¼
Vmax

KM

� V

�
1

KM

�
Eadie--Hofstee equation ð15:110Þ

The value of
195 dm3 s mmol�1, rather

than an approximate value
of 200 dm3 s mmol�1, can be

confirmed by plotting the
graph on a larger scale than

that shown above.

"
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Application of this equation to a set of [S] and V data for the

myosin-catalysed hydrolysis of adenosine triphosphate (ATP) gives the

linear plot shown in Figure 15.27. The intercept on the V axis when
V

½S� ¼ 0

corresponds to Vmax, and from Figure 15.27, Vmax ¼ 0:21 mmol dm�3 s�1.

From equation 15.110, the gradient of the line in Figure 15.27 is � 1

KM

,

giving a value of KM ¼ 142 mmol dm�3. Note that the intercept on the
V

½S� axis when V ¼ 0 corresponds to the value of
Vmax

KM

.

Fig. 15.27 Application of the
Eadie–Hofstee equation: a plot

of
V

½S� against V for the myosin-

catalysed hydrolysis of ATP.

SUMMARY

In this chapter, we have discussed some aspects of reaction kinetics and have introduced some important
equations. The use of the worked examples has been a critical part of this chapter – learning to deal with
experimental data in studies of reaction rates is one of the keys to understanding this topic. You will have
noticed that in many cases there is no one way to begin to solve a problem. For example, if you want to
confirm that the reaction:

A��" B

is first order with respect to A, you could:

. use the half-life method; or

. use the integrated rate equation (is a plot ln [A] against time linear?); or

. measure tangents to a curve of [A] against time, and then see if a plot of the rate (the gradient of a
tangent) against [A] is linear.

We have also described how to apply Michaelis–Menten kinetics to enzyme-catalysed reactions.

Do you know what the following terms mean?

. activation energy

. transition state

. intermediate

. rate of a reaction

. rate-determining step

. rate equation

. rate constant

. order of reaction

. half-life
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. pseudo-first order

. integrated form of a
rate equation

. radioactive decay

. elementary step

. molecularity

. reaction mechanism

. Boltzmann distribution

. activation energy

. Arrhenius equation

. catalyst

. heterogeneous catalyst

. homogeneous catalyst

. autocatalysis

. unimolecular step

. bimolecular step

. steady state approximation

. chain reaction

. linear chain

. branched chain

. Michaelis–Menten kinetics

You should be able:

. to explain what is meant by a reaction profile
for one- and multi-step reactions

. to explain what is meant by the rate and the
rate equation of a reaction

. to distinguish between the order of a reaction
with respect to a particular reactant and the
overall order

. for a reaction A��" products, to write down
the differential forms of the rate equations
for zero, first or second order dependences
on A

. to explain why the units of rate constants are
not always the same

. for a reaction A��" products, to write down (or
derive) the integrated forms of the rate
equations for zero, first or second order
dependences on A

. to treat experimental data to determine
whether a reaction is zero, first or second
order with respect to a particular reactant

. to determine rate constants from experimental
data

. to describe how to design an experiment using
pseudo-nth order conditions and understand
when and why these conditions are necessary

. to distinguish between pseudo-nth order and
overall rate constants and determine them
from experimental data

. to derive the differential form of a rate
equation for a simple reversible reaction

. to describe the kinetics of radioactive decay

. to discuss why the rate of a reaction depends on
temperature

. to write down the Arrhenius equation

. to use the variation of rate constant with
temperature to determine the activation energy
for a reaction

. to briefly explain why a catalyst alters the rate
of a reaction

. to distinguish between homogeneous and
heterogeneous catalysts, and give examples of
both

. to describe what is meant by autocatalysis

. to discuss the meanings of the terms elementary
reaction and unimolecular and bimolecular
steps

. to write down rate equations for unimolecular
and bimolecular steps

. to relate a series of (two or three) elementary
steps to an overall mechanism and use these
details to derive an overall rate equation

. to distinguish between a linear and a branched
chain mechanism

. to discuss the validity of the steady state
approximation and state why it is useful

. to relate the rate equation for a simple chain
reaction to its mechanism (there is scope here
to extend this to the derivation of such rate
equations)

. to describe Michaelis–Menten kinetics for an
enzyme-catalysed reaction, and know how to
treat related experimental data

PROBLEMS

15.1 (a) The data plotted in Figure 15.4a refer to a

reaction: A��" products. Determine the rate of

this reaction. (b) Figure 15.4b describes a different

reaction: A��" products, in which the rate

changes as a function of time. Determine the rates of

reaction at times t1 and t2 marked on the graph.

15.2 For a reaction A��" products which is zero

order with respect to A, sketch a graph of

(a) rate of reaction against time, and (b) [A]

against time. Repeat the exercise for reactions

that are first and second order with respect

to A.
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15.3 For a reaction A��" products which is first order

with respect to A, show that the units of the rate

constant are s�1. Similarly, confirm that the units of

the second order rate constant are dm3 mol�1 s�1.

15.4 What is meant by each of the following terms:

(a) rate of reaction; (b) differential and integrated

forms of a rate equation; (c) order of a reaction

(both the overall order and the order with respect to

a given reactant); (d) rate constant, pseudo-nth

order rate constant and overall rate constant;

(e) activation energy; (f) catalysis and autocatalysis;

(g) unimolecular step; (h) bimolecular step?

15.5 Iron(III) oxidizes iodide according to the following

equation:

2Fe3þ þ 2I� ��" 2Fe2þ þ I2

Write down a rate equation for this reaction if

doubling the iodide concentration increases the

rate by a factor of four, and doubling the Fe3þ ion

concentration doubles the rate.

15.6 2-Chloro-2-methylpropane (Me3CCl) reacts with

water according to the equation:

Me3CClþH2O��"Me3COHþHCl

Changes in concentration of Me3CCl with time in

an experiment carried out at 285K are as follows:

Time / s 10
4
[Me3CCl] /mol dm

�3

20.0 2.29

25.0 1.38

30.0 0.90

34.5 0.61

39.5 0.42

44.5 0.26

(a) Determine the order of this reaction with

respect to Me3CCl.

(b) Calculate a rate constant assuming the rate

equation to be of the form:

Rate ¼ k½Me3CCl�n
(c) Does the rate equation in (b) necessarily

mean that only Me3CCl is involved in the

rate-determining step?

[Data from: A. Allen et al. (1991) J. Chem. Educ.,

vol. 68, p. 609.]

15.7 The kinetics of reactions between alkenes and I2
depend upon the alkene and the solvent. The data

below give the results of the reaction of pent-1-ene

with I2 in two different solvents; the alkene is

always in vast excess. Determine the order with

respect to iodine and the pseudo-nth order rate

constant in each reaction.

Reaction I: Solvent¼ 1,2-dichloroethane

Time / s [I2] /mol dm
�3

0 0.0200

1000 0.0152

2000 0.0115

3000 0.0087

4000 0.0066

5000 0.0050

6000 0.0038

7000 0.0029

8000 0.0022

Reaction II: Solvent¼ acetic acid

Time / s [I2] /mol dm
�3

0 0.0200

1000 0.0163

2000 0.0137

3000 0.0119

4000 0.0105

5000 0.0093

6000 0.0084

7000 0.0077

8000 0.0071

[Data from: K. W. Field et al. (1987) J. Chem.

Educ., vol. 64, p. 269.]

15.8 Phenyldiazonium chloride is hydrolysed according

to the equation:

   

The reaction can be followed by the production of

dinitrogen. The volume of N2 produced is a direct

measure of the amount of starting material

consumed in the reaction. Use the following data

to deduce the order of the reaction with respect to

phenyldiazonium chloride; the reaction has been

carried out in aqueous solution. The final volume
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of N2 collected when the reaction has run to

completion is 40.0 cm3.

Time /min Volume N2 / cm
3

0 0

5 8.8

10 15.7

20 25.3

30 31.1

40 34.5

50 36.7

60 38.0

15.9 The dimerization of cyclic dienone (I) is as follows:

I absorbs light at 460 nm ("max¼225 dm3mol�1 cm�1)
and the rate of the reaction is followed by UV–VIS

spectroscopy (path length¼ 1 cm).Use the tabulated

data to determine (a) the order of reaction with

respect to I and (b) the rate constant.

Time /min Absorbance

0 1.20

5 1.10

10 1.00

20 0.81

30 0.72

35 0.67

45 0.59

55 0.54

75 0.45

120 0.33

[Data from: H. M. Weiss et al. (1990) J. Chem.

Educ., vol. 67, p. 707.]

15.10 Phenolphthalein is an acid–base indicator. Below

pH 8 it is colourless and can be represented as

H2P, while at higher pH values it is pink and

has the form [P]2�. In strongly alkaline

solution, the colour fades as the following

reaction occurs:

½P�2� þ ½OH�� ��" ½POH�3�

An investigation of the kinetics of this reaction

using a colorimeter (with a constant path

length¼ 1 cm) yielded the following data:

Experiment 1: ½OH�� ¼ 0:20mol dm�3

Time /min Absorbance

0 0.560

1 0.454

2 0.361

3 0.292

4 0.228

Experiment 2: ½OH�� ¼ 0:10mol dm�3

Time /min Absorbance

0 0.560

2 0.449

4 0.361

6 0.301

8 0.247

Experiment 3: ½OH�� ¼ 0:05mol dm�3

Time /min Absorbance

0 0.560

3 0.468

6 0.415

9 0.368

12 0.313
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(a) Why was more than one experiment carried

out? Why do you think three rather than two

experiments were studied?

(b) What is the order of the reaction with respect to

[P]2�?
(c) What is the order of the reaction with respect to

hydroxide ion?

(d) What other data are needed before the overall

rate constant can be determined?

[Data from: L. Nicholson (1989) J. Chem. Educ.,

vol. 66, p. 725.]

15.11 The [MnO4]
� ion is an oxidizing agent and the

kinetics of the alcohol oxidation:

have been studied. [MnO4]
� absorbs at 546 nm

and the change in absorbance at this wavelength

during the reaction was used to monitor the

reaction. If [alcohol]	 [MnO4
�], use the following

data to find the order of the reaction with respect to

[MnO4]
�.

Time / min Absorbance
a

1.5 0.081

2.0 0.072

2.5 0.062

3.0 0.054

3.5 0.047

4.0 0.040

4.5 0.035

5.0 0.031

5.5 0.027

aAbsorbance values have been corrected to allow for the
fact that it does not reach zero when ½MnO4

�� ¼ 0.

[Data from: R. D. Crouch (1994) J. Chem. Educ.,

vol. 71, p. 597.]

15.12 The rate equation for a reaction of the type:

Aþ B��" products is of the form:

� d½A�
dt
¼ k½A�x½B�

If kinetic runs are carried out with A in vast excess

with respect to B, the equation can be rewritten in

the form:

� d½A�
dt
¼ kobs½B�

(a) Use the following kinetic data to determine

values of x and k.

(b) What is the overall order of the reaction?

[A] / mol dm
�3 kobs / min

�1

0.001 0.16

0.002 0.31

0.003 0.49

0.004 0.68

15.13 Kinetic data for the reaction:

2½MnO4�� þ 5½C2O4�2� þ 16Hþ ��"

2Mn2þ þ 10CO2 þ 8H2O

are tabulated below and show the results of an

experiment in which the initial concentrations

of [C2O4]
2� and Hþ greatly exceed that of

[MnO4]
�.

Time / s 10
3
[MnO4

�
] / mol dm

�3

330 1.00

345 0.487

360 0.223

375 0.067

390 0.030

405 0.011

420 0.005

(a) Which species is the reducing agent in the

reaction?

(b) Why were large initial concentrations of two

reagents used?

(c) Determine the order of the reaction with

respect to [MnO4]
�.

[Data from: B. Miles et al. (1990) J. Chem. Educ.,

vol. 67, p. 269.]
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15.14 The concentration of A during a reaction of the

type: Aþ 2B��" products changes according to the

data in the table.

Time / min [A] / mol dm
�3

1 0.317

5 0.229

10 0.169

15 0.130

25 0.091

40 0.062

The reaction is nth order with respect to A and zero

order with respect to B. (a) Show that n ¼ 2.

(b) Write a rate equation for the reaction.

(c) Determine the rate constant.

15.15 Indium-115 is a b-particle emitter with a half-life

of 6� 1014 y. (a) Write an equation for the decay

of 115In. (b)What is the rate constant for the decay?

15.16 Polonium-211 decays by a-particle emission.

(a) Write an equation for the decay process.

(b) If the half-life of 211Po is 0.52 s, what is the rate

constant for the decay?

15.17 Americium-241 is an a-particle emitter, and the

rate constant for decay is 1:605� 10�3 y�1.
(a) Write an equation for the decay of 241Am.

(b) Determine the half-life of 241Am.

15.18 The solvolysis (reaction of a substrate with the

solvent) of 2-chloro-2-methylpropane is first order

with respect to the substrate. The rate constant, k,

varies with temperature as shown below. Find Ea

for the reaction.

Temperature / K 10
5 k = s�1

288 2.78

298 8.59

308 26.1

[Data from: J. A. Duncan and D. J. Pasto (1975)

J. Chem. Educ., vol. 52, p. 666.]

15.19 For the reaction:

A��" Bþ C

which of the following would you expect to vary

over the temperature range 290 to 320K:

(a) reaction rate; (b) rate constant; (c) Ea;

(d) ½A�0 � ½A�?

15.20 Hydrogen peroxide decomposes as follows:

2H2O2 ��" 2H2OþO2

The rate constant for the reaction varies with

temperature as follows:

Temperature /K k / s�1

295 4:93� 10�4

298 6:56� 10�4

305 1:40� 10�3

310 2:36� 10�3

320 6:12� 10�3

Determine the activation energy for this reaction.

15.21 Figure 15.18 showed how the ratio of the rate

constants,
k2
k1
, for a reaction changes as a function

of the energy of activation and the result was valid

for a rise in temperature from 300 to 310K. For

values of Ea of 10, 30, 50, 70, 90, 110, 130 and

150 kJmol�1, determine
k2
k1

for a change in

temperature from (a) 320 to 330K and (b) 420 to

430K. Plot
k2
k1

as a function of Ea. What significant

differences are there between your graphs and

Figure 15.18? Comment critically on the statement

that a rise in temperature of 10K leads to an

approximate doubling of the rate of reaction.

15.22 (a) Explain briefly what you understand by the

steady state approximation, and indicate under

what circumstances it is valid.

(b) Are the following steps unimolecular or

bimolecular?

H2 ��" 2H
�

H
� þ Br2 ��"HBrþ Br

�

2Cl
� ��"Cl2

Cl
� þO3 ��"ClO

� þO2

O3 ��"O2 þO
�

15.23 Write a rate equation for each of the elementary

steps in problem 15.22b.

15.24 The mechanism of the decomposition: A��"Bþ C

can be written as a sequence of the elementary

steps:

Step I: A���"
k1

D

Step II: D���"
k2

Bþ C
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(a) What type of a species is D? (b) For step I alone,

give an expression that shows the rate of

appearance of D. (c) How is your answer to

(b) altered if you take into account the sequence

of steps I and II? (d) Use the steady state

approximation to show that the rate of

formation of B is directly proportional to the

concentration of A.

15.25 The following data were obtained for the

urease-catalysed hydrolysis of urea where V is the

initial velocity of reaction and [S] is the substrate

concentration.

[S] /mmol dm
�3 V /mmolmin

�1

2.5 3:5� 10�5

5.0 6:2� 10�5

8.5 8:0� 10�5

10.0 8:6� 10�5

15.0 9:4� 10�5

18.0 9:8� 10�5

40.0 1:2� 10�4

Show that these data are consistent with

Michaelis–Menten kinetics. Determine the

maximum velocity and the Michaelis constant

for the reaction.

[Data based on: K. R. Natarajan (1995) J. Chem.

Educ., vol. 72, p. 556.]

ADDITIONAL PROBLEMS

15.26 The cobalt(III) complex [Co(NH3)5(NO2)]
2þ

possesses two linkage isomers (see

Section 23.5) in which the [NO2]
� is bonded

to Co3þ through either the N or O atom.

Over a period of days, the O-bonded isomer

converts to the N-bonded isomer; let this be

represented as:

Isomer I��" Isomer II

The isomerization can be followed using IR

spectroscopy by monitoring the disappearance of

an absorption at 1060 cm�1. Data are tabulated

below and the infinity reading (t ¼ 1) corresponds

to the absorbance at 1060 cm�1 when isomerization

is complete.

Time / days Absorbance

0 0.480

0.125 0.462

0.5 0.414

2.0 0.349

4.0 0.283

11.0 0.156

18.0 0.118

1 0.108

(a) Correct each absorbance value for the fact that

the absorption at 1060 cm�1 does not fully disappear
at t ¼ 1. (b) Plot the corrected absorbance values

against time. What information does the graph give

you? (c)Find the order of the reactionwith respect to

I, and determine the rate constant.

[Data from: W. H. Hohman (1974) J. Chem. Educ.,

vol. 51, p. 553.]

15.27 Cerium(IV) ions oxidize Fe2þ ions as follows:

Ce4þðaqÞ þ Fe2þðaqÞ ��"Ce3þðaqÞ þ Fe3þðaqÞ
When the reaction is carried out as a redox

titration in the presence of the indicator

N-phenylanthranilic acid, the end point is when the

solution becomes purple (�max ¼ 580 nm). If the

final solution is left to stand, the purple colour

fades to yellow, and the kinetics of the decay can be

followed by monitoring the absorbance at 580 nm:

Time / s Absorbance

30 0.65

60 0.60

90 0.55

120 0.52

180 0.46

240 0.40

300 0.32

360 0.28

420 0.24

480 0.21
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(a) Plot the absorbance against time. How easy is

it to state that the decay is not zero order? (b) Show

that the decay follows first order kinetics.

(c) Determine the rate constant.

[Data from: S. K. Mishra et al. (1976) J. Chem.

Educ., vol. 53, p. 327.]

15.28 The overall rate law for the following reaction:

2NOðgÞ þH2ðgÞ ��"N2OðgÞ þH2OðgÞ

is: � d½H2�
dt
¼ kobs½NO�2½H2�

Confirm that the following mechanism is consistent

with the observed rate law:

2NO����*)����
k1

k�1
N2O2

N2O2 þH2 ���"
k2

N2OþH2O

15.29 In the text, the working for the derivation of

equation 15.102 was omitted. Show that the

substitution for [E] into equation 15.101 gives

equation 15.102.

CHEMISTRY IN DAILY USE

15.30 Laccases are copper-containing enzymes that occur

in fungi and bacteria. In nature, laccases catalyse

various redox reactions. In the laboratory, their

activity can be investigated using substrates such as

compound 15.5, the laccase-catalysed oxidation of

which is accompanied by a colour change from pale

yellow to purple. The following data were recorded

during experiments to investigate the affect of pH

on the rate of oxidation of 15.5 in the presence of

laccase. Each reaction initially uses 0.30 cm3 of a

5.0 � 10�4mol dm�3 ethanol solution of 15.5 in a

cuvette.

Time / s 60 80 100 120 140 160 180

Absorbance
(pH 4.5)

0.44 0.59 0.75 0.91 1.08 1.24 1.39

Absorbance
(pH 6.8)

0.075 0.079 0.085 0.090 0.095 0.10 0.11

(15.5)

(a) Explain why the laccase-catalysed oxidation

of 15.5 can be followed by monitoring the

absorbance of the solution at �max= 525 nm.

What other information do you need to convert

absorbance data into concentrations of

product?

(b) Use the data above to illustrate how the activity

of laccase is affected by pH, and suggest a

reason for the trend in activity.

[Data: Y. Lin et al. (2006) J. Chem. Educ., vol. 83,

p. 638.]

15.31 Aspartame (see Box 35.3) is an artificial sweetener

used in fizzy drinks. However, it decomposes in

aqueous solution. The rate law for the

decomposition is:

� d½A�
dt
¼ kobs½A�

where A = aspartame. Kinetic data (at 313K)

for the decomposition of aspartame in aqueous

solution at pH 7.0 are as follows:

Time / min 0 10 30 60 90 120 180

102 [A] /
mol dm�3

1.70 1.66 1.60 1.47 1.34 1.12 0.99

(a) What is the integrated form of the rate equation?

(b) Using the data above, determine the rate

constant for the decomposition of aspartame.

(c) Determine the half-life of aspartame under the

conditions of the experiment.

(d) At 280K, would the half-life be longer or

shorter than the value determined in part (c)?

Rationalize your answer.

[Based on data in: K. R. Williams et al. (2005)

J. Chem. Educ., vol. 82, p. 924.]
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16
Equilibria

16.1 Introduction

Equations for chemical reactions are often written with a single arrow

showing reactants going to products, for example, equation 16.1. The

assumption is that the reaction goes to completion, and at the end of the

reaction, no reactants remain.

MgðsÞ þ 2HClðaqÞ ��"MgCl2ðaqÞ þH2ðgÞ ð16:1Þ

However, many reactions do not reach completion. For example, in the

reaction of acetic acid with ethanol (equation 16.2), the reaction proceeds

to a certain point and gives a mixture of reactants and products. Such a

system has both forward and back reactions occurring concurrently and

attains an equilibrium position.

CH3CO2H
Acetic acid

þ CH3CH2OH
Ethanol

Ð CH3CO2CH2CH3

Ethyl acetate

þ H2O
Water

ð16:2Þ

The equilibrium is denoted by the equilibrium signÐ instead of a full arrow

and the position of the equilibrium, i.e. to what extent products or reactants

predominate, is quantified by the equilibrium constant, K. All reactions can

be considered as equilibria, but in some cases, the forward reaction is so

dominant that the back reaction can be ignored.

In this chapter, we consider different types of equilibria, and show how to

calculate and use values of K. Equilibria are dynamic systems with both the

forward and back reaction in operation; the rate of the forward reaction

equals the rate of the back reaction. In the next section, we discuss how

changes in external conditions affect the position of an equilibrium.

A point that often causes confusion is the dual use of square brackets to

mean ‘concentration of ’ and to signify a polynuclear ion such as ½NH4�þ.
In this chapter, therefore, we have, mainly, abandoned the latter usage of

square brackets for ions such as OH�, H3O
þ, NH4

þ and CH3CO2
�.

Topics

Le Chatelier’s principle

Activities

Equilibrium constants

Acid–base equilibria

pH

Solution speciation

Buffers

Acid–base titrations

Indicators

Carboxylic acids and esters:
see Chapter 33
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16.2 Le Chatelier’s principle

Consider the reaction of dichromate ion with hydroxide ion (equation 16.3).

Cr2O7
2�ðaqÞ

orange

þ 2OH�ðaqÞ Ð 2CrO4
2�ðaqÞ

yellow

þH2OðlÞ ð16:3Þ

On reaction with OH�, orange Cr2O7
2� (dichromate) is converted into

yellow CrO4
2� (chromate), but in the presence of acid, CrO4

2� is

converted to Cr2O7
2�. By altering the concentration of acid or alkali, the

equilibrium can be shifted towards the left- or right-hand side. This is an

example of Le Chatelier’s principle which states that when an external

change is made to a system in equilibrium, the system responds so as to

oppose the change. In reaction 16.3, if OH� is added to the equilibrium

mixture, the equilibrium moves towards the right-hand side to consume the

excess alkali. Conversely, if acid is added, it neutralizes some OH�

(equation 16.4), and so equilibrium 16.3 moves towards the left-hand side

to produce more OH�, thereby restoring equilibrium.

OH�ðaqÞ þH3O
þðaqÞ ��" 2H2OðlÞ ð16:4Þ

Gaseous equilibria: changes in pressure

In an ideal gaseous system at constant volume and temperature, the pressure

is proportional to the number of moles of gas present (equation 16.5).

P ¼ nRT

V
ð16:5Þ

P / n at constant T and V

By Le Chatelier’s principle, an increase in external pressure is opposed by a

reduction in the number of moles of gas. Conversely, the equilibrium

responds to a decrease in pressure by shifting in the direction that

increases the number of moles of gas. Consider reaction 16.6.

2COðgÞ þO2ðgÞ Ð 2CO2ðgÞ ð16:6Þ

The forward reaction involves three moles of gaseous reactants going to two

moles of gaseous products. In the back reaction, the number of moles of gas

increases. In order to encourage the forward reaction, the external pressure

could be increased. Equilibrium 16.6 responds to this change by moving

towards the right-hand side, decreasing the number of moles of gas and

therefore decreasing the pressure. The back reaction is favoured by a

decrease in the external pressure.

Exothermic and endothermic reactions: changes in temperature

Changes to the external temperature of an equilibrium cause it to shift in a

direction that opposes the temperature change. For example, an increase

in the external temperature encourages an endothermic reaction to occur

because this takes in heat and so lowers the external temperature. Consider

equilibrium 16.7: the formation of NH3 from its constituent elements in their

standard states. The standard enthalpy of formation of NH3(g) at 298K is

�45.9 kJmol�1. This refers to the forward reaction and to the formation of

one mole of NH3.

1
2
N2ðgÞ þ 3

2
H2ðgÞ Ð NH3ðgÞ

�fH
oðNH3; g; 298KÞ ¼ �45:9 kJmol�1 ð16:7Þ

Le Chatelier’s principle

states that when an external

change is made to a system

in equilibrium, the system

will respond so as to oppose

the change.
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The data show that the forward reaction is exothermic, and therefore the

back reaction is endothermic: if 45.9 kJ are liberated when one mole of

NH3 forms from N2 and H2, then 45.9 kJ are required to decompose one

mole of NH3 into N2 and H2. If the external temperature is lowered, the

equilibrium will move towards the right-hand side because the liberation

of heat opposes the external change. If the external temperature is

increased, the back reaction is favoured and yields of NH3 are reduced.

The effects of changes of temperature and pressure on equilibrium 16.7

have important industrial consequences on the manufacture of NH3 by the

Haber process and this is discussed in Box 21.2.

16.3 Equilibrium constants

The discussion so far in this chapter has been qualitative. Quantitative

information about the position of an equilibrium can be obtained from

the equilibrium constant, K, which tells us to what extent the products

dominate over the reactants, or vice versa. The thermodynamic equilibrium

constant is defined in terms of the activities of the products and reactants,

and before proceeding with the discussion of equilibria, we must define what

is meant by activity.

Activities

In dealing with concentrations of solution species, it is common to work in

molarities: a one molar aqueous solution (1M or 1mol dm�3) contains one
mole of solute dissolved in 1 dm3 of solution. Another unit may also be

used for concentration: a one molal aqueous solution contains one mole of

solute dissolved in 1 kg of water (1mol kg�1).
In the laboratory, we usually deal with dilute solutions and we can make

some approximations that let us work with concentrations when strictly

we should be using the activities of solutes. When the concentration of a

solute is greater than about 0.1mol dm�3, there are significant interactions

between the solute molecules or ions. As a result, the effective and real

concentrations are not the same. It is necessary, therefore, to define a new

quantity called the activity. This is a measure of concentration, but it takes

into account interactions between solution species. The relative activity, ai,

of a solute i is dimensionless, and is related to its molality by equation 16.8

where �i is the activity coefficient of the solute, and mi and mi
o are the

molality and standard state molality, respectively.

ai ¼
�imi

mi
o ð16:8Þ

The standard state of a solute in solution refers to infinite dilution at standard

molality (mo), 1 bar pressure, where interactions between solute molecules

are insignificant. In equation 16.8, mi
o is defined as 1, and so the equation

becomes equation 16.9.

ai ¼ �imi ð16:9Þ

For dilute solutions, we can take �i � 1, and from equation 16.9, it follows

that the activity is approximately equal to the molality. For most

purposes, concentrations are measured in mol dm�3 rather than molalities,

The activity, ai, of any pure

substance, i, in its standard

state is defined as 1;

activities are dimensionless

(no units).

A one molar aqueous

solution contains one mole

of solute dissolved in 1 dm3

of solution (1mol dm�3).

A one molal aqueous

solution contains one mole

of solute dissolved in 1 kg of

water (1mol kg�1).
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and we can make the approximation that:

For a dilute solution, the activity of the solute is approximately equal to the

numerical value of its concentration (measured in mol dm�3).

The activity, ai, of a gas i is defined in equation 16.10. Note that this

definition is similar to that of the activity of a solution species (equation

16.8). Because equation 16.10 contains a ratio of pressures, the units of

pressure cancel and the activity is dimensionless.

ai ¼ �i
Pi

Pi
o ð16:10Þ

where: �i is the activity coefficient

Pi is the partial pressure of gas i

Pi
o is the standard state pressure of gas i ¼ 1 bar

In the case of an ideal gas, the activity coefficient �i ¼ 1. It therefore follows

that the activity of an ideal gas is equal to the numerical value of the partial

pressure, Pi:

ai ¼ �i
ðPi barÞ
ðPi

o barÞ

¼ ðPi barÞ
ð1 barÞ for an ideal gas where �i ¼ 1

¼ Pi ðdimensionlessÞ

The important points to remember from this section are:

. the activityof anypure substance in its standard state is definedas 1 (nounits);

. the activity of a solute in a dilute solution approximately equals the

numerical value of its concentration (measured in mol dm�3);
. the activity of an ideal gas approximately equals the numerical value of its

partial pressure (measured in bar).

We put these approximations into practice in the following discussion of

equilibrium constants. In this and the next chapter, calculations to

determine equilibrium constants and reaction quotients involve the use of

partial pressures of gases and concentrations of solution species. It is

important to remember that a dimensionless quantity for concentration

or partial pressure is used because we approximate activity to the

concentration or partial pressure through equation 16.8 or 16.10.

Thermodynamic equilibrium constants

Consider the general equilibrium 16.11 in which xmoles of X and ymoles of

Y are in equilibrium with z moles of Z.

xXþ yYÐ zZ ð16:11Þ

The thermodynamic equilibrium constant, K (referred to after this point

simply as the equilibrium constant), is defined in terms of the activities of

the components of the equilibrium as in equation 16.12.

K ¼ ðaZÞz

ðaXÞxðaYÞy
ð16:12Þ

For an ideal gas, the activity

is equal to the numerical

value of the partial pressure,

the pressure being measured

in bar.

The thermodynamic

equilibrium constant, K, is

defined in terms of the

activities of the products

and reactants, and is

dimensionless.
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Thus, for reaction 16.13, K is given by the equation shown.

2COðgÞ þO2ðgÞ Ð 2CO2ðgÞ K ¼
ðaCO2

Þ2

ðaCOÞ2ðaO2
Þ

ð16:13Þ

We now apply the approximation discussed in the previous section and

rewrite K (equation 16.14) in terms of the numerical values of the partial

pressures of the gases in equilibrium 16.13; we assume that the gases are ideal.

K ¼
ðPCO2

Þ2

ðPCOÞ2ðPO2
Þ

ðdimensionlessÞ ð16:14Þ

It is understood that P, although indicating a pressure, is included in the

expression for K only as a number. Similarly, we can write an expression for

equilibrium 16.15 in terms of the activities (equation 16.16) or concentrations

(equation 16.17) of the solution species provided that the solution is dilute.

The expression is simplified by taking the activity of solid Cu as 1.

2CuþðaqÞ Ð Cu2þðaqÞ þ CuðsÞ ð16:15Þ

K ¼ ðaCu2þÞðaCuÞ
ðaCuþÞ2

¼ ðaCu2þÞ
ðaCuþÞ2

aCuðsÞ ¼ 1 ð16:16Þ

K ¼ ½Cu
2þ�

½Cuþ�2
ðdimensionlessÞ ð16:17Þ

It is understood that the concentrations are included in the expression for

K only as numbers.

The next set of worked examples shows how to determine values of

thermodynamic equilibrium constants when the composition of an

equilibrium mixture is known, and how to use values of K to quantify the

position of an equilibrium in terms of its composition.

Worked example 16.1 Determination of an equilibrium constant

N2O4 dissociates according to the following equation:

N2O4ðgÞ Ð 2NO2ðgÞ

At 350K, the equilibrium mixture contains 0.13 moles N2O4 and 0.34 moles

NO2. The total pressure is 2.0 bar. Find the value of K at 350K.

First find the partial pressures of NO2 and N2O4.

Partial pressure of component X ¼
�
Moles of X

Total moles

�
� Total pressure

Partial pressure of NO2 ¼
�

0:34mol

ð0:34þ 0:13Þmol

�
� ð2:0 barÞ ¼ 1:45 bar

(1.4 bar to 2 sig. fig.)

Partial pressure of N2O4 ¼
�

0:13mol

ð0:34þ 0:13Þmol

�
� ð2:0 barÞ ¼ 0:55 bar

Now wemake the assumption that we are dealing with ideal gases, and that

the activities of NO2 and N2O4 are equal to the numerical values of the

partial pressures.

K ¼
ðPNO2

Þ2

ðPN2O4
Þ

Partial pressures:
see worked example 1.15

"
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K ¼ ð1:45Þ
2

0:55
¼ 3:8

The value of K is dimensionless because only numerical values of P are

substituted into the equation.

Worked example 16.2 Determination of an equilibrium constant

In an aqueous solution of CH3NH2, the following equilibrium is established:

CH3NH2ðaqÞ þH2OðlÞ Ð CH3NH3
þðaqÞ þOH

�ðaqÞ

Determine K for this equilibrium at 298K if the initial concentration of

CH3NH2 is 0.10mol dm
�3
, and at equilibrium, the concentration of OH

�
is

0.0066mol dm
�3
.

Let the total volume be 1.0 dm�3. Write out the equilibrium composition in

terms of moles:
CH3NH2ðaqÞ þ H2OðlÞ Ð CH3NH3

þðaqÞ þ OH�ðaqÞ
Moles initially: 0.10 excess 0 0

Moles at equilm: 0.10� 0.0066 excess 0.0066 0.0066

Write out an expression for K, taking into account that the activity is

approximately equal to the numerical value of the concentration in

dilute solution, and that the activity of the solvent water is 1.

K ¼ ½CH3NH3
þ�½OH��

½CH3NH2�½H2O�
¼ ½CH3NH3

þ�½OH��
½CH3NH2�

Concentration (in mol dm�3) ¼ Number of moles

Volume (in dm3Þ

If the volume is 1.0 dm3: Concentration ¼ Number of moles

K ¼ ½CH3NH3
þ�½OH��

½CH3NH2�

K ¼ ð0:0066Þð0:0066Þð0:10� 0:0066Þ ¼ 4:7� 10�4 ðdimensionlessÞ

Worked example 16.3 Finding the composition of an equilibrium mixture

At 400K, the equilibrium constant for the following equilibrium is 40:

H2ðgÞ þ I2ðgÞ Ð 2HIðgÞ

If 2.0 moles of H2 and 2.0 moles of I2 vapour are mixed at 400K, and the total

pressure is 1.0 bar, what is the composition of the equilibrium mixture?

First write down a scheme to show the composition of the equilibrium

mixture, using the reaction stoichiometry to work out the ratios of moles

of products : reactants.

H2(g) þ I2(g) Ð 2HI(g)

Moles initially: 2.0 2.0 0

Moles at equilibrium: 2:0� x 2:0� x 2x

At equilibrium, the total moles of gas ¼ ð2:0� xÞ þ ð2:0� xÞ þ 2x ¼ 4:0
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Now find the partial pressures of each gas at equilibrium:

Partial pressure of component X ¼
�
Moles of X

Total moles

�
� Total pressure

Partial pressure of H2 ¼
�
ð2:0� xÞmol

4:0mol

�
� ð1:0 barÞ ¼

�
2:0� x

4:0

�
bar

Partial pressure of I2 ¼
�
ð2:0� xÞmol

4:0mol

�
� ð1:0 barÞ ¼

�
2:0� x

4:0

�
bar

Partial pressure of HI ¼
�
2xmol

4:0mol

�
� ð1:0 barÞ ¼

�
2x

4:0

�
bar

Assume that the system involves ideal gases. Write down an expression

for K in terms of the numerical values of the partial pressures of the

equilibrium components:

K ¼ ðPHIÞ2

ðPH2
ÞðPI2

Þ ¼ 40

K ¼

�
2x

4:0

�2
�
2:0� x

4:0

��
2:0� x

4:0

� ¼ 40

ð2xÞ2

ð2:0� xÞ2
¼ 40

Now solve for x:

4x2 ¼ 40ð2:0� xÞ2

4x2 ¼ 40ð4:0� 4:0xþ x2Þ

4x2 ¼ 160� 160xþ 40x2

0 ¼ 160� 160xþ 36x2

The general solution for a quadratic equation of form ax2 þ bxþ c ¼ 0 is:

x ¼ �b�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 4ac
p

2a

For the quadratic: 36x2 � 160xþ 160 ¼ 0

x ¼ þ160�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1602 � 4ð36Þð160Þ

p
2ð36Þ

There are two solutions: x ¼ 2:9 or 1.5, but only x ¼ 1:5 is meaningful.

(Why?) The equilibrium mixture therefore has the composition:

ð2:0� 1:5Þ ¼ 0:5moles H2

ð2:0� 1:5Þ ¼ 0:5moles I2

ð2� 1:5Þ ¼ 3:0moles HI

Check: Total number of moles ¼ 4:0

Values of K and extent of reaction

Values ofK for different reactions vary from being extremely small (reactants

predominate) to extremely large (products predominate). Examples are listed

For practice in solving
quadratic equations, see

Section 5 of the
accompanying Mathematics

Tutor, available via the
website

www.pearsoned.co.uk/
housecroft

"
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in Table 16.1. In the first two equilibria in the table, the large values of

K show that products predominate over reactants. In the case of the

formation of HCl, the reaction lies so far to the right-hand side that

negligible amounts of reactants remain. An increase in temperature from

298K to 400K causes a decrease in K, i.e. the back reaction is favoured.

This is consistent with each of the formations of HCl and NH3 at 298 and

400K being exothermic (apply Le Chatelier’s principle). The last two

equilibria listed in Table 16.1 have very small values of K, showing that

the equilibrium mixtures contain far more reactants than products. In both

cases, increasing the temperature from 298K to 400K favours the forward

reaction, although reactants still predominate at equilibrium. These data

are consistent with the formations of NO and NO2 being endothermic.

The dependence of K on temperature is quantified in equation 16.18.

dðlnKÞ
dT

¼ �Ho

RT2
ð16:18Þ

The integrated form of equation 16.18 (equation 16.19, the derivation of

which is given in Section 17.9) shows a linear relationship between lnK

and 1=T .

lnK ¼ � �Ho

RT
þ c ðc ¼ integration constantÞ ð16:19Þ

Table 16.2 shows the temperature dependence of K for equilibrium 16.20

over the temperature range 400–700K.

2H2ðgÞ þO2ðgÞ Ð 2H2OðgÞ ð16:20Þ

Standard integrals: see
Table 4 in the accompanying
Mathematics Tutor, available

via the website
www.pearsoned.co.uk/

housecroft

"

Table 16.1 Values of equilibrium constants, K, for selected gaseous equilibria at 298K and 400K. Values of �fH
o refer to the

forward (formation) reactions and are per mole of compound formed.

Equilibrium K (298K) K (400K) �fH
o
(298K) / kJmol

�1 �fH
o
(400K) / kJmol

�1

H2ðgÞ þ Cl2ðgÞ Ð 2HClðgÞ 2:5� 1033 1:4� 1025 �92.3 �92.6

N2ðgÞ þ 3H2ðgÞ Ð 2NH3ðgÞ 5:6� 105 36 �45.9 �48.1

N2ðgÞ þ 2O2ðgÞ Ð 2NO2ðgÞ 4:7� 10�19 5:0� 10�16 þ34.2 þ33.6

N2ðgÞ þO2ðgÞ Ð 2NOðgÞ 2:0� 10�31 2:9� 10�23 þ91.3 þ91.3

Table 16.2 The temperature dependence of K for the equilibrium:

2H2ðgÞ þO2ðgÞ Ð 2H2OðgÞ

Temperature / K K

400 3:00� 1058

500 5:86� 1045

600 1:83� 1037

700 1:46� 1031
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Figure 16.1 gives a plot of lnK against 1=T using the data from Table 16.2.

From equation 16.19, the positive gradient in Figure 16.1 indicates that

the forward reaction 16.20 is exothermic (negative �Ho). An approximate

value of �fH
o(H2O, g) can be obtained from the gradient of the line

(equation 16.21).

Gradient ¼ 59 000K ¼ � �Ho

R
ð16:21Þ

�Ho ¼ �ð59 000KÞ � ð8:314� 10�3 kJK�1 mol�1Þ

¼ �490 kJmol�1 (per 2 moles of H2OðgÞÞ

The value is only approximate because �Ho is actually temperature

dependent, but the variation over the temperature range 400–700K is not

enormous (about 8 kJ per 2 moles of H2O) and this method of determining

enthalpy changes remains a useful experimental approach. The difference in

values of �fH
o(298K) and �fH

o(400K) for selected reactions can be seen

from Table 16.1 and these data give an indication of how approximate it is

to assume a constant value for �fH
o.

16.4 Acid–base equilibria

Brønsted acids and bases

A Brønsted acid is a proton donor (e.g. hydrochloric acid) and a Brønsted

base is a proton acceptor (e.g. hydroxide ion). Equation 16.22 shows the

reaction between a general acid HA and H2O in which a proton is

transferred from the acid to the base: HA acts as a Brønsted acid and H2O

functions as a Brønsted base.

HA
Brønsted acid

þ H2O
Brønsted base

Ð H3O
þ þA� ð16:22Þ

Water can also act as a Brønsted acid and equation 16.23 shows its general

reaction with a Brønsted base B.

B
Brønsted base

þ H2O
Brønsted acid

Ð BHþ þOH� ð16:23Þ

A Brønsted acid is a proton

donor, and a Brønsted base

is a proton acceptor.

Fig. 16.1 A plot of lnK against
1=T for the equilibrium:
2H2ðgÞ þO2ðgÞ Ð 2H2OðgÞ.
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If reaction 16.22 goes essentially to completion, then HA is a strong acid. An

example is HCl which is fully ionized in aqueous solution (equation 16.24).

HClðaqÞ þH2OðlÞ ��"H3O
þðaqÞ þ Cl�ðaqÞ ð16:24Þ

In aqueous solution, NaOH acts as a strong base because it is fully ionized;

the basic species in solution is OH� (equation 16.25).

NaOHðaqÞ ��"NaþðaqÞ þOH�ðaqÞ ð16:25Þ

The equilibrium constant, Ka

In many cases, dissociation of the acid in aqueous solution is not complete

and an equilibrium is established as shown for aqueous acetic acid in

equation 16.26. Acetic acid is an example of a carboxylic acid of general

formula RCO2H (16.1).

CH3CO2HðaqÞ
Acetic acid

þH2OðlÞ Ð H3O
þðaqÞ þ CH3CO2

�ðaqÞ
Acetate ion

ð16:26Þ

Aqueous acetic acid is a weak Brønsted acid and the equilibrium lies to

the left-hand side. The equilibrium constant is called the acid dissociation

constant, Ka, and for CH3CO2H, Ka ¼ 1:7� 10�5. This is expressed by

equation 16.27 where the concentrations are those at equilibrium.

Remember that the equilibrium constant is strictly expressed in terms of

activities, and for the solvent H2O, the activity is 1. Since we approximate

the activity (which is dimensionless) to the concentration, and use the

numerical values of the concentrations in equation 16.27, the value of Ka is

dimensionless.

Ka ¼
½H3O

þ�½CH3CO2
��

½CH3CO2H�½H2O�
¼ ½H3O

þ�½CH3CO2
��

½CH3CO2H�
¼ 1:7� 10�5 ð16:27Þ

Assuming that the contribution to ½H3O
þ� from H2O is negligible, then the

stoichiometry of equation 16.26 shows that the concentration of H3O
þ and

CH3CO2
� ions must be equal and so equation 16.27 can be written in the

forms shown in equation 16.28.

Ka ¼
½H3O

þ�2

½CH3CO2H�
or Ka ¼

½CH3CO2
��2

½CH3CO2H�
ð16:28Þ

These equations can be used to calculate the concentration of H3O
þ or

CH3CO2
� ions as shown in worked example 16.4.

Worked example 16.4 The concentration of H3Oþ ions in an aqueous solution of acetic acid

Determine ½H3O
þ� in a 1:0� 10

�2
mol dm

�3
solution of acetic acid (CH3CO2H)

if Ka ¼ 1:7� 10
�5
.

The equilibrium in aqueous solution is:

CH3CO2HðaqÞ þH2OðlÞ Ð H3O
þðaqÞ þ CH3CO2

�ðaqÞ

and the acid dissociation constant is given by:

Ka ¼
½H3O

þ�½CH3CO2
��

½CH3CO2H�

Carboxylic acids:
see Chapter 33

(16.1)

"
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The stoichiometry of the equilibrium shows that ½CH3CO2
�� ¼ ½H3O

þ�,
and therefore:

Ka ¼
½H3O

þ�2

½CH3CO2H�

This equation can be rearranged to find ½H3O
þ�:

½H3O
þ�2 ¼ Ka � ½CH3CO2H�

½H3O
þ� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ka � ½CH3CO2H�

p
Strictly, this equation will give us the activity of H3O

þ ions. However, in

dilute solution, the activity � concentration. The initial concentration of

CH3CO2H is 1:0� 10�2 mol dm�3, but we need the equilibrium concentra-

tion. Since CH3CO2H is a weak acid, only a very small amount of the acid

has dissociated, and therefore we can make the approximation that the

concentration of CH3CO2H at equilibrium is roughly the same as the

original concentration:

½CH3CO2H�equilm � ½CH3CO2H�initial ¼ 1:0� 10�2 mol dm�3

Substituting this value into the equation for ½H3O
þ� gives:

½H3O
þ� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ka � ½CH3CO2H�

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:7� 10�5 � 1:0� 10�2

p
¼ 4:1� 10�4 mol dm�3

Check that the assumption that ½CH3CO2H�equilm � ½CH3CO2H�initial is
valid: the initial concentration of acid was 1:0� 10�2 mol dm�3, and the

equilibrium concentration of H3O
þ is found to be 4:1� 10�4 mol dm�3,

i.e. the degree of dissociation of the acid is very small:

Degree of dissociation ¼ ð4:1� 10�4 mol dm�3Þ
ð1:0� 10�2 mol dm�3Þ

� 100 ¼ 4:1%

pKa

Although we often use values of Ka, a useful and common way of reporting

this number is as the pKa value. This is defined as the negative logarithm (to

the base 10) of the equilibrium constant (equation 16.29).

pKa ¼ � logKa ð16:29Þ

If pKa is known, equation 16.29 can be rearranged to find Ka

(equation 16.30).

Ka ¼ 10�pKa ð16:30Þ

From equations 16.29 and 16.30, it follows that as Ka becomes smaller, pKa

becomes larger. For example, CH3CO2H is a weaker acid than HCO2H and

the respective values of pKa and Ka are:

CH3CO2H pKa ¼ 4:77 Ka ¼ 1:7� 10�5

HCO2H pKa ¼ 3:75 Ka ¼ 1:8� 10�4

For a weak acid:

pKa ¼ � logKa

log = log10

"

Acid–base equilibria 549



 

Worked example 16.5 The relationship between Ka and pKa

pKa for hydrocyanic acid (HCN) is 9.31. Find the concentration of H3O
þ
ions

in an aqueous solution of concentration 2:0� 10
�2

mol dm
�3
.

The appropriate equilibrium is:

HCNðaqÞ þH2OðlÞ Ð H3O
þðaqÞ þ CN�ðaqÞ

and the equilibrium constant is given by:

Ka ¼
½H3O

þ�½CN��
½HCN�

From the stoichiometry of the equilibrium, ½H3O
þ� ¼ ½CN��, and so we

can write:

Ka ¼
½H3O

þ�2

½HCN�

and therefore:

½H3O
þ�2 ¼ Ka � ½HCN�

½H3O
þ� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ka � ½HCN�

p
Ka can be found from pKa:

Ka ¼ 10�pKa ¼ 10�9:31 ¼ 4:9� 10�10

Using the approximation that ½HCN�equilm � ½HCN�initial ¼ 2:0�
10�2 mol dm�3, we can calculate ½H3O

þ�:

½H3O
þ� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ka � ½HCN�

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4:9� 10�10 � 2:0� 10�2

p
¼ 3:1� 10�6 mol dm�3

Check that the assumption that ½HCN�equilm � ½HCN�initial is valid: the

initial concentration of acid was 2:0� 10�2 mol dm�3, and the equilibrium

concentration of H3O
þ is found to be 3:1� 10�6 mol dm�3, i.e. the degree

of dissociation of the acid is very small.

Neutralization reactions

Equations 16.31 and 16.32 summarize general neutralization reactions, and

examples are given in reactions 16.33–16.35.

H3O
þðaqÞ þOH�ðaqÞ ��" 2H2OðlÞ ð16:31Þ

Acidþ Base��" SaltþWater ð16:32Þ
HClðaqÞ
Acid

þKOHðaqÞ
Base

��"KClðaqÞ þH2OðlÞ ð16:33Þ

H2SO4ðaqÞ
Acid

þ 2NaOHðaqÞ
Base

��"Na2SO4ðaqÞ þ 2H2OðlÞ ð16:34Þ

CH3CO2HðaqÞ
Acid

þNaOHðaqÞ
Base

��"Na½CH3CO2�ðaqÞ þH2OðlÞ ð16:35Þ

Even if an acid is weak, the neutralization reaction goes to completion if

stoichiometric quantities of reagents are available.

Strictly, this equation gives
us the activity of H3Oþ: see

worked example 16.4

A neutralization reaction is

the reaction of an acid with

a base to give a salt and

water.

"
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Conjugate acids and bases

WhenaBrønsted acid donates aproton, it forms a specieswhich can, in theory,

accept theprotonbackagain.Equation 16.36 shows thedissociationof nitrous

acid in water.

HNO2ðaqÞ þH2OðlÞ Ð H3O
þðaqÞ þNO2

�ðaqÞ ð16:36Þ

In the forward reaction, HNO2 acts as a Brønsted acid and H2O as a

Brønsted base. In the back reaction, the Brønsted acid is H3O
þ and the

Brønsted base is NO2
�. The NO2

� ion is the conjugate base of HNO2, and

conversely, HNO2 is the conjugate acid of NO2
�. Similarly, H3O

þ is the

conjugate acid of H2O, and H2O is the conjugate base of H3O
þ. The

conjugate acid–base pairs are shown in scheme 16.37.

ð16:37Þ

Table 16.3 lists selected conjugate acid–base pairs and pKa values for the

acids. Note the inverse relationship between the relative strengths of the

conjugates acids and bases. We return to this point later in the section

(equation 16.54 and the related discussion).

The self-ionization of water

Water itself is ionized (equation 16.38) to a very small extent. The form of the

equilibrium sign in equation 16.38 indicates that the reaction lies far to

the left-hand side. The equilibrium constant for the dissociation is called

the self-ionization constant, Kw (equation 16.39), and the value reveals how

very few ions are present in pure water.

2H2OðlÞ Ð H3O
þðaqÞ þOH�ðaqÞ ð16:38Þ

Kw ¼ ½H3O
þ�½OH�� ¼ 1:0� 10�14 ðat 298KÞ ð16:39Þ

It is convenient to define the term pKw (equation 16.40) which has the same

relationship to Kw that pKa has to Ka.

pKw ¼ � logKw ¼ 14:00 ð16:40Þ

We make use of Kw and pKw later in the section.

Polybasic acids

Acids such as HCl, CH3CO2H, HNO2 and HCN are monobasic because they

lose only one proton per molecule of acid (e.g. equation 16.36). Some Brønsted

acids may lose two, three or more protons. Sulfuric acid (16.2) is an example of

a dibasic acid, and equations 16.41 and 16.42 show the two dissociation steps.

The notation pKa(2) in equation 16.42 shows that the acid dissociation

constant refers to the loss of the second proton from the acid, i.e. the

Nitrous acid is unstable
with respect to

disproportionation:
see equation 22.72

The self-ionization constant,

Kw, for water is 1:0� 10�14;
pKw ¼ 14:00 (at 298K).

(16.2)

"
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second dissociation step of the acid.

H2SO4ðaqÞ þH2OðlÞ ��"H3O
þðaqÞ þHSO4

�ðaqÞ fully dissociated ð16:41Þ

HSO4
�ðaqÞ þH2OðlÞ Ð H3O

þðaqÞ þ SO4
2�ðaqÞ pKað2Þ ¼ 1:92 ð16:42Þ

The first dissociation step goes to completion, because H2SO4 is a strong

acid. The second step is an equilibrium because HSO4
� is a relatively weak

acid. Reactions of sulfuric acid with a base may lead to the formation of a

sulfate or hydrogensulfate salt as in equations 16.43 and 16.44.

H2SO4ðaqÞ þKOHðaqÞ ��"KHSO4ðaqÞ þH2OðlÞ ð16:43Þ
H2SO4ðaqÞ þ 2KOHðaqÞ ��"K2SO4ðaqÞ þ 2H2OðlÞ ð16:44Þ

It is a general trend that the first dissociation constant, Kað1Þ, of a dibasic

acid is larger than the second, Kað2Þ, and this is seen in Table 16.3 for H2SO3

and H2CO3. Remember that if Kað1Þ > Kað2Þ, then pKað1Þ < pKað2Þ. The
trend in Ka values extends to tribasic and higher polybasic acids: it is

In general, for a dibasic

acid: Kað1Þ > Kað2Þ

Table 16.3 Conjugate acid and base pairs, and values of pKa for the dilute aqueous solutions of the acids; strong acids are fully
dissociated. Values of pKa are measured at 298K, unless otherwise stated.

Acid
a

Formula pKa Conjugate base
a

Formula

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
�

In
cr
ea
si
n
g
st
re
n
g
th

o
f
a
ci
d

Perchloric acid HClO4 – Perchlorate ion ½ClO4��

Sulfuric acid H2SO4 – Hydrogensulfate ion ½HSO4��

Hydrochloric acid HCl – Chloride ion Cl�

Nitric acid HNO3 – Nitrate ion ½NO3��

Sulfurous acid H2SO3 1.81b Hydrogensulfite ion ½HSO3��

Hydrogensulfate ion ½HSO4�� 1.92 Sulfate ion ½SO4�2�

Phosphoric acid H3PO4 2.12 Dihydrogenphosphate ion ½H2PO4��

Nitrous acid HNO2 3.34 Nitrite ion ½NO2��

Acetic acid CH3CO2H 4.77 Acetate ion ½CH3CO2��

Carbonic acid H2CO3 6.37 Hydrogencarbonate ion ½HCO3��

Hydrogensulfite ion ½HSO3�� 6.91b Sulfite ion ½SO3�2�

Dihydrogenphosphate ion ½H2PO4�� 7.21 Hydrogenphosphate ion ½HPO4�2�

Hydrocyanic acid HCN 9.31 Cyanide ion ½CN��

Hydrogencarbonate ion ½HCO3�� 10.25 Carbonate ion ½CO3�2�

Hydrogenphosphate ion ½HPO4�2� 12.67b Phosphate ion ½PO4�3�

�������������������������������������������������������������������
In
crea

sin
g
stren

g
th

o
f
co
n
ju
g
a
te

b
a
se

aThe names given in the table for the acids and bases are common names accepted by the IUPAC. Systematic additive names are
constructed as shown in the following examples: [SO4]

2�, tetraoxidosulfate(2�); [HSO4]
� ¼ [S(OH)O3]

�, hydroxidotrioxidosulfate(1�);
[H2PO4]

� ¼ [P(OH)2O2]
�, dihydroxidodioxidophosphate(1�); [NO3]

�, trioxidonitrate(1�).
bMeasured at 291K.

!

!
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harder to remove a proton from a negatively charged species than from a

neutral one. Phosphoric acid, H3PO4 (16.3), is tribasic, and the three

dissociation steps are shown in equations 16.45 to 16.47. The trend in acid

strengths is H3PO4 > H2PO4
� > HPO4

2�.

H3PO4ðaqÞ þH2OðlÞ Ð H3O
þðaqÞ þH2PO4

�ðaqÞ pKað1Þ ¼ 2:12 ð16:45Þ

H2PO4
�ðaqÞ þH2OðlÞ Ð H3O

þðaqÞ þHPO4
2�ðaqÞ pKað2Þ ¼ 7:21 ð16:46Þ

HPO4
2�ðaqÞ þH2OðlÞ Ð H3O

þðaqÞ þ PO4
3�ðaqÞ pKað3Þ ¼ 12:67 ð16:47Þ

The dissociation constant, Kb

In an aqueous solution of a weak base B, proton transfer is not complete

and equation 16.48 shows the general equilibrium and expression for the

associated equilibrium constant, Kb.

BðaqÞ þH2OðlÞ Ð ½BH�þðaqÞ þOH�ðaqÞ

Kb ¼
½BHþ�½OH��
½B�½H2O�

¼ ½BH
þ�½OH��
½B� ð16:48Þ

In the same way that we defined pKa and pKw, we can also define pKb

(equation 16.49). The weaker the base, the smaller the value of Kb and the

larger the value of pKb.

pKb ¼ � logKb ð16:49Þ

Worked example 16.6 Determining the concentration of OH� ions in an aqueous solution of NH3

Calculate the concentration of OH
�
ions in an aqueous solution of NH3 of

concentration 5:0� 10
�2

mol dm
�3

if pKb for NH3 ¼ 4:75.

The appropriate equilibrium is:

NH3ðaqÞ þH2OðlÞ Ð NH4
þðaqÞ þOH�ðaqÞ

and the equilibrium constant is given by:

Kb ¼
½NH4

þ�½OH��
½NH3�

where the concentrations are those at equilibrium. From the stoichiometry

of the equilibrium, it follows that ½NH4
þ� ¼ ½OH�� (assuming that the

contribution to ½OH�� from H2O dissociation is negligible) and so we

can write:

Kb ¼
½OH��2

½NH3�

Rearrangement of the equation gives:

½OH��2 ¼ Kb � ½NH3�

½OH�� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kb � ½NH3�

p

(16.3)

For a weak base:

pKb ¼ � logKb

Strictly, this equation gives
us the activity of OH�:

see worked example 16.4

"
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We make the assumption that, because NH3 is a weak base and is largely

undissociated, ½NH3�equilm � ½NH3�initial ¼ 5:0� 10�2 mol dm�3.
We are given the value of pKb ¼ 4:75, and therefore:

Kb ¼ 10�4:75 ¼ 1:8� 10�5

Therefore:

½OH�� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:8� 10�5 � 5:0� 10�2

p
½OH�� ¼ 9:5� 10�4 mol dm�3

Check that the assumption ½NH3�equilm � ½NH3�initial was valid: the initial

concentration of NH3 was 5:0� 10�2 mol dm�3, and the equilibrium

concentration of OH� is very much smaller than this, 9:5� 10�4 mol dm�3.

The relationship between Ka and Kb for a conjugate acid–base pair

Wementioned earlier that there is an inverse relationship between the relative

strengths of a weak acid and its conjugate base (Table 16.3). We can quantify

this by considering the relationship between Ka and Kb for a conjugate

acid–base pair. Consider the dissociation of acetic acid in aqueous solution

(equation 16.50) and the equilibrium established by the acetate ion (i.e. the

conjugate base of acetic acid) in aqueous solution (equation 16.51).

CH3CO2HðaqÞ
Acetic acid

þH2OðlÞ Ð H3O
þðaqÞ þ CH3CO2

�ðaqÞ

Ka ¼
½H3O

þ�½CH3CO2
��

½CH3CO2H�
ð16:50Þ

CH3CO2
�ðaqÞ

Acetate ion

þH2OðlÞ Ð CH3CO2HðaqÞ þOH�ðaqÞ

Kb ¼
½CH3CO2H�½OH��
½CH3CO2

�� ð16:51Þ

By comparing these equations for Ka and Kb with equation 16.39 for Kw, we

find that the three equilibrium constants are related by equation 16.52:

Ka � Kb ¼
½H3O

þ�½CH3CO2
��

½CH3CO2H�
� ½CH3CO2H�½OH��

½CH3CO2
��

¼ ½H3O
þ�½OH��

Ka � Kb ¼ Kw ð16:52Þ

If we now take logs of both sides of equation 16.52, we obtain equation 16.53.

log ðKa � KbÞ ¼ logKw

Therefore:

logKa þ logKb ¼ logKw ð16:53Þ

This equation can be rewritten in terms of pKa, pKb and pKw (equation 16.54).

� logKa � logKb ¼ � logKw

pKa þ pKb ¼ pKw ¼ 14:00 ð16:54Þ

Thus, for acetic acid for which pKa ¼ 4:77 (Table 16.3), we can use equation

16.54 to determine that pKb for the acetate ion is ð14:00� 4:77Þ ¼ 9:23.

Equation 16.54 allows us to quantify the relationships between the relative

strengths of the conjugate acids and bases in Table 16.3. For example, pKa

pKa þ pKb ¼ pKw ¼ 14:00
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for HPO4
2� is 12.67, and from equation 16.54, pKb for the conjugate base

PO4
3� is ð14:00� 12:67Þ ¼ 1:33. Thus, while HPO4

2� is the weakest acid

listed in Table 16.3, PO4
3� is the strongest base.

16.5 Acids and bases in aqueous solution: pH

The concentration of H3O
þ ions in solution is usually denoted by a pH value

as defined in equation 16.55.§ If the pH is known, then the hydrogen ion

concentration can be found from equation 16.56.

pH ¼ � log ½H3O
þ� ð16:55Þ

½H3O
þ� ¼ 10�pH ð16:56Þ

For strong acids, determining the pH of the solution from the hydrogen ion

concentration, or finding the ½H3O
þ� from a reading on a pH meter, is

straightforward. The method is shown in worked example 16.7. However,

for a weak acid, we must take into account that not all the acid is

dissociated and this is explained in worked example 16.8.

Worked example 16.7 pH of an aqueous solution of HCl (hydrochloric acid)

What is the pH of an aqueous hydrochloric acid solution of concentration

5:0� 10
�2

mol dm
�3
?

Hydrochloric acid is a strong acid (Table 16.3) and is fully dissociated in

water:

HClðaqÞ þH2OðlÞ ��"H3O
þðaqÞ þ Cl�ðaqÞ

Therefore, the concentration of H3O
þ ions is the same as the initial

concentration of HCl:

½H3O
þ� ¼ ½HCl� ¼ 5:0� 10�2 mol dm�3

pH ¼ � log ½H3O
þ�

¼ � log ð5:0� 10�2Þ

¼ 1:30

Worked example 16.8 pH of an aqueous solution of HCO2H (formic acid)

Formic acid has a pKa of 3.75. What is the pH of an aqueous solution of

concentration 5:0� 10
�3

mol dm
�3
?

Formic acid is a weak acid and is not fully dissociated in aqueous

solution:

HCO2HðaqÞ þH2OðlÞ Ð H3O
þðaqÞ þHCO2

�ðaqÞ

pH ¼ � log ½H3O
þ�

pH meter: see end of
Section 18.8

"

§ You will also find equation 16.55 written in the form of pH ¼ � log ½Hþ�; in water, protons
combine with H2O molecules and the predominant species are H3O

þ ions.
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Therefore, the equilibrium concentration of H3O
þ ions is not the same

as the initial concentration of HCO2H. To find ½H3O
þ�, we need the

equilibrium constant:

Ka ¼
½H3O

þ�½HCO2
��

½HCO2H�
¼ 10�pKa

½H3O
þ�½HCO2

��
½HCO2H�

¼ 10�3:75 ¼ 1:8� 10�4

From the stoichiometry of this equation, ½H3O
þ� ¼ ½HCO2

��, therefore:

½H3O
þ�2

½HCO2H�
¼ 1:8� 10�4

½H3O
þ�2 ¼ 1:8� 10�4 � ½HCO2H�

½H3O
þ� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:8� 10�4 � ½HCO2H�

q
where ½HCO2H� is the equilibrium concentration of undissociated acid. If

only a very small amount of the initial acid were dissociated, we could

make the assumption that ½HCO2H�equilm � ½HCO2H�initial. But in this

case, the approximation is not valid as we can see below. Assume that

½HCO2H�equilm � ½HCO2H�initial, and so:

½H3O�þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:8� 10�4 � 5:0� 10�3

p
¼ 9:5� 10�4 mol dm�3

If you compare this concentration to the initial concentration of HCO2H

of 5:0� 10�3 mol dm�3, it shows that 19% of the acid has dissociated, and

this is a significant amount:

Degree of dissociation ¼ ð9:5� 10�4 mol dm�3Þ
ð5:0� 10�3 mol dm�3Þ

� 100 ¼ 19%

Therefore, we need to solve this problem more rigorously:

HCO2H(aq) +H2O(l) Ð H3O
þ(aq) þ HCO2

�(aq)

mol dm�3 initially: 5:0� 10�3 excess 0 0

mol dm�3 equilm: ð5:0� 10�3Þ � x excess x x

Ka ¼ 1:8� 10�4 ¼ ½H3O
þ�½HCO2

��
½HCO2H�

¼ x2

ð5:0� 10�3Þ � x

x2 ¼ ð1:8� 10�4Þð5:0� 10�3Þ � ð1:8� 10�4Þx

x2 þ ð1:8� 10�4Þx� ð9:0� 10�7Þ ¼ 0

x ¼
�ð1:8� 10�4Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1:8� 10�4Þ2 þ 4ð9:0� 10�7Þ

q
2

¼ 8:6� 10�4 or � 1:0� 10�3 mol dm�3

Clearly, only the positive value is possible and therefore:

x ¼ ½H3O�þ ¼ 8:6� 10�4 mol dm�3

Now we can find the pH of the solution:

pH ¼ � log ½H3O
þ� ¼ � log ð8:6� 10�4Þ ¼ 3:07
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Figure 16.2 illustrates the pH scale with examples of strong and weak

acids and bases of different concentrations. The pH of an aqueous

solution of a base can be determined by first finding the concentration of

hydroxide ions in solution and then using relationship 16.39 to determine

the concentration of H3O
þ ions. Worked examples 16.9 and 16.10 consider

the cases of a strong (fully dissociated) and weak (partially dissociated)

base, respectively.

Worked example 16.9 pH of an aqueous solution of NaOH (sodium hydroxide)

What is the pH of an aqueous NaOH solution of concentration

5:0� 10
�2

mol dm
�3
?

NaOH is fully dissociated when dissolved in water:

NaOHðaqÞ ��"NaþðaqÞ þOH�ðaqÞ

and the concentration of OH� ions is equal to the initial concentration of

NaOH:

½OH�� ¼ ½NaOH� ¼ 5:0� 10�2 mol dm�3

The pH of the solution is given by the equation:

pH ¼ � log ½H3O
þ�

and so we need to relate ½H3O
þ� to the known value of ½OH��:

Kw ¼ ½H3O
þ�½OH�� ¼ 1:0� 10�14

½H3O
þ� ¼ 1:0� 10�14

½OH�� ¼ 1:0� 10�14

5:0� 10�2
¼ 2:0� 10�13 mol dm�3

pH ¼ � log ½H3O
þ� ¼ � log ð2:0� 10�13Þ ¼ 12:70

Fig. 16.2 The pH scale runs
below 0 to 14. The chart gives
some examples of aqueous acids
and bases covering a range of pH
values.

Acids and bases in aqueous solution: pH 557



 

ENVIRONMENT

Box 16.1 Acid drainage from mines, and acidic and alkaline soils

The pH of soil is affected by the nature of bedrock and

natural water courses, but can also be altered by

natural processes or by industrial wastes and other

human-related activities. Natural variation in pH is

not usually an environmental problem, but significant

change in the pH of groundwater and soil caused by

acid drainage from old mines or precipitation of acid

rain is of environmental concern. We focus here on

acid drainage; the origins and effects of acid rain are

described in Box 22.13.

Acid drainage occurs when sulfur-containing mineral

ores or sulfur-rich coal deposits are exposed to the air

and are oxidized. For example, iron pyrites (FeS2) is

often present in coal deposits and occurs with other

metal ores. In old mines, FeS2 exposed to air is

oxidized and a series of reactions occurs:

2FeS2ðsÞ þ 7O2ðgÞ þ 2H2OðlÞ ��"
Fe2þ½S2�2� 2FeSO4ðaqÞ þ 2H2SO4ðaqÞ

Fe2þðaqÞ HþðaqÞ

4Fe2þðaqÞ þO2ðgÞ þ 4HþðaqÞ ��" 4Fe3þðaqÞ
þ 2H2OðlÞ

Fe3þðaqÞ þ 3H2OðlÞ ��"FeðOHÞ3ðsÞ þ 3HþðaqÞ

FeS2ðsÞ þ 14Fe3þðaqÞ þ 8H2OðlÞ ��" 15Fe2þðaqÞ
þ2½SO4�2�ðaqÞ þ 16HþðaqÞ

The rates at which these reactions occur depend on a

number of factors including temperature, pH and

whether or not microorganisms are present. The net

result of these processes is the drainage of acid waste

from old mines, coloured orange by the presence of

the iron(III), as illustrated in the photograph of a

polluted stream in Ohio, US.

Lowering the pH of water flowing from a mine is

likely to have an effect on other minerals present and

on the bedrock. For example, if the surrounding rock

is limestone, then the following reactions occur,

depending upon the pH:

CaCO3ðsÞ þHþðaqÞ Ð Ca2þðaqÞ þ ½HCO3��ðaqÞ

CaCO3ðsÞ þ 2HþðaqÞ Ð Ca2þðaqÞ þ CO2ðgÞ þH2OðlÞ

This neutralization process has the effect of raising the

pH again. In some cases, the limestone environment

is sufficient to offset the potential damage of the acid

drainage. In cases where carbonate minerals are

absent, but aluminium hydroxide minerals (diaspore,

gibbsite or boehmite) are present, then the latter react

with the acid:

g-AlðOHÞ3
Gibbsite

þ 3Hþ Ð Al3þðaqÞ þ 3H2OðlÞ

a-AlOðOHÞ
Diaspore

þ 3Hþ Ð Al3þðaqÞ þ 2H2OðlÞ

g-AlOðOHÞ
Boehmite

þ 3Hþ Ð Al3þðaqÞ þ 2H2OðlÞ

The species ‘Al3+(aq)’ is actually the hexaaqua ion,

[Al(OH2)6]
3+, and H+ is shorthand for [H3O]+.

Hence these equilibria may also be written in the form:

g-AlðOHÞ3 þ 3½H3O�þðaqÞ Ð ½AlðOH2Þ6�3þðaqÞ

a-AlOðOHÞ þ 3½H3O�þðaqÞ þH2OðlÞ Ð
½AlðOH2Þ6�3þðaqÞ

g-AlOðOHÞ þ 3½H3O�þðaqÞ þH2OðlÞ Ð
½AlðOH2Þ6�3þðaqÞ

The aluminium hydroxides have a buffering effect (see

Section 16.7), resulting in the pH of the mine waste

water being maintained at about 4.5, i.e. still acidic. A

model for the distribution of aluminium species in

acidic soils can be produced by adding gibbsite

(g-Al(OH)3) to an aqueous solution of calcium nitrate

(1mmol dm�3). The speciation curve on the next page

illustrates how the aluminium species change in this

system as the pH is raised from 4.0 to 6.5. The

equilibria that are of relevance to the diagram are:

½AlðOH2Þ6�3þðaqÞ þH2OðlÞ Ð½AlðOH2Þ5ðOHÞ�2þðaqÞ
þ ½H3O�þðaqÞ

½AlðOH2Þ6�3þðaqÞ Ð AlðOHÞ3ðsÞ þ 3½H3O�þðaqÞ
Drainage from a mine in Ohio results in an orange-coloured

and acidic stream.
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Iron(III) hydroxides remain undissolved unless the

pH is lowered to about 2.5–3.5, at which point the

following reaction occurs:

FeðOHÞ3ðsÞ þ 3HþðaqÞ ��"Fe3þðaqÞ þ 3H2OðlÞ

Soil pH is of importance to gardeners. Walk around

any garden centre, and you will find kits for testing the

pH of garden soil. The bedrock and sources of water

run-off affect the pH of soil and in the UK, soil pH

varies in the approximate range 4.0 to 8.5. Many

plants are quite tolerant of the pH conditions in

which they grow, and may thrive within pH limits of

�1.0 of an optimum value. Other plants are not at all

tolerant, and many agricultural crops grow poorly in

acid soils. Rhododendrons and azaleas require acidic

soil and grow best where the soil is peat-based.

Bilberries and cranberries also need acidic conditions:

pH4.5 is ideal. Anemones (e.g. Anemone pulsatilla),

clematis and daphne grow best in slightly alkaline

conditions (�pH7.5) and respond well to the addition

of lime. A well-documented example of the effects of

pH is the colour of hydrangea flowers: alkaline soil

tends to make the flowers pink, while acid soil results

in blue flowers, making the plant an indicator of soil

pH.

Commercially available kits used to test the pH of soil.

Distribution of aluminium as a function of pH, initially an aqueous solution in which the total concentration of Al3þ ion is

50mmol dm�3. [Reprinted from Encyclopedia of Soils in the Environment, D.R. Parker, Aluminium Speciation, pp. 50–56,

# 2004 with permission from Elsevier.]
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Worked example 16.10 pH of an aqueous solution of CH3NH2 (methylamine)

CH3NH2 has a pKb value of 3.34. What is the pH of an aqueous solution of

CH3NH2 of concentration 0.10mol dm
�3
?

Methylamine is a weak base and is partially dissociated in aqueous

solution:

CH3NH2ðaqÞ þH2OðlÞ Ð CH3NH3
þðaqÞ þOH�ðaqÞ

The equilibrium concentration of OH� ions is not the same as the initial

concentration of CH3NH2. To find the concentration of OH� ions, we

require the equilibrium constant:

Kb ¼
½CH3NH3

þ�½OH��
½CH3NH2�

From the stoichiometry of the equilibrium, ½CH3NH3
þ� ¼ ½OH��, and

therefore:

Kb ¼
½OH��2

½CH3NH2�

where these are equilibrium concentrations. Make the assumption that

½CH3NH2�equilm � ½CH3NH2�initial ¼ 0:10mol dm�3, and therefore:

½OH��2 ¼ Kb � ½CH3NH2� ¼ Kb � 0:10

½OH�� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kb � 0:10

p
We are given a value of pKb, and so can find Kb:

Kb ¼ 10�pKb

¼ 10�3:34

¼ 4:6� 10�4

Therefore:

½OH�� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4:6� 10�4 � 0:10

p
¼ 6:8� 10�3 mol dm�3

Check that the assumption ½CH3NH2�equilm � ½CH3NH2�initial was valid:

the initial concentration of CH3NH2 was 0.10mol dm�3 and the

equilibrium concentration of OH� is 6:8� 10�3 mol dm�3. The degree of

dissociation is therefore 6.8%, and this is at the limits of acceptability

for the approximation. As an exercise, solve the problem rigorously

(see worked example 16.8) and show that the accurate value of

½OH�� ¼ 6:6� 10�3 mol dm�3.

Taking the value of ½OH�� ¼ 6:8� 10�3 mol dm�3, we now have to find

½H3O
þ�, and this is related to ½OH�� as follows:

Kw ¼ ½H3O
þ�½OH�� ¼ 1:0� 10�14 ðat 298KÞ

½H3O
þ� ¼ 1:0� 10�14

½OH�� ¼ 1:0� 10�14

6:8� 10�3
¼ 1:5� 10�12 mol dm�3

pH ¼ � log ½H3O
þ�

¼ � log ð1:5� 10�12Þ

¼ 11:82
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16.6 Acids and bases in aqueous solution: speciation

Dibasic acids

In the last section, we considered the pH of aqueous solutions of monobasic

acids. Many acids are polybasic (see, for example, equations 16.45–16.47 and

Table 16.3). To illustrate how to determine the pH of solutions of such acids,

we consider the dibasic acids listed in Table 16.4. We have already seen that

the first dissociation step lies further to the right-hand side than the second

step, i.e. Kað1Þ > Kað2Þ or pKað1Þ < pKað2Þ. However, there is no general

way in which to treat the relative importance of the two dissociation steps

in terms of estimating the concentration of H3O
þ ions in solution. First,

consider H2S (equations 16.57 and 16.58).

H2SðaqÞ þH2OðlÞ Ð H3O
þðaqÞ þHS�ðaqÞ ð16:57Þ

HS�ðaqÞ þH2OðlÞ Ð H3O
þðaqÞ þ S2�ðaqÞ ð16:58Þ

From Table 16.4, pKað2Þ � pKað1Þ, and most of the H3O
þ in an aqueous

solution of H2S arises from equilibrium 16.57. In determining the pH of

an aqueous solution of H2S, we can effectively ignore equilibrium 16.58

and treat the system as though it were a monobasic acid. Thus, for an H2S

solution of concentration 0.010mol dm�3, the pH is found as follows:

Kað1Þ ¼ 10�7:04 ¼ 9:1� 10�8 ¼ ½H3O
þ�½HS��
½H2S�

¼ ½H3O
þ�2

½H2S�

Since Kað1Þ is small, ½H2S�equilm � ½H2S�initial, and therefore:

½H3O
þ�2 ¼ 9:1� 10�8 � 0:010

½H3O
þ� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9:1� 10�8 � 0:010

p
¼ 3:0� 10�5 mol dm�3

pH ¼ � log ½H3O
þ� ¼ 4:52

NowconsiderH2SO4 forwhich the scenario is very different from that ofH2S.

Thefirst dissociation step fordilute aqueousH2SO4 goes to completion (equation

16.41). The concentration of H3O
þ ions formed in this step equals the initial

concentration of acid. For the second dissociation step, Kað2Þ ¼ 1:2� 10�2

and therefore the amount of H3O
þ ions produced in this step cannot be

ignored (see end-of-chapter problem 16.21). For carbonic and oxalic acids

(Table 16.4), the values of Kað1Þ are �103 or 104 times greater than the

corresponding value of Kað2Þ and in each case, the total concentration of

H3O
þ can be approximated to that due to the first dissociation step.

The examples in Table 16.4 illustrate that each polybasic acid must be

treated as an individual case, although in many instances, the H3O
þ ions

Table 16.4 pKa values for selected dibasic acids.

Compound Formula pKa(1) pKa(2)

Hydrogen sulfide H2S 7.04 19

Carbonic acid H2CO3 6.37 10.25

Oxalic acid (see 16.4) HO2CCO2H or H2C2O4 1.23 4.19

Sulfuric acid H2SO4 – 1.92
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produced in the first dissociation step are the major contribution to the total

concentration of H3O
þ.

Speciation in aqueous solutions of acids: the effect of pH

Consider equilibrium 16.59 where HA is a weak acid. How is the equilibrium

position affected by a change in pH? The addition of acid shifts the

equilibrium to the left-hand side, while the addition of alkali shifts it to the

right-hand side (Le Chatelier’s principle).

HAðaqÞ þH2OðlÞ Ð H3O
þðaqÞ þA�ðaqÞ ð16:59Þ

The situation for polybasic acids is more complicated, with the positions of

two or more equilibria being altered by a change in pH. We can quantify what

happens using speciation curves of the type shown in Figure 16.3 for oxalic

acid. Oxalic acid, 16.4, is a dicarboxylic acid, and has two ionizable protons:

pKað1Þ ¼ 1:23 and pKað2Þ ¼ 4:19. The first dissociation step gives 16.5, and

the second step produces 16.6. At very low pH, the dominant species is

HO2CCO2H, and as the pH is gradually increased, first HO2CCO2
� becomes

dominant, and then O2CCO2
2�. The concentrations of each species present

at a given pH can be determined as follows. Consider a general dibasic

acid H2A (equilibria 16.60 and 16.61) for which the acid dissociation con-

stants are Kað1Þ and Kað2Þ. As you work through the calculations below,

remember that, if the pH of the overall system is varied, equilibria 16.60

and 16.61 are interdependent.

H2AðaqÞ þH2OðlÞ Ð H3O
þðaqÞ þHA�ðaqÞ

Kað1Þ ¼
½H3O

þ�½HA��
½H2A�

ð16:60Þ

HA�ðaqÞ þH2OðlÞ Ð H3O
þðaqÞ þA2�ðaqÞ

Kað2Þ ¼
½H3O

þ�½A2��
½HA�� ð16:61Þ

The total concentration of H2A, HA� and A2� at equilibrium equals the

initial concentration of H2A:

½H2A�initial ¼ ½H2A�equilm þ ½HA��equilm þ ½A2��equilm

(16.4)

(16.5)

(16.6)

Fig. 16.3 Speciation curves for
aqueous oxalic acid as a function
of pH. The red curve corresponds
to undissociated HO2CCO2H in
solution, the green curve to
HO2CCO2

� and the blue curve
to �O2CCO2

� (i.e. O2CCO2
2�).
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For brevity, we shall write this in the form of equation 16.62, where it is

understood that the concentrations on the right-hand side refer to those at

equilibrium.

½H2A�initial ¼ ½H2A� þ ½HA�� þ ½A2�� ð16:62Þ

By combining equations 16.60–16.62, we can derive equations for each

solution species as a function of Kað1Þ, Kað2Þ and ½H3O
þ�. To find ½A2��:

½H2A�initial ¼ ½H2A� þ ½HA�� þ ½A2��

¼
�
½H3O

þ�½HA��
Kað1Þ

�
þ ½HA�� þ ½A2��

¼ ½HA��
�
½H3O

þ�
Kað1Þ

þ 1

�
þ ½A2��

¼
�
½H3O

þ�½A2��
Kað2Þ

��
½H3O

þ�
Kað1Þ

þ 1

�
þ ½A2��

¼ ½A2��
��
½H3O

þ�
Kað2Þ

��
½H3O

þ�
Kað1Þ

þ 1

�
þ 1

�

¼ ½A2��
��
½H3O

þ�
Kað2Þ

��
½H3O

þ� þ Kað1Þ
Kað1Þ

�
þ 1

�

¼ ½A2��
��
½H3O

þ�2 þ Kað1Þ½H3O
þ�

Kað1ÞKað2Þ

�
þ 1

�

¼ ½A2��
�
½H3O

þ�2 þ Kað1Þ½H3O
þ� þ Kað1ÞKað2Þ

Kað1ÞKað2Þ

�

Therefore, as a fraction of the initial concentration of H2A, the concentration

of ½A2�� is:

½A2��
½H2A�initial

¼ Kað1ÞKað2Þ
½H3O

þ�2 þ Kað1Þ½H3O
þ� þ Kað1ÞKað2Þ

We can similarly derive two further expressions (see end-of-chapter problem

16.22) to find
½HA��
½H2A�initial

and
½H2A�
½H2A�initial

:

½HA��
½H2A�initial

¼ Kað1Þ½H3O
þ�

½H3O
þ�2 þ Kað1Þ½H3O

þ� þ Kað1ÞKað2Þ

½H2A�
½H2A�initial

¼ ½H3O
þ�2

½H3O
þ�2 þ Kað1Þ½H3O

þ� þ Kað1ÞKað2Þ

The curves in Figure 16.3 are constructed using the above expressions for

½H2A�
½H2A�initial

,
½HA��
½H2A�initial

and
½A2��

½H2A�initial
for H2A ¼ HO2CCO2H (16.4) and

pKað1Þ ¼ 1:23 and pKað2Þ ¼ 4:19. Points to note from the speciation curves
in Figure 16.3 are:

. the dominance of HO2CCO2H under highly acidic conditions;

. the dominance of O2CCO2
2� below pH 5.5;

. the growth and decay of HO2CCO2
� as the pH is gradually raised;

. the crossing point of the HO2CCO2H and HO2CCO2
� curves is at

pH ¼ pKað1Þ ¼ 1:23;
. the crossing point of the HO2CCO2

� and O2CCO2
2� curves is at

pH ¼ pKað2Þ ¼ 4:19.
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16.7 Buffer solutions

What is a buffering effect?

A solution that possesses a buffering effect is one to which small amounts of

acid or base can be added without causing a significant change in pH. A

buffer solution usually consists of an aqueous solution of a weak acid and

a salt of that acid (e.g. acetic acid and sodium acetate) or of a weak base

and its salt. To provide the maximum buffering capacity, the relative

concentrations of the weak acid and its salt (or the weak base and its salt)

must be 1 : 1; we return to the reasoning behind this later in the section.

Buffers are extremely important in living organisms where a constant pH is

essential; human blood has a pH of 7.4 and is naturally buffered (see

Box 16.2). Consider a solution that is made up of aqueous acetic acid and

sodium acetate. Equations 16.63 and 16.64 show that CH3CO2H is

partially dissociated while its sodium salt is fully dissociated.

CH3CO2HðaqÞ
Acetic acid

þH2OðlÞ Ð H3O
þðaqÞ þ CH3CO2

�ðaqÞ
Acetate ion

ð16:63Þ

Na½CH3CO2�ðsÞ
Sodium acetate

��������������"
Dissolve in water

NaþðaqÞ þ CH3CO2
�ðaqÞ

Acetate ion

ð16:64Þ

The combination of these two solutions produces a solution with a buffering

effect. Because CH3CO2H is a weak acid, most of it is in the undissociated

form. The amount of CH3CO2
� from the acid is negligible with respect to

that originating from sodium acetate. If a small amount of acid, H3O
þ, is

added, it will be consumed by CH3CO2
� and form more CH3CO2H in the

back reaction of equilibrium 16.63. Any OH� added to the solution will be

neutralized by H3O
þ, and equilibrium 16.63 will shift to the right-hand

side. We now consider why these shifts in the equilibrium do not cause

significant changes to the solution pH, provided that appropriate relative

concentrations of acetic acid and sodium acetate are used.

Determining the pH of a buffer solution

Consider 250 cm3 of a solution of 0.10mol dm�3 CH3CO2H. From equation

16.63 and the equilibrium constant ðpKa ¼ 4:77Þ, we know that the

concentrations of H3O
þ and CH3CO2

� ions are equal and small. Now let

us add 250 cm3 0.10mol dm�3 Na½CH3CO2� to the same solution. The

sodium salt is fully dissociated (equation 16.64) and so the concentration

of CH3CO2
� ions originating from the salt far exceeds that of CH3CO2

�

arising from the acid. Thus, we can make the approximation that the total

concentration of CH3CO2
� in solution equals the initial concentration of

Na½CH3CO2�. Let this be designated [base] because CH3CO2
� acts as a

base in the buffer solution. Equation 16.65 gives the expression for Ka for

CH3CO2H.

Ka ¼
½H3O

þ�½CH3CO2
��

½CH3CO2H�
ð16:65Þ

We can now apply the following approximations:

½CH3CO2
�� � ½base�

½CH3CO2H�equilm � ½CH3CO2H�initial ¼ ½acid�

A solution that consists of

a weak acid and its salt, or a

weak base and its salt,

possesses a buffering effect

and can withstand the

addition of small amounts

of acid or base without a

significant change in pH.

The maximum buffering

capacity is obtained when

the concentrations of the

weak acid and its salt (or

the weak base and its salt)

are equal.

564 CHAPTER 16 . Equilibria



 

Substitution of these terms into equation 16.65 leads to equation 16.66 which

applies to a solution of a weak acid and its salt.

Ka ¼
½H3O

þ�½base�
½acid� ð16:66Þ

If we now take negative logarithms of both sides of the equation, we derive a

relationship between pH, pKa and the initial concentrations of acid and base

(equation 16.67).

� logKa ¼ � log

�
½H3O

þ�½base�
½acid�

�

¼ � log½H3O
þ� � log

½base�
½acid�

pKa ¼ pH� log
½base�
½acid�

pH ¼ pKa þ log
½base�
½acid� Henderson�Hasselbalch equation ð16:67Þ

This is the Henderson–Hasselbalch equation and can be applied to solutions

consisting of a weak acid and its salt, or a weak base and its salt, as is

shown in worked examples 16.11 and 16.12.

For a solution consisting of a weak acid and a salt of the weak acid:

pH ¼ pKa þ log
½base�
½acid�

where pKa refers to the weak acid.

For a solution consisting of a weak base and a salt of the weak base:

pH ¼ pKa þ log
½base�
½acid�

where pKa refers to the conjugate acid of the weak base.

Worked example 16.11 pH of a buffer solution consisting of a weak acid and its salt

Determine the pH of a buffer solution that is 0.050mol dm
�3

with respect to

both acetic acid ðpKa ¼ 4:77Þ and sodium acetate.

Equation needed:

pH ¼ pKa þ log
½base�
½acid�

The initial concentrations of both salt and acid are 0.050mol dm�3. The
salt provides CH3CO2

� which is the base in the buffer solution.

pH ¼ 4:77þ log
ð0:050mol dm�3Þ
ð0:050mol dm�3Þ

¼ 4:77

This answer illustrates that when the concentrations of acid and base are

equal, the pH of a buffer solution is the same as the pKa of the acid.

For practice working with
log functions, see Section 4

in the accompanying
Mathematics Tutor, available

via the website
www.pearsoned.co.uk/

housecroft

"
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BIOLOGY AND MEDICINE

Box 16.2 Buffering human blood

Maintaining a constant pH for a particular human

body fluid (blood, intracellular fluids or urine) is

critical. We focus here on the ways in which the pH

of blood plasma is maintained close to a value of 7.4.

The two most important buffering systems in blood

involve carbonic acid/hydrogen carbonate, and

haemoglobin (see Box 5.2); other blood plasma

proteins play a minor role. Whereas phosphate buffer

systems are important in controlling the pH in

intracellular fluids, they do not have a major function

as buffers in blood.

Human metabolism produces CO2 in body tissues.

The CO2 diffuses through the capillary walls and into

blood plasma. Carbon dioxide is hydrated in aqueous

media:

CO2ðaqÞ þH2OðlÞ Ð H2CO3ðaqÞ Ð

HþðaqÞ þ ½HCO3��ðaqÞ

but the reaction is slow (the rate constant,

k ¼ 0:037 s�1). In aqueous solution, carbonic acid is

partially ionized to give protons and hydrogen

carbonate ions:

H2CO3ðaqÞ Ð HþðaqÞ þ ½HCO3��ðaqÞ

The pKa(1) value for H2CO3 is about 3.6. The pKa(1)

value of 6.37 that is usually quoted refers to the total amount of CO2 in solution rather than the ionization

of carbonic acid; i.e. it refers to the process:

CO2ðaqÞ þH2OðlÞ Ð HþðaqÞ þ ½HCO3��ðaqÞ

Once CO2 enters the red blood cells (erythrocytes),

its hydration to ½HCO3�� is catalysed by carbonic

anhydrase. This is a zinc(II)-containing enzyme, the

structure of which is shown above.

In the presence of carbonic anhydrase, the rate of

CO2 hydration increases by a factor of �107. As a

result, in red blood cells, CO2 is transported in the

form of ½HCO3��. As shown above, the hydration of

CO2 also produces Hþ and, without the action of a

buffer, the pH would decrease. Red blood cells also

contain haemoglobin. Haemoglobin is a haem-

containing protein (see Box 5.2) and has a tetrameric

structure. Each haem unit can bind one O2 molecule

at the iron centre. As O2 binds, the conformation of

the protein chain changes. Protein chains are

composed of amino acid residues (see Section 35.7

and Table 35.2), some of which have substituents

which may be protonated or deprotonated. In the

buffering action of haemoglobin, the role of one

particular histidine residue (His-146) is crucial. The

A ribbon representation of the protein chain in the enzyme

carbonic anhydrase. The active site is a zinc(II) centre which

is shown as the green sphere.

A scanning electron micrograph (SEM) of red blood cells

(erythrocytes).
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imidazole substituent (see Section 34.11) is protonated

and interacts with the carboxylate substituent of the

aspartate residue Asp-94. The proximity of residues

Asp-94 and His-146 is shown in the figure above. The

conformation of the haemoglobin subunits is different

in the oxygenated and deoxygenated forms. The

favourable interaction between His-146 and Asp-94

can occur only in the deoxygenated form of

haemoglobin (Hb). It follows that protonation of

His-146 promotes the release of O2 and stabilizes the

deoxygenated form of the protein:

HbðO2Þ4 þ xHþ Ð ½HxHbðO2Þ4� n�xþ þ nO2

where n ¼ 1, 2, 3, 4

This phenomenon is called the Bohr effect and was first

observed in 1904 by Christian Bohr.

Now let us look at how CO2 transport in the blood is

related to O2 uptake and release in haemoglobin. We

have already seen that the catalysed hydration of CO2

to ½HCO3�� in red blood cells generates Hþ which is

scavenged by His-146 in haemoglobin. Protonation

of haemoglobin has two consequences: it induces

release of O2 as explained above, and it also removes

Hþ ions from solution. The latter effect favours the

conversion of more CO2 to ½HCO3�� following Le

Chatelier’s principle:

CO2 þH2OÐ Hþ þ ½HCO3��

Conversely, transport of CO2 as ½HCO3�� in red blood

cells to the lungs brings it to a region which has a higher

partial pressure of O2. Once again, applying Le

Chatelier’s principle, the deoxygenated form of

haemoglobin now binds O2. His-146 can no longer

interact with Asp-94 and releases Hþ:

½HxHbðO2Þ4� n�xþ þ nO2 Ð HbðO2Þ4 þ xHþ

where n ¼ 1, 2, 3, 4

In a final application of Le Chatelier’s principle, the

lowering of pH results in the formation of CO2 and

H2O:

Hþ þ ½HCO3�� Ð CO2 þH2O

The remarkable point is the way in which these

processes operate together so that the concentration

of Hþ in the bloodstream is perfectly controlled and a

pH of 7.4 is maintained.

A ribbon representation of the deoxygenated form of human haemoglobin with an enlargement of one pair of His-146 and

Asp-94 residues (colour code: N, blue; O, red; C, grey). This illustrates that the imidazole ring of the histidine residue is spatially

close to the carboxylate group of the aspartate residue. [Data: F. A. V. Seixas et al. (2001), Protein Data Base 1KD2.]
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Worked example 16.12 pH of a buffer solution consisting of a weak base and its salt

Determine the pH of a buffer solution that is 0.027mol dm
�3

with respect to

aqueous NH3 ðpKb ¼ 4:75Þ and 0.025mol dm
�3

with respect to NH4Cl.

The equations that describe the system are:

NH3ðaqÞ þH2OðlÞ Ð NH4
þðaqÞ þOH�ðaqÞ pKb ¼ 4:75

NH4ClðsÞ �������������"
Dissolve in water

NH4
þðaqÞ þ Cl�ðaqÞ

We can assume that ½NH4
þ�total � ½NH4

þ�salt ¼ 0:025mol dm�3. In this

system, the salt provides NH4
þ which acts as an acid, and so in the

Henderson–Hasselbalch equation, ½acid� ¼ 0:025mol dm�3.
The base in the buffer solution is NH3, and ½base� ¼ 0:027mol dm�3.

For NH3, pKb ¼ 4:75, and for pKa of the conjugate acid NH4
þ:

pKa ¼ pKw � pKb ¼ 14:00� 4:75 ¼ 9:25

The pH of the solution is therefore given by:

pH ¼ pKa þ log
½base�
½acid�

¼ 9:25þ log
ð0:027mol dm�3Þ
ð0:025mol dm�3Þ

¼ 9:28

What happens to the pH of a buffer solution on adding base
or acid?

When acid is added to a solution with a buffering effect, it is consumed by the

weak base present. When base is added to a buffer solution, it reacts fully with

the weak acid present.

In order to understand why the pH of a solution with a buffering effect is

relatively insensitive to the addition of small amounts of acid or base, we

consider the addition of 0.20 cm3 of HNO3 (0.50mol dm�3) to a buffer

solution consisting of 50 cm3 0.045mol dm�3 aqueous CH3CO2H

(pKa ¼ 4:77) and 50 cm3 0.045mol dm�3 Na½CH3CO2�. The total volume

before addition is 100 cm3, and the addition of the HNO3 causes little

increase in volume. Let us assume that the total volume remains 100 cm3.

The initial pH of the buffer solution (before addition of extra acid) is found

from the Henderson–Hasselbalch equation, and because the concentrations

of acid and base are equal:

pH ¼ pKa þ log
½base�
½acid�

¼ pKa

¼ 4:77

Now consider the HNO3. It is a strong acid, so fully dissociated in aqueous

solution. The H3O
þ from 0.20 cm3 of a 0.50mol dm�3 solution of HNO3
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reacts completely with CH3CO2
� in the buffer solution:

HNO3ðaqÞ þ CH3CO2
�ðaqÞ ��"CH3CO2HðaqÞ þNO3

�ðaqÞ

Therefore, some CH3CO2
� is consumed from the buffer solution, and an

equal amount of CH3CO2H is produced.

Amount of added H3O
þ ¼ Amount of added HNO3

¼ ð0:20� 10�3 dm3Þ � ð0:50mol dm�3Þ

¼ 1:0� 10�4 moles

For the CH3CO2
� ion:

Before HNO3 addition, amount of CH3CO2
� ¼ ð50� 10�3 dm3Þ

� ð0:045mol dm�3Þ

¼ 2:25� 10�3 moles

After HNO3 addition, amount of CH3CO2
� ¼ ð2:25� 10�3Þ

� ð1:0� 10�4Þmoles

¼ 2:15� 10�3 moles

New concentration of CH3CO2
� ¼ ð2:15� 10�3 molÞ

ð100� 10�3 dm3Þ
¼ 2:15� 10�2 mol dm�3

For the CH3CO2H:

Before HNO3 addition, amount of CH3CO2H ¼ ð50� 10�3 dm3Þ

� ð0:045mol dm�3Þ

¼ 2:25� 10�3 moles

After HNO3 addition, amount of CH3CO2H ¼ ð2:25� 10�3Þ

þ ð1:0� 10�4Þmoles

¼ 2:35� 10�3 moles

New concentration of CH3CO2H ¼
ð2:35� 10�3 molÞ
ð100� 10�3 dm3Þ

¼ 2:35� 10�2 mol dm�3

The new pH is therefore:

pH ¼ pKa þ log
½base�
½acid�

¼ 4:77þ log
ð2:15� 10�2 mol dm�3Þ
ð2:35� 10�2 mol dm�3Þ

¼ 4:73

Therefore, there is only a small change in pH (4.77 to 4.73) on adding the

HNO3 to the buffer solution. If the nitric acid had simply been added to

100 cm3 of water, the pH would have been 3.00:

Concentration of H3O
þ ¼ ð1:0� 10�4 molÞ

ð100� 10�3 dm3Þ
¼ 1:0� 10�3 mol dm�3

pH ¼ � log ð1:0� 10�3Þ

¼ 3:00

x cm3 ¼ x � 10�3 dm3

"
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The most effective buffering capacity is obtained when the buffer solution has

a
½base�
½acid� ratio of 1 : 1. When acid or base is added to such solutions, minimal

changes to the
½base�
½acid� ratio occur and therefore the pH of the solution is little

perturbed. From the Henderson–Hasselbalch equation, it can be seen that

when
½base�
½acid� ¼ 1, the pH equals the pKa of the weak acid component of the

buffer solution.

Making up a buffer solution of specified pH

The uses of buffer solutions are widespread, and biological and medical

uses are of special importance. For example, experiments with enzymes

(biological catalysts) require buffered media because enzyme action is

pH-specific. Many buffer solutions are available commercially and a range

of biological buffers is given in Table 16.5. To prepare a buffer solution of

a given pH, the procedure is as follows:

. Choose a weak acid with a pKa value close to the required pH of

the buffer; the weak acid may be the salt of a polybasic acid, e.g.

NaH2PO4.
. Choose an appropriate salt of the weak acid.
. Use the Henderson–Hasselbalch equation to determine the

½base�
½acid� ratio

needed to attain the correct pH.
. Remember that for maximum buffering capacity,

½base�
½acid� ¼ 1.

Worked example 16.13 Making up a buffer solution

A buffer solution of pH 7.23 is required. Choose a suitable weak acid from

Table 16.3, and calculate the ratio of
½base�
½acid� required. Suggest what acid and

base combination might be appropriate.

The acid of choice in Table 16.3 is ½H2PO4�� ðpKa ¼ 7:21). Phosphate

buffers are commonly used in the laboratory. From the Henderson–

Hasselbalch equation:

pH ¼ pKa þ log
½base�
½acid�

7:23 ¼ 7:21þ log
½base�
½acid�

log
½base�
½acid� ¼ 7:23� 7:21 ¼ 0:02

½base�
½acid� ¼ 100:02 ¼ 1:05

Possible components for the buffer solution are NaH2PO4 (acid) and

Na2HPO4 (base).

Enzymes: see Section 15.15

"
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Table 16.5 Examples of commonly used biological buffers.

Common

abbreviation

Structure
a

pKa pH range within

which buffer is used

MES 6.13 5.5–6.7

PIPES pKað1Þ ¼ 6:76 6.1–7.5

MOPSO 6.79 6.2–7.9

TRIS BIS PROPANE pKað1Þ ¼ 6:80
pKað2Þ ¼ 9:00

6.3–9.3

ACES 6.84 6.1–7.5

MOPS 7.20 6.5–7.9

HEPES 7.51 6.8–8.2

TEA 7.76 7.0–8.3

TRIS 8.08 7.5–9.0

TAPS 8.30 7.6–9.0

aFor help with interpreting organic structural diagrams, see Chapter 24.

Buffer solutions 571



 

16.8 Acid–base titrations

In this section, we look at the pH changes that accompany neutralization

reactions. During an acid–base titration, the acid (or base) may be added

from a graduated burette to the base (or acid) contained in a flask. The

reaction can be monitored by measuring the pH of the solution in the flask

using a pH meter.

Strong acid–strong base titration

Figure 16.4 shows the change in pH during the addition of 30.0 cm3 of a

0.10mol dm�3 aqueous solution of NaOH (a strong base) to 25.0 cm3 of

a 0.10mol dm�3 solution of hydrochloric acid (a strong acid). Initially, the

flask contains a fully dissociated acid, and the pH is calculated as follows:

½H3O
þ� ¼ ½HCl� ¼ 0:10mol dm�3

pH ¼ � log ½H3O
þ�

¼ � log ð0:10Þ

¼ 1:00

This corresponds to the starting point of the titration curve in Figure 16.4. As

aqueous NaOH is added, OH� neutralizes H3O
þ (equation 16.68). As the

concentration of H3O
þ decreases, the pH value rises.

H3O
þðaqÞ þOH�ðaqÞ ��" 2H2OðlÞ ð16:68Þ

When 1.0 cm3 of 0.10mol dm�3 aqueous NaOH has been added, the value of

the pH can be determined as follows:

Initial amount of H3O
þ ¼ ð25:0� 10�3 dm3Þ � ð0:10mol dm�3Þ

¼ 25:0� 10�4 moles

Amount of OH� added ¼ ð1:0� 10�3 dm3Þ � ð0:10mol dm�3Þ

¼ 1:0� 10�4 moles

Amount of H3O
þ remaining ¼ ð25:0� 10�4Þ � ð1:0� 10�4Þ

¼ 24:0� 10�4 moles

Total volume after the addition ¼ 26:0 cm3

pH meter:
see end of Section 18.8

"

Fig. 16.4 The variation in pH
during the addition of 30.0 cm3

of an aqueous solution
(0.10mol dm�3) of NaOH to
25.0 cm3 aqueous HCl
(0.10mol dm�3).

572 CHAPTER 16 . Equilibria



 

Concentration of H3O
þ after addition ¼ ð24:0� 10�4 molÞ

ð26:0� 10�3 dm3Þ

¼ 9:23� 10�2 mol dm�3

pH ¼ � log ½H3O
þ�

¼ � log ð9:23� 10�2Þ

¼ 1:03

To find the value of the pH after 5.0 cm3 of the 0.10mol dm�3 aqueous

NaOH has been added:

Initial amount of H3O
þ ¼ ð25:0� 10�3 dm3Þ � ð0:10mol dm�3Þ

¼ 25:0� 10�4 moles

Amount of OH� added ¼ ð5:0� 10�3 dm3Þ � ð0:10mol dm�3Þ

¼ 5:0� 10�4 moles

Amount of H3O
þ remaining ¼ 20:0� 10�4 moles

Total volume after the addition ¼ 30:0 cm3

Concentration of H3O
þ after addition ¼ ð20:0� 10�4 molÞ

ð30:0� 10�3 dm3Þ

¼ 6:67� 10�2 mol dm�3

pH ¼ � log ½H3O
þ�

¼ � log ð6:67� 10�2Þ

¼ 1:18

The pH changes very gradually at first, but then rises sharply (Figure 16.4).

The midpoint of the near-vertical section of the curve in Figure 16.4 is the

equivalence point, i.e. the point at which the alkali has exactly neutralized the

acid, and neither acid nor alkali is in excess. On either side of the equivalence

point, the pH is extremely sensitive to the composition of the solution, with

very small amounts of acid or alkali causing large changes in pH. In a strong

acid–strong base titration, the equivalence point is at pH7.00. At this point,

the solution contains only a salt (NaCl in the example in Figure 16.4) and

water. The salt formed from the reaction of a strong base with a strong acid

is neutral. From Figure 16.4, the equivalence point occurs when 25.0 cm3 of a

0.01mol dm�3 NaOH solution have reacted with 25.0 cm3 of a 0.01mol dm�3

HCl solution, and this is consistent with the stoichiometry of reaction 16.69.

HClðaqÞ þNaOHðaqÞ ��"NaClðaqÞ þH2OðlÞ ð16:69Þ

Weak acid–strong base

Figure 16.5 shows the change in pH during the addition of aqueous NaOH

(0.10mol dm�3) to 25 cm3 aqueous acetic acid (0.10mol dm�3). Initially the

flask contains a weak acid (pKa ¼ 4:77) and the initial pH is determined

as follows:

CH3CO2HðaqÞ þH2OðlÞ Ð H3O
þðaqÞ þ CH3CO2

�ðaqÞ

Ka ¼ 10�4:77 ¼ 1:7� 10�5

1:7� 10�5 ¼ ½H3O
þ�½CH3CO2

��
½CH3CO2H�

¼ ½H3O
þ�2

½CH3CO2H�

The equivalence point of a

strong acid–strong base

titration is at pH 7.00. The

salt formed is neutral.
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Assume that ½CH3CO2H�equilm � ½CH3CO2H�initial

½H3O
þ� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:7� 10�5 � 0:10

p
¼ 1:3� 10�3 mol dm�3

pH ¼ � log ½H3O
þ� ¼ 2:89

This value corresponds to the starting point of the titration curve in

Figure 16.5. As alkali is added to the acetic acid, the pH rises gradually,

and then steeply as the equivalence point is reached. By comparing the

shapes of the titration curves in Figures 16.4 and 16.5, it is clear that the

addition of a strong base to a weak acid causes more significant changes in

pH early on in the titration than does the addition of a strong base to a

strong acid. You can verify this by calculating the pH at several points

along the curves and checking the answers against Figures 16.4 and 16.5.

A significant feature of Figure 16.5 is that the equivalence point is not

at pH 7.00. This is a characteristic result for a weak acid–strong base

titration: the equivalence point lies in the range 7:00 < pH < 14:00, the

value depending on the pKa of the acid. For the CH3CO2H–NaOH

titration, the pH at the end point is found as follows.

At the equivalence point:

CH3CO2HðaqÞ þ NaOH(aq) ��" Na½CH3CO2�ðaqÞ þ H2OðlÞ
" " "

All consumed All consumed Salt which determines

the pH of the solution

Consider how the CH3CO2
� ion from the salt behaves in aqueous solution;

CH3CO2
� is the conjugate base of CH3CO2H:

CH3CO2
�ðaqÞ þH2OðlÞ Ð CH3CO2HðaqÞ þOH�ðaqÞ

Kb ¼
½CH3CO2H�½OH��
½CH3CO2

�� ¼ ½OH��2

½CH3CO2
��

We need to find the concentration of CH3CO2
� at the equivalence point:

Total volume of solution at the equivalence point ¼ 25:0þ 25:0 ¼ 50:0 cm3

Amount of CH3CO2
� present ¼ Amount of CH3CO2H used in the titration

¼ ð25:0� 10�3 dm3Þ � ð0:10mol dm�3Þ
¼ 2:5� 10�3 moles

Concentration of CH3CO2
� at the equivalence point ¼ ð2:5� 10�3 molÞ

ð50� 10�3 dm3Þ
¼ 0:050mol dm�3

Fig. 16.5 The variation in pH
during the addition of 30.0 cm3

of an aqueous solution (0.10mol
dm�3) of NaOH to 25.0 cm3

aqueous CH3CO2H
(0.10mol dm�3).
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Now, calculate ½OH��, and then ½H3O
þ�. From above:

½OH�� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kb � 0:050

p
We know pKa for CH3CO2H and so pKb for the conjugate base is:

pKb ¼ pKw � pKa ¼ 14:00� 4:77 ¼ 9:23

½OH�� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10�9:23 � 0:050

p
¼ 5:4� 10�6 mol dm�3

Therefore:

½H3O
þ� ¼ Kw

½OH�� ¼
1:0� 10�14

5:4� 10�6

¼ 1:9� 10�9 mol dm�3

pH ¼ � log ½H3O
þ�

¼ 8:72

This value corresponds to the pH of the midpoint of the near-vertical section

of the titration curve in Figure 16.5 and indicates that sodium acetate is a

basic salt. In solution, it dissociates (equation 16.70), giving the acetate ion

which establishes equilibrium 16.71.

Na½CH3CO2� �������������"
Dissolve in water

NaþðaqÞ þ CH3CO2
�ðaqÞ ð16:70Þ

CH3CO2
�ðaqÞ þH2OðlÞ Ð CH3CO2HðaqÞ þOH�ðaqÞ ð16:71Þ

Strong acid–weak base

Figure 16.6 illustrates the variation in pH during the addition of aqueous

HCl (0.10mol dm�3) to 25 cm3 aqueous ammonia (0.10mol dm�3). Initially
the flask contains a weak base (pKb ¼ 4:75) which is partially dissociated

(equation 16.72).

NH3ðaqÞ þH2OðlÞ Ð NH4
þðaqÞ þOH�ðaqÞ ð16:72Þ

The initial pH is determined as follows:

Kb ¼ 10�4:75 ¼ 1:8� 10�5

1:8� 10�5 ¼ ½NH4
þ�½OH��
½NH3�

¼ ½OH��2

½NH3�

Assume that ½NH3�equilm � ½NH3�initial:

½OH�� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:8� 10�5 � 0:10

p
¼ 1:3� 10�3 mol dm�3

The equivalence point of

a weak acid–strong base

titration is in the range

7:00 < pH < 14:00. The
salt formed is basic.

Fig. 16.6 The variation in pH
during the addition of 30.0 cm3

of an aqueous solution
(0.10mol dm�3) of HCl to
25.0 cm3 aqueous NH3

(0.10mol dm�3).
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½H3O
þ� ¼ Kw

½OH�� ¼
1:0� 10�14

1:3� 10�3

¼ 7:7� 10�12 mol dm�3

pH ¼ � log ½H3O
þ�

¼ 11:11

This pH value corresponds to the starting point of the titration curve in

Figure 16.6. As strong acid is added to the weak base, the pH falls

gradually, and then steeply as the equivalence point is reached. The shape

of the curve shown in Figure 16.6 is characteristic of a titration involving

the addition of a monobasic strong acid to a monobasic weak base. The

end point lies in the range 0 < pH < 7:00, indicating that the salt formed

is acidic. In the reaction of aqueous NH3 (i.e. NH4OH) with HCl

(equation 16.73), the salt formed ionizes to give NH4
þ and Cl�. The salt is

acidic because equilibrium 16.74 is established; pKa for NH4
þ is 9.25.

NH4OHðaqÞ þHClðaqÞ ��"NH4ClðaqÞ þH2OðlÞ ð16:73Þ
NH4

þðaqÞ þH2OðlÞ Ð H3O
þðaqÞ þNH3ðaqÞ ð16:74Þ

Titrations involving polybasic acids

Each of Figures 16.4, 16.5 and 16.6 shows a single equivalence point because

each neutralization involves the reaction of a monobasic acid with a

monobasic base. If NaOH is titrated against a dibasic acid, two equivalence

points are observed. Figure 16.7 shows the change in pH during the

addition of a 0.10mol dm�3 aqueous solution of NaOH to 12.5 cm3 of a

0.10mol dm�3 aqueous solution of maleic acid, 16.7, which we abbreviate

to H2A. The two equivalence points occur after the additions of 12.5 and

25.0 cm3 of alkali and correspond to reactions 16.75 and 16.76 respectively.

H2AðaqÞ þNaOHðaqÞ ��"NaHAðaqÞ þH2OðlÞ ð16:75Þ
NaHAðaqÞ þNaOHðaqÞ ��"Na2AðaqÞ þH2OðlÞ ð16:76Þ

Overall: H2AðaqÞ þ 2NaOHðaqÞ ��"Na2AðaqÞ þ 2H2OðlÞ

The pKa values for acid 16.7 are pKað1Þ ¼ 1:92 and pKað2Þ ¼ 5:79, i.e. two

weak acids are effectively present in the system. The pH of the first equiva-

lence point can be determined as follows.

The equivalence point of

a strong acid–weak base

titration is in the range

0 < pH < 7:00. The salt

formed is acidic.

See problem 16.27 for
confirmation of the pH of

the equivalence point of this
titration

(16.7)

"

Fig. 16.7 The variation in pH
during the addition of 30.0 cm3

of an aqueous solution
(0.10mol dm�3) of NaOH to
12.5 cm3 aqueous maleic acid
(16.7) (0.10mol dm�3).
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At the first equivalence point, HA� is present in solution. This can behave

as a weak acid:

HA�ðaqÞ
Acid

þH2OðlÞ
Base

Ð H3O
þðaqÞ þA2�ðaqÞ

HA�ðaqÞ
Acid

þHA�ðaqÞ
Base

Ð H2AðaqÞ þA2�ðaqÞ

or as a weak base:

HA�ðaqÞ
Base

þH2OðlÞ
Acid

Ð H2AðaqÞ þOH�ðaqÞ

HA�ðaqÞ
Base

þHA�ðaqÞ
Acid

Ð H2AðaqÞ þA2�ðaqÞ

Two of these four reactions are identical because they show HA� acting as

both an acid and a base. It is this equilibrium that dominates in the

solution. (Think about the relative acid and base strengths of HA� and

H2O.) Our aim is to find the pH of this solution, and so we must find the

concentration ofH3O
þ ions. But, this termdoes not appear in the equilibrium:

HA�ðaqÞ þHA�ðaqÞ Ð H2AðaqÞ þA2�ðaqÞ

However, since the position of the equilibrium depends upon the

concentrations of H2A, HA� and A2�, it must depend upon Kað1Þ and
Kað2Þ (equations 16.77 and 16.78).

Kað1Þ ¼
½H3O

þ�½HA��
½H2A�

ð16:77Þ

Kað2Þ ¼
½H3O

þ�½A2��
½HA�� ð16:78Þ

From these equations, we can write:

½H3O
þ� ¼ Kað1Þ½H2A�

½HA�� ¼ Kað2Þ½HA��
½A2��

and:

Kað2Þ
Kað1Þ

¼ ½H2A�½A2��
½HA��2

From the stoichiometry of the equilibrium above, ½H2A� ¼ ½A2��, and so we

can write:

Kað2Þ
Kað1Þ

¼ ½H2A�2

½HA��2
ð16:79Þ

Rearranging equation 16.77 gives:

½H2A�
½HA�� ¼

½H3O
þ�

Kað1Þ

and substitution of this expression into equation 16.79 gives:

Kað2Þ
Kað1Þ

¼
�
½H3O

þ�
Kað1Þ

�2

Therefore:

½H3O
þ�2 ¼ Kað1ÞKað2Þ

½H3O
þ� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kað1ÞKað2Þ

p
ð16:80Þ
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For maleic acid, pKað1Þ ¼ 1:92 and pKað2Þ ¼ 5:79:

½H3O
þ� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð10�1:92Þð10�5:79Þ

q
¼ 1:40� 10�4 mol dm�3

pH ¼ 3:86

This value corresponds to the first equivalence point on Figure 16.7. The

pH can be found directly from the two pKa values. Taking the negative

logarithms of both sides of equation 16.80 gives equation 16.81.

� log ½H3O
þ� ¼ � log fKað1ÞKað2Þg

1
2

¼ 1
2
f� logKað1Þ � logKað2Þg

pH ¼ 1
2
fpKað1Þ þ pKað2Þg ð16:81Þ

This is a general expression for finding the pH of the first equivalence point in

the titration of a strong base (e.g. NaOH) against a polybasic weak acid.

Figure 16.7 shows that the second equivalence point in the titration of

NaOH against maleic acid, H2A, is at pH � 9. At this point, all HA� has

been converted to A2� (equation 16.76) and a basic salt is present in solution.

To determine the pH of the solution, we must consider equilibrium 16.82.

A2�ðaqÞ þH2OðlÞ Ð HA�ðaqÞ þOH�ðaqÞ ð16:82Þ

Kb ¼
½HA��½OH��
½A2��

¼ ½OH��2

½A2��

To determine the concentration of A2� at the second equivalence point:

Total volume of solution ¼ 25:0þ 12:5 ¼ 37:5 cm3

Amount of A2� present ¼ Amount of H2A initially

¼ ð12:5� 10�3 dm3Þ � ð0:10mol dm�3Þ

¼ 1:25� 10�3 moles

Concentration of A2� at the second equivalence point ¼ ð1:25� 10�3 molÞ
ð37:5� 10�3 dm3Þ

¼ 0:033mol dm�3

From above:

½OH�� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kb � ½A2��

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kb � 0:033

q
pKa for HA� is 5.79, and so pKb for the conjugate base is:

pKb ¼ pKw � pKa ¼ 14:00� 5:79 ¼ 8:21

½OH�� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10�8:21 � 0:033

p
¼ 1:4� 10�5 mol dm�3

Therefore:

½H3O
þ� ¼ Kw

½OH�� ¼
1:0� 10�14

1:4� 10�5

¼ 7:1� 10�10 mol dm�3

pH ¼ � log ½H3O
þ�

¼ 9:15

A titration of aqueous NaOH against a tribasic acid H3A has three

equivalence points and the pH value of the first equivalence point (where

the predominant solution species is H2A
�) can be found by using equation

The pH of the first

equivalence point in the

titration of a strong base

(e.g. NaOH) against a

polybasic weak acid is

given by:

pH ¼ 1
2
fpKað1Þ þ pKað2Þg
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16.81. At the second equivalence point, the predominant species is HA2�,
and the pH can be found using equation 16.83 which can be derived in an

analogous manner to equation 16.81.

pH ¼ 1
2
fpKað2Þ þ pKað3Þg ð16:83Þ

16.9 Acid–base indicators

Colour changes of acid–base indicators

When it is desirable tomonitor the pHchanges during an acid–base titration, a

pH meter is used as described in the previous section. In many titrations,

however, the aim is simply to find the equivalence point and this is detected

by adding an acid–base indicator to the aqueous solution (usually the base)

in the flask and observing a colour change at the end point. Clearly, it is

important that the end point accurately coincides with the equivalence

point, and to ensure this is so, indicators must be chosen carefully as

described below. Some common acid–base indicators are listed in Table 16.6.

Acid–base indicators are generally weak acids of the general type HIn

(equation 16.84) in which the conjugate base In� has a different colour

from the undissociated acid HIn.

HInðaqÞ
Colour I

þH2OðlÞ Ð H3O
þðaqÞ þ In�ðaqÞ

Colour II

ð16:84Þ

An example is phenolphthalein, the acid form (16.8) of which is colourless

and the conjugate base of which is pink (Figure 16.8). By Le Chatelier’s prin-

ciple, equilibrium 16.84 is sensitive to the pH of a solution. It shifts to the

left-hand side in acidic media and appears as colour I, and moves to the

right-hand side under alkaline conditions, thus appearing as colour II. The

acid dissociation constant for an indicator HIn is given by equation 16.85.

Ka ¼
½H3O

þ�½In��
½HIn� ð16:85Þ

See problem 16.28

(16.8)

"

Table 16.6 Selected acid–base indicators in aqueous solution.

Indicator pKa Colour change from

acidic��" basic solution

pH range in which

indicator changes colour

Phenolphthalein 9.50 Colourless ��" pink 8.00–10.00

Phenol red 8.00 Yellow ��" red 6.8–8.2

Bromocresol purple 6.40 Yellow ��" purple 5.2–6.8

Bromocresol green 4.90 Yellow ��" blue 3.8–5.4

Methyl orange 3.46 Red ��" yellow 3.2–4.4

Thymol bluea
n

1.65
9.20

Red ��" yellow
Yellow ��" blue

1.2–2.8
8.0–9.8

a Dibasic acid.
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The colour of the solution depends on the ratio of concentrations ½In�� : ½HIn�
(equation 16.86). This expression is usually written in a logarithmic form

(equation 16.87).

½In��
½HIn� ¼

Ka

½H3O
þ� ð16:86Þ

log
½In��
½HIn� ¼ logKa � log ½H3O

þ�

log
½In��
½HIn� ¼ �pKa þ pH ð16:87Þ

Application of this equation can be illustrated by determining the pH range

in which phenolphthalein (pKa ¼ 9:50) changes colour. The colourless form

is HIn, and the pink form is In�. From equation 16.87 we can write:

log
½In��
½HIn� ¼ �9:50þ pH

We could randomly test values of pH in this equation to determine when In�

or HIn dominates as the solution species. However, an important point

should be noted:

when pH ¼ pKa: log
½In��
½HIn� ¼ 0

½In��
½HIn� ¼ 1:00

The colour must therefore change around this pH value, so we should test

values of the pH on either side of pH ¼ 9:50.

At pH 8.00: log
½In��
½HIn� ¼ �1:50

½In��
½HIn� ¼ 0:03

At pH 10.00: log
½In��
½HIn� ¼ 0:50

½In��
½HIn� ¼ 3:16

The colourless to pink change occurs when the dominant solution species

changes from being HIn to In�. At pH 8.00, ½HIn� � 33� ½In��, and the

solution is colourless. At pH 10.00, ½In�� ¼ 3:16� ½HIn� and the solution

is pink. The pH range from 8 to 10 may seem rather imprecise, but in a

strong acid–strong base titration such as that in Figure 16.4, the pH rises

sharply from �4 to 10 and, at this point, phenolphthalein changes colour

at the addition of a mere drop of base, giving an accurate end point.

For an acid–base indicator

for which the acid form is

HIn, the ½In�� : ½HIn� ratio
is determined from:

log
½In��
½HIn� ¼ �pKa þ pH

Fig. 16.8 Phenolphthalein is
used as an acid-base indicator,
being colourless in aqueous acid
and pink-purple in aqueous
alkali.
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Conversely, a pink to colourless change is observed if a strong acid is titrated

against a strong base.

Choosing an indicator for a titration

Table 16.6 lists the pH ranges over which selected indicators change colour.

If we compare these ranges with the near-vertical sections of the titration

curves in Figures 16.4–16.7, we can immediately see that not every

indicator is suitable for every titration. In order that the end point is

accurate, the indicator must undergo a sharp colour change, and so the pH

range for the change must coincide with the near-vertical part of the

titration curve.

For a strong acid–strong base titration (Figure 16.4), the equivalence point

is at pH 7.00 and is in the middle of a large and rapid pH change. Of the

indicators in Table 16.6, phenolphthalein, phenol red, bromocresol purple

and bromocresol green are suitable for detecting the end point of this

experiment. In a titration in which a strong base is added to a weak acid

(Figure 16.5), the choice of an appropriate indicator is fairly restricted

because the change in pH around the equivalence point is quite small. We

showed in Section 16.8 that the equivalence point for the titration in

Figure 16.5 is at pH 8.72. Of the indicators in Table 16.6, phenolphthalein

and thymol blue are suitable. Thymol blue is a dibasic acid and it is the

second dissociation that is in operation in this weak acid–strong base

titration. In the strong acid–weak base titration in Figure 16.6, the

equivalence point is at pH 5.28, and the near-vertical section of curve is

relatively small. Since in Figure 16.6 we are adding acid to a weak base,

the pH changes from a higher to lower value (contrast Figures 16.5 and

16.6 with 16.7) through the equivalence point pH of 5.28. A suitable

indicator for the titration is therefore bromocresol purple. Many more indi-

cators are available than the few selected in Table 16.6, making the choices

less restricted than this discussion might imply.

SUMMARY

In this chapter we have discussed different types of equilibria. Le Chatelier’s principle can be used to
assess qualitatively how an equilibrium responds to external changes. Quantitative treatments require
the use of equilibrium constants, K, which can be applied to gaseous or solution systems; equilibrium
constants are temperature-dependent. For equilibria involving acids and bases, the constants Ka and
Kb are defined; the self-ionization of water is described by Kw. We have shown how to calculate the
pH of solutions of acids and bases, illustrated how the solution pH varies during acid–base titrations,
and exemplified the use of selected acid–base indicators. Constant pH can be maintained in a buffer
solution.

Useful equations

The meanings of all symbols are given in the chapter.

For: xXþ yYÐ zZ K ¼ ðaZÞz

ðaXÞxðaYÞy

For any pure substance, i: ai ¼ 1 (dimensionless)
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For a solute, i, in a dilute solution: ai ¼ ½i� (dimensionless)

For an ideal gas, i: ai ¼ Pi (dimensionless)

dðln KÞ
dT

¼ �Ho

RT2

ln K ¼ ��Ho

RT
þ c

For an aqueous solution of a weak acid HA: Ka ¼
½H3Oþ�½A��
½HA�

For an aqueous solution of a weak base B: Kb ¼
½BHþ�½OH��
½B�

pKa ¼ � log Ka

Ka ¼ 10�pKa

pKw ¼ � log Kw ¼ 14:00

pKb ¼ � log Kb

Kb ¼ 10�pKb

Ka � Kb ¼ Kw ¼ 1:0� 10�14

pKa þ pKb ¼ pKw ¼ 14:00

pH ¼ �log ½H3Oþ�

½H3Oþ� ¼ 10�pH

pH ¼ pKa þ log
½base�
½acid� (Henderson–Hasselbalch equation for a buffer solution)

Do you know what the following terms mean?

. Le Chatelier’s principle

. activity

. molarity and molality

. equilibrium constant
(thermodynamic equilibrium
constant)

. Brønsted acid

. Brønsted base

. strong acid or base

. weak acid or base

. acid dissociation constant, Ka

. pKa

. conjugate acid–base pair

. neutralization reaction

. base dissociation constant, Kb

. pKb

. self-ionization constant for
water, Kw

. pKw

. pH

. speciation in an aqueous solution
of a weak, polybasic acid

. buffer solution

. Henderson–Hasselbalch
equation

. acid–base titration

. equivalence point (in an
acid–base titration)

. acid–base indicator

. end point (in an acid–base
titration)

You should be able:

. to apply Le Chatelier’s principle to an
equilibrium

. to appreciate the approximations made when
writing equilibrium constants in terms of
concentrations or partial pressures

. to write down an expression for K given a
stoichiometric equation for an equilibrium

. to calculate K given the composition of a system
at equilibrium

. to find the composition of a system at
equilibrium given K and amounts of initial
reagents

. to write down an equation that shows how K
depends on temperature, and to apply it to
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determine an approximate value of �Ho for a
reaction

. to discuss how the behaviour of a weak acid (or
base) differs from that of a strong acid (or base)
in solution

. to write equilibria to show how weak acids and
weak bases behave in aqueous solutions

. to write an expression for Ka or Kb given a
stoichiometric equation for an equilibrium

. to calculate Ka or Kb given the composition of
an appropriate system at equilibrium

. to find the extent of dissociation of a weak acid
or base given the value of Ka or Kb

. to determine Ka from a pKa value, and vice versa

. to determine Kb from a pKb value, and vice versa

. to interrelate pKw, pKa and pKb for a conjugate
acid–base pair

. to write balanced equations for neutralization
reactions, and appreciate how different salts
can arise from a polybasic acid

. to determine the pH of an acidic or basic solution

. to discuss how the position of an equilibrium
involving a weak acid or base is affected by pH

. to discuss what a buffer solution is, its
importance and how it functions

. to write down the Henderson–Hasselbalch
equation and apply it to calculate the pH of a
buffer solution

. to illustrate why the pH of a buffer solution
remains almost constant when a small amount
of acid or base is added

. to explain how to determine the composition of
a buffer solution of a specified pH

. to discuss the differences between strong
acid–strong base, strong acid–weak base and
weak acid–strong base titrations

. to explain the meaning of the equivalence
point in an acid–base titration

. to explain the variation in pH during the
titration of a dibasic or tribasic acid against a
strong base

. to discuss how acid–base indicators work and
illustrate their applications in titrations

PROBLEMS

16.1 Consider the equilibrium:

2SO2ðgÞ þO2ðgÞ Ð 2SO3ðgÞ
�rH

oð298KÞ ¼ �96 kJ per mole of SO3

What are the effects of (a) increasing the external

pressure, and (b) lowering the external

temperature?

16.2 For NO2(g), �fH
oð298KÞ ¼ þ34:2 kJmol�1.

(a) Write an equation for the reversible formation

of NO2 from its constituent elements. (b) What is

the effect on this equilibrium of raising the external

temperature? (c) If the external pressure is

increased, how is the yield of NO2 affected?

16.3 What is the effect on the following equilibrium of

(a) adding propanoic acid, and (b) removing benzyl

propanoate by distillation?

CH3CH2CO2H
Propanoic acid

þ C6H5CH2OH
Benzyl alcohol

Ð

CH3CH2CO2CH2C6H5

Benzyl propanoate

þ H2O
Water

16.4 Write down expressions for K in terms of the

activities of the components present in the

following gaseous equilibria:

(a) 2SO2 þO2 Ð 2SO3

(b) N2 þ 3H2 Ð 2NH3

(c) Al2Cl6 Ð 2AlCl3
(d) Cl2 Ð 2Cl

(e) H2 þ I2 Ð 2HI

16.5 Write down expressions for K in terms of the

concentrations of the components present in the

following equilibria. What are the limitations of

using concentrations instead of activities?

(a) C6H5CO2HðaqÞ þH2OðlÞ Ð
H3O

þðaqÞ þ C6H5CO2
�ðaqÞ

(b) ½FeðOH2Þ6�3þðaqÞ þ 6CN�ðaqÞ Ð
½FeðCNÞ6�3�ðaqÞ þ 6H2OðlÞ

(c) Cr2O7
2�ðaqÞ þ 2OH�ðaqÞ Ð 2CrO4

2�ðaqÞ þ
H2OðlÞ

16.6 I2 is very sparingly soluble in water, and laboratory

solutions are usually made up in aqueous KI in

which the following equilibrium is established:

I2ðaqÞ þ I�ðaqÞ Ð I3
�ðaqÞ
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2.54 g of I2 are added to 1 dm3 of a 0.50mol dm�3

aqueous solution of KI, and the solution is allowed

to reach equilibrium. At this point, 9:8� 10�3

moles of ½I3�� are present. Determine the

equilibrium constant, assuming no change in

solution volume on adding solid I2.

16.7 Ammonia is manufactured in the Haber process:

N2ðgÞ þ 3H2ðgÞ Ð 2NH3ðgÞ
If 0.50 moles of N2 and 2.0 moles of H2 are

combined at 400K and 1.00 bar pressure and the

system is allowed to reach equilibrium, 0.80 moles

of NH3 are present in the system. Determine K

under these conditions.

16.8 The oxidation of SO2 is a stage in the manufacture

of sulfuric acid:

2SO2ðgÞ þO2ðgÞ Ð 2SO3ðgÞ
If 2.00 moles of SO2 react with 0.50 moles of O2

at 1100K and 1.00 bar pressure and the system is left

to establish equilibrium, the final mixture contains

0.24molesofSO3.CalculateKunder these conditions.

16.9 Consider the equilibrium:

H2ðgÞ þ CO2ðgÞ Ð H2OðgÞ þ COðgÞ
At 800K, K ¼ 0:29. If 0.80 moles of H2 and

0.60 moles of CO2 react under a pressure of

1.00 bar, how many moles of CO2 will remain when

the reaction mixture has reached equilibrium?

16.10 The formation of HCl could be considered in terms

of the equilibria:

H2ðgÞ þ Cl2ðgÞ Ð 2HClðgÞ K1

or
1
2
H2ðgÞ þ 1

2
Cl2ðgÞ Ð HClðgÞ K2

What is the relationship between the values of the

equilibrium constants for these equilibria?

16.11 Write equations to show the dissociation in

aqueous solution of the following acids: (a)

CH3CH2CO2H; (b) HNO3; (c) H2SO3; (d) H2SO4.

16.12 Using data from Table 16.3, determine values of Ka

for HCN and HNO2.

16.13 The pKa values for citric acid (16.9) are 3.14, 4.77

and 6.39. Write equations to show the dissociation

processes and assign a pKa value to each step.

What are the corresponding Ka values?

(16.9)

16.14 (a) The pKa values for acetic acid and chloroacetic

acid are 4.77 and 2.85 respectively. Which is the

weaker acid in aqueous solution? (b) The values

of Ka for HOBr and HOCl are 2:1� 10�9 and
3:0� 10�5 respectively. Which is the stronger

acid in aqueous solution?

16.15 Determine the concentration of CN� ions in a

0.050mol dm�3 aqueous solution of HCN

(pKa ¼ 9:31). How is the concentration of H3O
þ

related to that of CN�?

16.16 (a) Is KOH completely or partially dissociated

in aqueous solution? (b) What volume of a

0.20mol dm�3 solution of HNO3 is needed to

completely neutralize 30 cm3 of a 0.40mol dm�3

solution of KOH? (c) Amines of the type RNH2

behave in a similar manner to NH3 in aqueous

solution. Write an equation to show what happens

when ethylamine ðCH3CH2NH2Þ dissolves in
water. If pKb for ethylamine is 3.19, calculate Kb

and comment on the position of the equilibrium.

16.17 (a) To what equilibrium does a value of pKa ¼ 9:25
for NH4

þ refer? (b) To what equilibrium does a

value of pKb ¼ 4:75 for NH3 refer? (c) Rationalize

why, for NH4
þ and NH3: pKa þ pKb ¼ 14:00:

16.18 (a) Find the pH of a 0.10mol dm�3 solution of

aqueous HCl. (b) What is the change in pH upon

diluting the solution in part (a) by a factor of 10?

(c) What is the pH of a 1 dm3 aqueous solution that

contains 2.00 g of dissolved NaOH?

16.19 Calculate the pH of a 0.25mol dm�3 aqueous
solution of CH3CO2H; pKa ¼ 4:77.

16.20 Find the concentration of OH� ions in a

0.40mol dm�3 aqueous solution of

NH3 ðpKb ¼ 4:75Þ, and hence find the pH of the

solution.

16.21 Determine the pH of an aqueous solution of

sulfuric acid of concentration 0.050mol dm�3.
Data: see Table 16.4.

16.22 By referring to equations 16.60–16.62, derive the

equations:

½HA��
½H2A�initial

¼ Kað1Þ½H3O
þ�

½H3O
þ�2 þ Kað1Þ½H3O

þ� þ Kað1ÞKað2Þ

and

½H2A�
½H2A�initial

¼ ½H3O
þ�2

½H3O
þ�2 þ Kað1Þ½H3O

þ� þ Kað1ÞKað2Þ

given in Section 16.6 for the speciation of a dibasic

acid H2A.

16.23 (a) Rationalize the shapes of the curves in Figure

16.3. (b) Using data from Table 16.3, sketch

analogous speciation curves to those in Figure 16.3

to illustrate the behaviour of aqueous H3PO4 as a

function of pH.
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16.24 (a) Briefly explain what a buffer solution is and

qualitatively explain how it functions. (b) Calculate

the pH of a buffer solution that is 0.50mol dm�3

with respect to both HCO2H ðpKa ¼ 3:75Þ and
Na½HCO2�.

16.25 A buffer solution is prepared by combining

50 cm3 0.025mol dm�3 Na2HPO4 and 50 cm3

0.018mol dm�3 NaH2PO4. Find the pH of the

solution. Data: see Table 16.3.

16.26 Sketch a titration curve for the addition of 15 cm3

0.10mol dm�3 aqueous KOH to 20 cm3

0.050mol dm�3 aqueous HCl. Determine the pH

values at the start of the titration, at the

equivalence point, and at the end of the titration

when all the alkali has been added. What species

are present in solution at the end of the experiment?

16.27 Determine the pH of the equivalence point

of a titration in which an aqueous solution

(0.10mol dm�3) of HCl is added to 25.0 cm3

aqueous NH4OH (0.10mol dm�3); pKa for

NH4
þ is 9.25.

16.28 (a) Determine the pH values of the first and

second equivalence points during the titration

of 20 cm3 aqueous NaOH (0.020mol dm�3)
against 20 cm3 H3PO4 (0.020mol dm�3). pKa

values for H3PO4 are given in Table 16.3.

(b) Malonic acid has the formula CH2ðCO2HÞ2
and has pKa values of 2.85 and 5.67. Sketch a

titration curve to illustrate pH changes during the

addition of 45.0 cm3 of a 0.10mol dm�3 solution of

NaOH to 20.0 cm3 of a 0.10mol dm�3 solution of

malonic acid. Calculate the pH at the equivalence

points.

16.29 Copy Figure 16.5 and mark on it horizontal

bands to correspond to the pH ranges over which

the indicators in Table 16.6 change colour.

Confirm the choices made in the discussion in the

last part of Section 16.9. Repeat the exercise for

Figures 16.6 and 16.7. What problem is

encountered when choosing an indicator for the

titration shown in Figure 16.7, and how can this be

overcome?

ADDITIONAL PROBLEMS

16.30 Acetic acid and ethanol react to establish the

following equilibrium:

CH3CO2Hþ C2H5OHÐ CH3CO2C2H5 þH2O

At 298K, K ¼ 4:0. If 0.30 moles of CH3CO2H,

0.45 moles of C2H5OH and 0.20 moles of H2O are

added together and the mixture is allowed to reach

equilibrium, what is the composition of the

equilibrium mixture?

16.31 Look at equation 22.17 in Chapter 22; it shows the

dissociation of ½AlðOH2Þ6�3þ in aqueous solution.

Using data from the equation, calculate the pH of a

1:20� 10�3 mol dm�3 aqueous solution of

[Al(OH2)6]
3þ.

16.32 Calculate the pH of an aqueous solution of HCl of

concentration 1:00� 10�7 mol dm�3.

16.33 What species are present in an aqueous solution of

Na2CO3?

16.34 MOPS (Table 16.5) is used as a buffer in

experiments that mimic physiological conditions.

Suggest why MOPS is a better choice than, for

example, TAPS or TRIS.

CHEMISTRY IN DAILY USE

16.35 In Box 16.2, we described how the reversible

uptake of O2 by haemoglobin (Hb) can be

represented by the following equilibrium:

½H4Hb�4þ þ 4O2 Ð HbðO2Þ4 þ 4Hþ

The partial pressure of O2 in the lungs is relatively

high, whereas in body tissues, the dioxygen

concentration is low. How does this affect the

above equilibrium? Explain the basis for your

answer.

16.36 Consider the following equilibrium:

CO2ðaqÞ þH2OðlÞ Ð H2CO3ðaqÞ K ¼ 1:7� 10�3

Explain why, when the top of a fizzy drinks bottle

is unscrewed, the liquid in the bottle effervesces.

16.37 Carbon dioxide in the body is present as dissolved

CO2, and as the hydrogen carbonate ion:

CO2ðaqÞ þH2OðlÞ Ð H2CO3ðaqÞ K ¼ 1:7� 10�3

H2CO3ðaqÞ þH2OðlÞ Ð ½HCO3��ðaqÞ þ ½H3O�þðaqÞ

The concentrations of [HCO3]
� and dissolved CO2

in human blood plasma are, respectively, 13.52 and

0.68 mmol per dm3 of blood. At normal body

temperature, the pKa of H2CO3 is 6.10.

(a) Why does the value of pKa given above differ

from the value of 6.37 listed in Table 16.3?

(b) Determine the pH of human blood, assuming

that H2CO3 is the only acid present, that

pKað2Þ of H2CO3 is negligible, and that no

other bases or buffers influence the above

equilibria.

16.38 Ammonia or ammonium salts are used as an

additive in cigarettes. However, the results of

research indicate that the presence of NH3 in

nicotine increases the passage of nicotine into the

bloodstream. Nicotine is chiral, and is mainly
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present in the form shown below, the

(S)-enantiomer (see Section 24.8):

The left-hand ring in the structures above is a pyridine

ring (see Section 34.4), and the right-hand ring is an

N-methylpyrrolidine ring. The values of pKað1Þ and
pKa(2) for the protonated forms of nicotine are 3.1

and 8.0, respectively, and the protonated pyridine is

more acidic that the protonated pyrrolidine ring. In

the questions below, assume that nicotine and

ammonia are in aqueous solution.

(a) Using N as an abbreviation for nicotine, write

equations to show the equilibria to which the

values of pKað1Þ and pKað2Þ correspond.
(b) Draw a structural diagram for H2N

2þ. Which

proton dissociates first in aqueous solution?

(c) Write down equations for Kað1Þ and Kað2Þ in
terms of the concentrations of H2N

2þ, HNþ;N
and H+.

(d) Show that the fraction of N in the overall

equilibriummixture,�, is givenby the equation:

� ¼ Kað1ÞKað2Þ
Kað1ÞKað2Þ þ Kað1Þ½Hþ� þ ½Hþ�2

(e) Figure 16.9 shows speciation curves for N,

HN+ and H2N
2þ in aqueous solution as a

function of pH. Explain how to interpret the

figure.

(f) The free base, N, more easily passes through

cell membranes than the protonated forms of

nicotine. Comment on the fact that there are

health concerns over the presence of NH3 in

cigarettes. ðKb for NH3 ¼ 1:8� 10�5Þ
16.39 Wine contains both potassium ions and tartaric

acid, H2A:

The solubility of potassium hydrogen tartrate is

3.7 g per dm3 of water; assume that the solubility in

wine is similar. In a saturated solution, dissolved

and undissolved solid are in equilibrium with one

another. Since wine is a saturated solution of

potassium hydrogen tartrate, the precipitation of

potassium hydrogen tartrate crystals, KHA, may

occur, for example if the wine is cold. In order

to prevent precipitation in bottled wine,

manufacturers store the bulk wine at �48C for

about 3 days. This process is called ‘cold

stabilization’.

(a) Write equilibria to describe the acid

dissociation of tartaric acid, H2A, and the

precipitation of solid potassium hydrogen

tartrate, KHA.

(b) For tartaric acid, the acid dissociation

constants are 9:12� 10�4 and 4:26� 10�5 at
298 K. Determine values of pKa and assign the

values to the appropriate equilibria from

part (a).

(c) How does pH affect the acid dissociation

equilibria?

(d) Explain, in terms of relevant equilibria, what

happens during cold stabilization of wine. Why

does the process prevent the precipitation of

potassium hydrogen tartrate in bottled wine?

Fig. 16.9 Speciation curves for
nicotine (N) in aqueous solution
as a function of pH. [Drawn
using data from: E.W. Willems
et al. (2006) Food Chem. Toxicol.,
vol. 44, p. 678.]
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17
Thermodynamics

17.1 Introduction

In Chapter 15 we dealt with kinetics and considered the question: ‘How fast

is a reaction proceeding?’ In Chapter 16, we focused on equilibria, discussing

them in terms of equilibrium constants. Now, we discuss chemical

thermodynamics and ask the questions: ‘How far will a reaction proceed

and how much energy will be consumed or released?’ Up to this point, we

have dealt with the thermodynamics of reactions in terms of a change in

enthalpy, �H. This thermochemical quantity (see Chapter 2) may provide

an indication as to whether a reaction is thermodynamically viable or not,

but some exothermic reactions have a high activation barrier and occur

only slowly (or not at all on an observable timescale) and many reactions

are endothermic. For example, N2H4 is kinetically stable with respect to

decomposition into its constituent elements even though this process is

exothermic (equation 17.1) and when ammonium chloride dissolves in

water, the temperature falls indicating that the reaction is endothermic

(equation 17.2). Why should reaction 17.2 proceed?

N2H4ðgÞ ��"N2ðgÞ þ 2H2ðgÞ

�H ¼ �50:6 kJ per mole of N2H4 ð17:1Þ

NH4ClðsÞ �������������"
Dissolve in water

½NH4�þðaqÞ þ Cl�ðaqÞ

�H ¼ þ14:8 kJ per mole of NH4Cl ð17:2Þ

These thermochemical data provide only part of the story as far as the

energetics of a reaction are concerned. The enthalpy change tells us whether

the temperature of the surroundings or the system is raised or lowered as

heat is either given out or taken in. Heat is only one form of energy and in
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Chapter 4 we related the enthalpy change to the change in internal energy,

�U, of a system. We look again at this relationship in Section 17.2.

In this chapter, we shall see that the change in Gibbs energy, �G, for a

reaction is a better guide as to the favourability of the reaction than is �H.

Notice that, as for �U, we are now using the term energy and not enthalpy.

The change in Gibbs energy takes into account not only the change in

enthalpy, but also the change in the entropy of the system. We explore the

relationship between changes in Gibbs energy, entropy and enthalpy in

Section 17.9, but first we introduce Gibbs energy by considering equilibria.

We are already familiar with the physical significance of large and small

values of equilibrium constants from Chapter 16. In principle, all reactions

are equilibria, but a reaction for which the equilibrium constant is very

large lies far over towards the right-hand side and to all intents and purposes

the reaction has gone to completion. We begin by defining some terms that

are fundamental to thermodynamics.

The system and the surroundings

Two terms used extensively in thermodynamics are the ‘system’ and the

‘surroundings’. The system consists of the reaction components (reactants

and products) and is distinguishable from the surroundings which make up

everything else in the universe except for the system. The system may be

contained within the walls of a reaction vessel (Figure 17.1) or there may

be no defined boundary, as for example when a piece of solid CO2 (dry ice)

sublimes to give gaseous CO2. In this case the system may seem to

disappear into the surroundings but the molecules of CO2 still constitute

‘the system’. Thermochemical data, �H, refer to the ‘heat given out by the

system to, or gained by the system from, the surroundings’.

An open system is able to exchange matter and energy with the

surroundings. For example, if a reaction is carried out in an open flask,

gaseous products can escape to the surroundings and energy can be

exchanged with it; the system is therefore open. A closed system can

exchange energy with the surroundings, but matter cannot be exchanged;

e.g. if a reaction is carried out in a sealed tube, then the system is closed.

A system may be open,

closed or isolated; an

adiabatic wall is thermally

insulating.

Fig. 17.1 The distinction
between the system and its
surroundings may be seen by
considering a reaction in which a
gas is produced. In this
experiment, the gas (CO2) is
collected in a syringe which
expands into the surroundings
during the reaction.
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An isolated system is completely insulated from the surroundings by an

adiabatic wall and cannot exchange energy or matter.

State functions

The state of a system may be described by variable quantities such as

temperature, pressure, volume, enthalpy, entropy, Gibbs energy and internal

energy. These variables are called state functions and, provided we know

how much material we have in the system, we need to specify only two state

functions in order to know the other state functions for the system.

Consider the ideal gas equation 17.3.

PV ¼ nRT ð17:3Þ

where R (molar gas constant) ¼ 8:314� 10�3 kJK�1 mol�1

For a particular, fixed system, the amount of material is given by the number

of moles, n. The interrelationship between pressure P, volume V and

temperature T means that if we fix any two of these variables, then we

necessarily know the third. This is the reason why we can specify that the

volume of one mole of an ideal gas at 273K and 105 Pa is 22.7 dm3.

Similarly, if we know that at 105 Pa the volume of one mole of the gas is

22.7 dm3, the temperature must be 273K.

State functions are interrelated and knowing any two state functions

automatically fixes all the others.

Some state functions are:

Temperature T Pressure P

Volume V Internal energy U

Enthalpy H Entropy S

Gibbs energy G

An important property of a state function is that a change in the function is

independent of the manner in which the change is made. We have already

come across this in the form of Hess’s Law of Constant Heat Summation,

where �H for a reaction is the same irrespective of the thermochemical

cycle used (Figure 17.2). Equation 17.4 is a general expression that applies

to any state function.

�ðState functionÞ ¼
X
ðState functionÞproducts

�
X
ðState functionÞreactants ð17:4Þ

Standard states

Standard states were detailed in Section 2.2.

Physical constants

Physical constants needed in the chapter are tabulated inside the back cover

of the book.

Standard temperature and
pressure: see Section 1.9

Hess’s Law of Constant Heat
Summation: see Section 2.7

P
= summation of

"

"

"
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17.2 Internal energy, U

The First Law of Thermodynamics

The internal energy, U, of a system is its total energy, and is a state function.

The total energy is made up of kinetic energy, vibrational energy, rotational

energy, etc. In a perfectly isolated system, the internal energy remains

constant and for any change �U ¼ 0. Energy can be converted from one

form to another, for example into heat or used to do work, but it cannot

be created or destroyed. This is the First Law of Thermodynamics.

When the internal energy changes, energy may be released in the form of

heat, and the temperature of the surroundings increases (provided that the

system is not perfectly insulated). This corresponds to a transfer of energy

from the system to the surroundings, and while the total energy of the

system plus the surroundings remains constant (equation 17.5), there is a

change in the internal energy of the system itself.

Energy given out by system ¼ Energy gained by surroundings ð17:5Þ

Alternatively, if the transfer of heat is in the opposite sense (equation 17.6),

the internal energy of the system increases.

Energy gained by system ¼ Energy given out by surroundings ð17:6Þ

Accompanying the heat transfer, q, may be energy transfer in the form of

‘work done’, w, and equation 17.7 gives the general relationship for a

change in internal energy in the system.

Change in internal energy ¼ �U ¼ qþ w ð17:7Þ

where q ¼ change in heat energy (enthalpy) ¼ �H, and w ¼ work done

If q is positive, heat energy is added to the system, and if q is negative, heat

is given out by the system to the surroundings.

‘Work done’ on the system includes such events as compressing a gas.

Conversely, when a gas expands, work is done by the system on the

The First Law of

Thermodynamics states that

energy cannot be created or

destroyed, merely changed

from one form to another.

Fig. 17.2 FeCl3 may be formed
directly from Fe and Cl2 as
shown in the photograph, or by
first forming FeCl2. The enthalpy
change in going from
[FeðsÞþ 3

2
Cl2ðgÞ] to FeCl3(s) is

the same, irrespective of the
route: �H1 ¼ �H2 þ�H3.
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surroundings. Consider the expansion of a gas against a frictionless piston

upon which an external pressure, P, is acting:

Let the change in volume of the gas be �V . From the diagram above:

�V ¼ dA

Pressure is force per unit area, and therefore:

Pressure, P ¼ Force

Area, A

Force opposing the expansion ¼ PA ¼ P�V

d

Work is given by the equation:

Work ¼ Force�Distance

and therefore, the work done by the system as the gas expands can be expressed

in terms of the external pressure and change in volume (equation 17.8).

Work done at constant pressure
by the system on the surroundings

¼ � P�V

d
� d

¼ �P�V ð17:8Þ

If the pressure is given in Pa and the volume in m3, the units of the work done

are J (see Table 1.2). Note the sign convention: work done by the system on

the surroundings is defined as negative work.

The relationship between �U and �H (equation 17.9) that we introduced

earlier now follows by combining equations 17.7 and 17.8. In many reactions,

the pressure P corresponds to atmospheric pressure (1 atm¼ 101 300Pa, or

1 bar ¼ 1:00� 105 Pa).

�U ¼ �H � P�V ð17:9Þ

For a system at constant pressure doing work on the surroundings:�
Change in the internal

energy of the system

�
¼ ðChange in enthalpyÞ

� ðpressure� change in volumeÞ

�U ¼ �H � P�V

Figure 17.3 summarizes the changes in enthalpy and volume for a system,

and emphasizes the sign convention.

�U ��H: see Sections 4.5,
8.3 and 8.5

"
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How large is the term P�V in relation to �H?

The work done by or on the system is typically significantly smaller than the

enthalpy change and, in many cases �U is very nearly equal to �H. This

was the approximation that we made in Chapter 4 when we discussed

bond dissociation energies, and again in Chapter 8 when we took the

lattice energy as being close in value to �latticeH.

Volume changes associated with reactions involving the formation or

consumption of gases are always far larger than ones associated with

liquids or solids, and volume changes due to the gaseous components of

reactions predominate in the P�V term. Assuming that the ideal gas law

(equation 17.3) holds for all gaseous components, we can find the work

done by, or on, the system at constant pressure and temperature in terms

of the change in the number of moles of gas (equation 17.10).

Work done by the system ¼ �P�V ¼ �ð�nÞRT ð17:10Þ

If the number of moles of gas increases, �n is positive and work is done by the

system on the surroundings (Figure 17.4), i.e. the work done is negative. An

Fig. 17.3 The system is the term given to the reaction components. The change in enthalpy of a system is given by
�H ¼ H2 �H1 where H1 and H2 are the absolute enthalpies of the starting materials and the products respectively. Absolute
enthalpies cannot be measured; only �H can be found experimentally. IfH1 > H2, heat energy has been lost to the surroundings;
ifH2 > H1, heat energy has been taken in from the surroundings. The change in volume of the system is given by �V ¼ V2 � V1

where V1 and V2 are the absolute volumes of the starting materials and the products respectively. If the volume of the system
increases, for example a gas is evolved in the reaction, then V2 > V1; if the volume of the system decreases, V1 > V2.

Fig. 17.4 During the reaction of
[C6H5N2]

þCl� with water, N2 is
produced, which fills the balloon.
In doing so, the system does work
on the surroundings.
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example is the reaction between a metal carbonate and acid (equation 17.11).

CuCO3ðsÞ þ 2HClðaqÞ ��"CuCl2ðaqÞ þH2OðlÞ þ CO2ðgÞ
For 1 mole of CuCO3:
�n ¼ ðmoles of gaseous productsÞ � ðmoles of gaseous reactantsÞ
¼ 1� 0 ¼ 1

9>>=
>>; ð17:11Þ

If the number of moles of gas decreases, �n is negative and work is done on

the system by the surroundings, i.e. the work done is positive. Examples are

the oxidation of sulfur dioxide (equation 17.12) or the combustion of an

alkane (equation 17.13).

2SO2ðgÞ þO2ðgÞ ��" 2SO3ðgÞ
For 1 mole of SO2:
�n ¼ ðmoles of gaseous productsÞ � ðmoles of gaseous reactantsÞ
¼ 2� 3 ¼ �1

9>>=
>>; ð17:12Þ

C5H12ðlÞ þ 8O2ðgÞ ��" 5CO2ðgÞ þ 6H2OðlÞ
For 1 mole of pentane:
�n ¼ ðmoles of gaseous productsÞ � ðmoles of gaseous reactantsÞ
¼ 5� 8 ¼ �3

9>>=
>>; ð17:13Þ

Worked example 17.1 Change in internal energy at standard temperature and pressure

By what amount will the change in internal energy differ from the change in

enthalpy for the reaction of 0.0500 moles of MgCO3 with an excess of dilute

hydrochloric acid under conditions of 1 bar pressure and 273K in the apparatus

shown in Figure 17.1? Assume that the syringe is frictionless.

[1 mole of gas at 1 bar pressure and 273K occupies a volume of 22.7 dm
3
.]

The equation needed is:

�U ¼ �H � P�V

The reaction is at constant pressure (1 bar) and the difference between �U

and �H is the term P�V .

First write a balanced equation for the reaction:

MgCO3ðsÞ þ 2HClðaqÞ ��"MgCl2ðaqÞ þH2OðlÞ þ CO2ðgÞ

0.0500 moles of MgCO3 produce 0.0500 moles gaseous CO2 and work is

done by the system as the gas produced expands – it ‘pushes’ against the

surrounding atmosphere.

There are two ways of dealing with the problem.

Method 1:

Volume occupied by 0.0500 moles of gas at 1 bar and 273K

¼ 0:0500� ð22:7 dm3Þ ¼ 1:14 dm3

Increase in volume, �V ¼ Final volume� initial volume ¼ 1:14 dm3

Note that the change in volume is assumed to be entirely due to the gas

released.

Now we must think about the units. By referring to Table 1.2, we see that

compatible units of volume, energy and pressure are m3, J and Pa (see also

problem 17.1):

Work done by the system ¼ �P�V
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With consistent units:

P ¼ 1:00� 105 Pa ¼ 1:00� 105 Nm�2

�V ¼ 1:14� 10�3 m3

Work done by the system ¼ �ð1:00� 105 Nm�2Þ � ð1:14� 10�3 m3Þ

¼ �114Nm

¼ �114 J

Per mole of MgCO3:

Difference between �U and �H ¼ ð114 JÞ
ð0:0500molÞ

¼ 2280 Jmol�1

¼ 2:28 kJmol�1

Method 2: The second (and shorter) method of calculation uses the

equation for an ideal gas:

PV ¼ nRT

At constant pressure (1 bar) and temperature (273K):

P�V ¼ ð�nÞRT

where �n is the change in number of moles of gas¼ 0.0500 moles.

P�V ¼ ð0:0500molÞ � ð8:314 JK�1 mol�1Þ � ð273KÞ ¼ 113 J

The work is done by the system and is therefore negative ¼ �113 J, and as

above:

Difference between �U and �H ¼ ð113 JÞ
ð0:0500molÞ

¼ 2260 Jmol�1

¼ 2:26 kJmol�1

Worked example 17.2 Change in internal energy at 1 bar pressure and 298 K

The same reaction as in worked example 17.1 is carried out at 1 bar pressure

and 298K. Calculate the work done by the system on the surroundings.

As in worked example 17.1, there are two methods of calculation.

Although both are given here, method 2 is shorter.

Method 1: The only difference from worked example 17.1 is that we have

to correct the volume of gas for the change in temperature using the

relationship:

P1V1

T1

¼ P2V2

T2

The pressure is constant, P1 ¼ P2, and so:

V1

T1

¼ V2

T2

V2 ¼
V1T2

T1

¼ ð1:14� 10�3 m3Þ � ð298KÞ
ð273KÞ ¼ 1:24� 10�3 m3

Refer to Table 1.2

The difference in answers
between the methods is due

to rounding

"

"
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Work done by the system ¼ �P�V. With consistent units:

Work done by the system ¼ �ð1:00� 105 Nm�2Þ � ð1:24� 10�3 m3Þ

¼ �124Nm

¼ �124 J

Per mole of MgCO3:

Difference between �U and �H ¼ ð124 JÞ
ð0:0500molÞ

¼ 2480 Jmol�1

¼ 2:48 kJmol�1

Method 2: Assuming an ideal gas at 105 Pa pressure, we can use the

equation:

PV ¼ nRT

and, at constant T and P:

P�V ¼ ð�nÞRT

where �n is the change in number of moles of gas¼ 0.0500 moles.

P�V ¼ ð0:0500molÞ � ð8:314 JK�1 mol�1Þ � ð298KÞ ¼ 124 J

The work is done by the system and is therefore negative ¼ �124 J. As

above:

Difference between �U and �H ¼ ð124 JÞ
ð0:0500molÞ

¼ 2480 Jmol�1

¼ 2:48 kJmol�1

17.3 The bomb calorimeter

In Section 2.3, we introduced the use of calorimetry to measure heat changes

that accompany chemical reactions and to measure the specific heat capa-

city of a substance. A simple, constant-pressure calorimeter was shown in

Figure 2.2. However, such an apparatus is not used for accurate

measurements. The bomb calorimeter is a constant-volume calorimeter

(Figure 17.5) used for the precise determination of the heat change

accompanying a reaction. The commonest use is for studying combustion

reactions. Heat changes measured at constant volume correspond to changes

in internal energy, �U (see equation 17.18). The apparatus consists of a

metal bomb in which the reaction takes place. The bomb is a closed system

(constant volume) and is immersed in a thermally insulated container filled

with water. The combustion is initiated by an electrical heating device. The

heat released by the reaction is transferred to the water surrounding the

bomb. The water is stirred constantly, and its rise in temperature is recorded.

Unlike the simple calorimeter that we described in Figure 2.2, the bomb

calorimeter is of known heat capacity, Ccalorimeter. The calorimeter can be

calibrated by using the electrical source to supply a known amount of heat,

Refer to Table 1.2

Specific heat capacity: see
Section 2.3

"

"
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Fig. 17.5 A schematic
representation of a bomb
calorimeter used for studying
combustion reactions.

qcalorimeter, and measuring the temperature rise, �T , of the water surrounding

the bomb. The value of Ccalorimeter is then found from equation 17.14.

ðqcalorimeter JÞ ¼ ðCcalorimeter JK
�1Þ � ð�T KÞ

ðCcalorimeter JK
�1Þ ¼ ðqcalorimeter JÞ

ð�T KÞ ð17:14Þ

When the sample is combusted, the rise in temperature of the water, �Tsample,

is used to determine qsample. The heat gained by the calorimeter, qcalorimeter,

equals the heat liberated on combustion of the sample (equation 17.15).

ðqcalorimeter JÞ ¼ ðCcalorimeter JK
�1Þ � ð�Tsample KÞ

ðqsample JÞ ¼ �ðqcalorimeter JÞ ð17:15Þ

Worked example 17.3 Calibrating a bomb calorimeter

A bomb calorimeter is calibrated by using a 12V electrical supply. A current of

8.0A is passed through the apparatus for 500 s, and the rise in temperature of

the water surrounding the bomb is 6.2K. Determine the heat capacity of the

calorimeter.

qcalorimeter ¼ (current in A)� (potential difference in V)� (time in s)

¼ ð8:0AÞ � ð12VÞ � ð500 sÞ

The derived units (see Table 1.2) can be written in terms of base units:

qcalorimeter ¼ ð8:0AÞ � ð12 kgm2 s�3 A�1Þ � ð500 sÞ

¼ 48 000 kgm2 s�2

¼ 48 000 J

¼ 48 kJ
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The rise in temperature of the water, �T , is 6.2K. To find the heat

capacity of the calorimeter:

qcalorimeter ¼ ðCcalorimeter kJK
�1Þ � ð�T KÞ

Ccalorimeter ¼
ðqcalorimeter kJÞ
ð�T KÞ

¼ ð48 kJÞð6:2KÞ

¼ 7:7 kJK�1

Worked example 17.4 The bomb calorimeter

A calibrated bomb calorimeter has a heat capacity of 8.10 kJK
�1
. When

0.600 g of graphite is fully combusted in this calorimeter, the temperature of

the water surrounding the bomb rises by 2.43K. What is the heat change per

mole of graphite? [Additional data: see the inside front cover of the book.]

Equation needed:

ðqcalorimeter kJÞ ¼ ðCcalorimeter kJK
�1Þ � ð�Tsample KÞ

¼ ð8:10 kJK�1Þ � ð2:43KÞ

¼ 19:7 kJ

qsample ¼ �qcalorimeter

For 0.600 g of graphite, q ¼ �19:7 kJ

For 1 mole of graphite, q ¼ �ð19:7 kJÞ � ð12:01 gmol�1Þ
ð0:600 gÞ

¼ �394 kJmol�1

17.4 Heat capacities

In Chapter 2, we introduced specific heat capacities, and in the previous

section, we described how to measure the heat capacity of a bomb

calorimeter. Now we look at molar heat capacities.

Definitions

The molar heat capacity, C, is a state function and is the heat energy required

to raise the temperature of one mole of a substance by one kelvin. Equation

17.16 expresses C in a differential form and shows that the heat capacity is

defined as the rate of change in q with respect to temperature.

C ¼ dq

dT
in JK�1 mol�1 ð17:16Þ

However, we must go a step further and define the two distinct conditions

under which heat capacity is defined:

. CP refers to a process at constant pressure.

. CV refers to a process at constant volume.

From equations 17.7 and 17.9, at constant pressure, q is the change in

enthalpy, �H and so we can write equation 17.17. The notation of the
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Box 17.1 Partial differentials

An introduction to differentiation is given in the

accompanying Mathematics Tutor, accessible via the

website www.pearsoned.co.uk/housecroft. At this level

of discussion, we are concerned only with the inter-

dependence of two variables, x and y. Now, we consider

partial differentiation using the specific example of

internal energy.

The internal energy of a system, U, is a function of

temperature, T, and volume, V, i.e. U depends on both

these variables. This can be expressed in the form:

U ¼ f ðT ;VÞ

If we differentiate U, we must differentiate with respect

to each variable, one at a time, with the second variable

held constant – this is called partial differentiation. The

total differential, dU, is equal to the sum of the partial

differentials:

dU ¼
�
@U

@T

�
V

dT þ
�
@U

@V

�
T

dV

PV = nRT
For n = 1, PV = RT

"

differential is examined in Box 17.1. The subscript P in equation 17.17 refers

to the fact that the process is occurring at constant pressure.

CP ¼
�
@H

@T

�
P

ð17:17Þ

A condition of constant pressure refers to experiments such as those carried

out at atmospheric pressurewhere gases are allowed to expand and the pressure

remains at atmospheric pressure. In an experiment that is carried out in a closed

container (for example, in a bomb calorimeter) the pressure may change, but

the volume is constant and no work is done in expanding the gas. Since the

change in volume is zero, equations 17.7 and 17.9 can be simplified to 17.18.

At constant volume: �U ¼ q ¼ �H ð17:18Þ

The heat capacity at constant volume is, therefore, defined in terms of the

rate of change of internal energy (equation 17.19).

CV ¼
�
@U

@T

�
V

ð17:19Þ

The molar heat capacity, C, is the heat energy required to raise the temperature

of one mole of a substance by one kelvin, and the units are JK�1 mol�1.

At constant pressure: CP ¼
�
@H

@T

�
P

At constant volume: CV ¼
�
@U

@T

�
V

The relationship between CP and CV

For one mole of an ideal gas, the enthalpy and internal energy are related by

equation 17.20, which can be rearranged to give equation 17.21.

U ¼ H � PV ¼ H � RT ð17:20Þ
H ¼ U þ RT ð17:21Þ

We can now write the expression for CP in terms of U (equation 17.22).

CP ¼
�
@H

@T

�
P

¼
�
@fU þ RTg

@T

�
P

for 1 mole of ideal gas ð17:22Þ
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The differential on the right-hand side can be separated into two terms

(remember that R is a constant) to give equation 17.23.

CP ¼
�
@U

@T

�
P

þ R

�
@T

@T

�
P

¼
�
@U

@T

�
P

þ R ð17:23Þ

For an ideal gas,

�
@U

@T

�
P

¼
�
@U

@T

�
V

, and this can be shown as follows. The

internal energy, U, is a function of T and V and the total differential dU is:

dU ¼
�
@U

@T

�
V

dT þ
�
@U

@V

�
T

dV

Differentiating with respect to T at constant pressure gives equation 17.24.�
@U

@T

�
P

¼
�
@U

@T

�
V

�
@T

@T

�
P

þ
�
@U

@V

�
T

�
@V

@T

�
P

ð17:24Þ

This can be simplified because

�
@T

@T

�
P

¼ 1, and for an ideal gas,

�
@U

@V

�
T

¼ 0.

Equation 17.24 reduces to equation 17.25, and substitution of this into

equation 17.23 gives equation 17.26.�
@U

@T

�
P

¼
�
@U

@T

�
V

ð17:25Þ

CP ¼
�
@U

@T

�
V

þ R ð17:26Þ

By combining equations 17.26 and 17.19, we derive equation 17.27, which

gives a relationship between the molar heat capacities at constant volume

and constant pressure.

CP ¼ CV þ R ð17:27Þ

The variation of CP with temperature

Most of the reactions with which we are concerned in this book are carried out

under conditions of constant pressure and sowemust look atCP inmore detail.

Over small ranges of temperature, CP is approximately constant although

Figure 17.6 illustrates that the variation of CP with temperature over the

range 300–1500K may be considerable. The variation is not very great for

diatomic molecules, but is significant for polyatomic molecules. For larger

See Box 17.1

For one mole of an

ideal gas: CP ¼ CV þ R

"

Fig. 17.6 The variation of CP

with temperature is not very
great for diatomic molecules, but
is significant for polyatomics.
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molecules such as C2H6 and C3H8, CP varies from 52.7 to 145.9, and from

73.9 to 205.9 JK�1 mol�1 respectively between 300 and 1500K.

17.5 The variation of �H with temperature: Kirchhoff’s equation

So far we have treated �H as being temperature-independent. However,

equation 17.17 shows that enthalpy and heat capacity are related and we

have just seen that heat capacities do depend on temperature. It follows

that �H is also temperature-dependent.

Equation 17.28 restates the definition of CP. Both H and CP are state

functions and applying equation 17.4 allows us to write equation 17.29

where �H is the enthalpy change accompanying a reaction and �CP is the

difference in heat capacities (at constant pressure) of products and reactants.

CP ¼
�
@H

@T

�
P

ð17:28Þ

�CP ¼
�
@�H

@T

�
P

Kirchhoff’s equation ð17:29Þ

This expression is called Kirchhoff’s equation and in its integrated form

(equation 17.30) it can be used to determine how �H for a reaction varies

with temperature; the integration steps are shown in Box 17.2.

�HðT2Þ ��HðT1Þ ¼ �CPðT2 � T1Þ ð17:30Þ

where �HðT2Þ is the enthalpy change at temperature T2, and �HðT1Þ
is the enthalpy change at temperature T1

THEORY

Box 17.2 Integration of Kirchhoff’s equation

Kirchhoff’s equation is in the form of a differential:

�CP ¼
�
@�H

@T

�
P

Integrated forms are derived as follows.

Separating the variables in Kirchhoff’s equation and

integrating between the limits of the temperatures T1

and T2 gives:ðT2

T1

dð�HÞ ¼
ðT2

T1

�CP dT

Let �H at temperature T1 be �HðT1Þ, and at T2 be

�HðT2Þ. Thus:

�HðT2Þ ��HðT1Þ ¼
ðT2

T1

�CP dT

There are two ways of treating the right-hand side of

the equation.

Case 1: Temperature-independent �CP. Assume that

�CP is a constant; this is often valid over small

temperature ranges (see text).

�HðT2Þ ��HðT1Þ ¼
ðT2

T1

�CP dT ¼ �CP

ðT2

T1

dT

�HðT2Þ ��HðT1Þ ¼ �CPðT2 � T1Þ

ðequation 17.30 in textÞ

Case 2: Temperature-dependent �CP. The variation

of CP with T can be empirically expressed as a power

series of the type:

CP ¼ aþ bT þ cT2 þ � � �

where a, b and c are constants. �CP is similarly

expressed, and so, if:

�CP ¼ a’þ b’T þ c’T2 þ � � �

�HðT2Þ ��HðT1Þ ¼
ðT2

T1

�CP dT

¼
ðT2

T1

ða’þ b’T þ c’T2ÞdT

�HðT2Þ ��HðT1Þ ¼
�
a’T þ b’

2
T2 þ c’

3
T3

�T2

T1

You are most likely to encounter Case 1.

For revision of integration, see the Mathematics

Tutor, accessed via the website

www.pearsoned.co.uk/housecroft

Table 4 in the Mathematics Tutor lists standard

integrals.
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Equation 17.30 is valid only if we assume that �CP is independent

of temperature. You can test this assumption by determining values of

�CP over the ranges 500–600K and 1000–1100K for each gas shown in

Figure 17.6. You should be able to demonstrate that equation 17.30

generally works over only small temperature ranges. By studying Figure

17.6, deduce how ‘small’ is defined in this context.

The temperature dependence of the standard enthalpies of formation of

selected compounds is illustrated in Figure 17.7. The temperature range is

large (300–1500K) and although �fH
o(HCl, g) varies little, �fH

o(CH4, g)

changes from �74.7 to �90.2 kJmol�1. As we expect from Kirchhoff’s

equation, the trends in the variation of �fH
o with temperature (Figure 17.7)

are similar to those of CP with temperature (Figure 17.6).

17.6 Equilibrium constants and changes in Gibbs energy

Equilibrium constants

Apart from �H, the other thermodynamic quantities with which you are

now familiar are equilibrium constants, K . Equilibrium constants can be

defined for specific types of system, for example Ka (acid dissociation

constant), Kb (base dissociation constant) and Kw (self-ionization constant

of water). As we saw in Chapter 16, equilibrium constants are expressed in

terms of activities and are therefore dimensionless. However, for ideal

gases, the activity of a gas is equal to the numerical value of its partial

pressure, and for a solution species in dilute solution, the activity is equal

to the numerical value of the concentration. You must keep these points in

mind throughout the discussions and worked examples that follow.

The magnitude of K tells us the position of the equilibrium and provides

a measure of the extent of the reaction in either a forward or backward

direction. Consider the general reaction 17.31. The larger the value of K

(>1), the more the products dominate over the reactants, and the smaller

K is (<1), the more the reactants predominate at the equilibrium state.

Aþ BÐ CþD K ¼ ½C�½D�½A�½B� ð17:31Þ

Kirchhoff’s equation shows

how �H for a reaction

varies with temperature:

�CP ¼
�
@�H

@T

�
P

K: see Chapter 16

"

Fig. 17.7 The variation of �fH
o

with temperature is not very
great for diatomic molecules, but
is significant for polyatomic
molecules; this trend is related to
that observed in Figure 17.6 for
heat capacities.
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What do we mean by ‘big’ and ‘small’ values of K ? The acid dissociation

constants in Table 16.3 provide some indication of equilibria which lie

towards the left-hand side, in favour of the reactants. The range of Ka values

for those selected acids was from 1:55� 10�2 (pKa ¼ 1:81) for the first

dissociation step of H2SO3, to 2:1� 10�13 (pKa ¼ 12:67) for [HPO4]
2�. Very

large values of K are exemplified by 3:5� 1041 for the formation of water

(equation 17.32) or 1:8� 1048 for the formation of hydrogen fluoride

(equation 17.33), both at 298K. Both these reactions may be explosive and

the large values of K reflect the fact that the reactions proceed spontaneously

in a forward direction.

2H2ðgÞ þO2ðgÞ���Ð 2H2OðlÞ ð17:32Þ

H2ðgÞ þ F2ðgÞ���Ð 2HFðgÞ ð17:33Þ

The value ofK for equation 17.34 is 7:5� 102 (at 298K), and the equilibrium

lies towards the right-hand side but there are significant amounts of N2 and

H2 present in the reaction mixture at equilibrium.

N2ðgÞ þ 3H2ðgÞ Ð 2NH3ðgÞ ð17:34Þ

Equilibrium constants and �H: a lack of consistency?

The standard enthalpies of formation for some selected compounds are given

in Table 17.1 and span both exothermic and endothermic reactions. The

The form of the equilibrium
sign shows that the

equilibrium lies
predominantly to the right

"

Table 17.1 Standard enthalpy and Gibbs energy changes, and values of K for the
formation of selected compounds at 298K from their constituent elements in their
standard states.

Compound �fH
o
/ kJmol

�1 K �fG
o
/ kJmol

�1

CO2(g) �393.5 1:2� 1069 �394.4

SO2(g) �296.8 4:0� 1052 �300.1

HF(g) �273.3 1:8� 1048 �275.4

CO(g) �110.5 1:1� 1024 �137.2

HCHO(g) �108.7 9:8� 1017 �102.7

HCl(g) �92.3 5:0� 1016 �95.3

NH3(g) �45.9 7:5� 102 �16.4

HBr(g) �36.3 2:2� 109 �53.4

CH3NH2(g) �22.5 1:8� 10�6 þ32.7

BrCl(g) þ14.6 1.5 �1.0

HI(g) þ26.5 0.5 þ1.7

NO2(g) þ34.2 6:9� 10�10 þ52.3

NO(g) þ91.3 4:5� 10�16 þ87.6
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third column of the table lists values of the equilibrium constants for the

corresponding reactions. In most cases, an exothermic reaction is

associated with a large value of K, and our previous use of �H as an

indicator of reaction favourability seems to be fairly well justified.

However, the data in the table reveal some inconsistencies. The trend in

the values of �fH
o is not fully consistent with the trend in the values of K.

One particular inconsistency is with respect to the formation of CH3NH2

where the equilibrium constant, K , tells us the extent to which equilibrium

17.35 proceeds to the right-hand side – not very far according to a value of

1:8� 10�6, even though the reaction is exothermic.

CðgrÞ þ 1
2
N2ðgÞ þ 5

2
H2ðgÞ Ð CH3NH2ðgÞ ð17:35Þ

Remember that the position of equilibrium says nothing about the rate of

reaction. If you mix N2 and H2 (equation 17.34) or graphite, N2 and H2

(equation 17.35) in a reaction vessel in the laboratory, you should not

expect to obtain NH3 or CH3NH2, respectively.

Striking inconsistencies between changes in enthalpy and the extent of

reaction are also observed in solubility data. Table 17.2 lists the solubilities

in water of selected salts and also the standard enthalpy changes that

accompany dissolution. The process to which �solH
o(298K) refers is given

in equation 17.36 for a salt XY; more generally, �solH refers to

dissolution in any solvent (equation 17.37). The molar enthalpy of solution

refers to the complete dissolution of one mole of XY.

XYðsÞ �����"
Water

XþðaqÞ þY�ðaqÞ ð17:36Þ

XYðsÞ ������"
Solvent

XþðsolvÞ þY�ðsolvÞ ð17:37Þ

It seems quite remarkable that salts such as ammonium nitrate that are very

soluble in water dissolve in endothermic processes. This endothermic process

The standard enthalpy of

solution is denoted by

�solH
o.

Table 17.2 Solubilities in water of selected salts (at the stated temperature) and standard
molar enthalpies of solution (�solH

o) at 298K.

Compound �solH
o
/ kJmol

�1
Solubility (at stated

temperature) /mol dm
�3

Solubility (at stated

temperature) / g dm
�3

KOH �57.6 19.1 (288K) 1070 (288K)

LiCl �37.0 15.0 (273K) 637 (273K)

NaI �7.5 12.3 (298K) 1845 (298K)

NaCl þ3.9 6.1 (273K) 357 (273K)

NH4Cl þ14.8 5.6 (273K) 295 (273K)

NaI:2H2O þ16.1 17.1 (273K) 3180 (273K)

AgNO3 þ22.6 7.2 (273K) 1224 (273K)

NH4NO3 þ25.7 14.8 (273K) 1184 (273K)

KMnO4 þ43.6 0.4 (293K) 63 (293K)
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is the basis for the use of ammonium nitrate in instant cold compress packs

(Figure 17.8) which are used in accident and emergency units to relieve

swellings associated with minor injuries.

Changes in standard Gibbs energy, �Go, and the standard Gibbs
energy of formation, �fG

o

We must now introduce a new state function called the Gibbs energy, G. In

Section 17.9 we define G fully, but in this and the next section we study

some experimental data and illustrate how the change in standard Gibbs

energy, �Go, for a reaction is related to the equilibrium constant.

Since G is a state function we can determine changes in Gibbs energy for

reactions by using equation 17.38.

�G ¼
X

Gproducts �
X

Greactants ð17:38Þ

The standard Gibbs energy change of a reaction, �rG
o(T) (equation 17.39),

refers to a system in which the reactants and products are in their standard

states at a specified temperature, T, and at a pressure of 1 bar. As we see

later, �Go is temperature-dependent and it is vital to specify T when

quoting values of �Go.

�rG
oð298KÞ ¼

X
½�fG

oð298KÞproducts� �
X
½�fG

oð298KÞreactants� ð17:39Þ

The standard Gibbs energy of formation of a compound, �fG
o(T), is the

Gibbs energy change that accompanies the formation of one mole of a

compound in its standard state from its constituent elements in their

standard states. By definition, the standard Gibbs energy of formation

and the standard enthalpy of formation of an element in its standard

state are zero, at all temperatures. However, �fG
o for a compound is

temperature-dependent (see Section 17.7).

The standard Gibbs energy of formation of a compound, �fG
o(T), is the change

in Gibbs energy that accompanies the formation of one mole of a compound in

its standard state from its constituent elements in their standard states.

Standard states:
see Section 2.2

By definition, �fG
o and

�fH
o of an element in its

standard state are zero, at

all temperatures.

"

Fig. 17.8 An ammonium nitrate
cold compress pack exemplifies
an application of an endothermic
reaction.
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Worked example 17.5 The change in standard Gibbs energy

Determine �rG
o
(298K) for the combustion of one mole of C2H5OH given

that �fG
o
(298K) C2H5OH(l), H2O(l) and CO2(g) are �175, �237 and

�394 kJmol
�1

respectively.

First, write a balanced equation for the combustion of C2H5OH:

C2H5OHðlÞ þ 3O2ðgÞ �����"
�rG

o

2CO2ðgÞ þ 3H2OðlÞ

The standard Gibbs energy of formation of O2(g)¼ 0 (by definition).

�rG
o ¼ ½2��fG

oðCO2; gÞ� þ ½3��fG
oðH2O; lÞ� ��fG

oðC2H5OH; lÞ

¼ ½2� ð�394Þ� þ ½3� ð�237Þ� � ð�175Þ

¼ �1324 kJ per mole of C2H5OH (at 298K)

In order to assess the advantages of using �Go instead of �Ho, we return

to Table 17.1, where standard Gibbs energies of formation are also listed. In

contrast to the inconsistencies in the trends of �fH
o and K that we noted

earlier, we now see that the trend in values of �fG
o does follow that in the

values of K. A value of K > 1 corresponds to a negative change in Gibbs

energy, and if K < 1, �Go is positive. The magnitude of the equilibrium

constant for the formation of hydrogen iodide (equation 17.40) indicates

that the equilibrium lies towards the left-hand side, although there are

significant amounts of products in the equilibrium mixture. Although the

corresponding change in Gibbs energy is positive, it is small.

1
2
H2ðgÞ þ 1

2
I2ðgÞ Ð HIðgÞ K ¼ ðPHIÞ

ðPH2
Þ12ðPI2Þ

1
2

¼ 0:5 ð17:40Þ

The change in Gibbs energy for a reaction is a reliable guide to the extent of a

reaction provided that equilibrium is reached and, in this regard, is a far more

useful thermodynamic quantity than �H. Remember that �Go and K say

nothing about the rate of the reaction.

17.7 The temperature dependence of �Go and Kp: some
experimental data

In this section we consider some experimental data to assess how Kp (the

equilibrium constant for a gaseous system) and �Go for a given reaction

vary with temperature.

Case study 1: the formation of NH3

The Haber process is a major industrial process for the production of NH3

from N2 and H2 (reaction 17.41). In selecting optimum conditions for the

manufacture of NH3, the variation of Kp with temperature has to be taken

into account. Over the temperature range 300–1500K, Kp varies from

6:7� 102 to 5:8� 10�4, and the logarithmic scale (lnKp) in Figure 17.9a

Strictly, K should be
expressed in terms of

activities: see Section 16.3

Haber process:
see Box 21.2

ln ¼ loge

"

"

"
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allows this large range of values to be represented more conveniently than

plotting Kp itself.

1
2
N2ðgÞ þ 3

2
H2ðgÞ Ð NH3ðgÞ Kp ¼

ðPNH3
Þ

ðPN2
Þ12ðPH2

Þ32
ð17:41Þ

Figure 17.9b illustrates that �fG
o per mole of NH3 also varies significantly as

a function of temperature. Compare this with the much smaller variation in

�fH
o(NH3, g) shown in Figure 17.7. As the temperature is increased, �fG

o

becomes increasingly positive and the decomposition of NH3 to N2 and

H2 is the predominant process. This result is mirrored in the trend in the

equilibrium constants where at high temperatures, lnKp is large and

negative, i.e. Kp is very small.

Case study 2: metal oxide reduction

In Chapter 21, we will see several examples of the reduction of a metal oxide

by another metal. Gibbs energy data allow us to approach the problem

quantitatively.

Figure 17.10 shows the temperature variation of �fG
o for a range of metal

oxides. In order that values may be compared to each other, �fG
o refers to

the Gibbs energy of formation per half-mole of O2.
§

Thus for CaO, �fG
o refers to reaction 17.42, and for Al2O3 it corresponds

to reaction 17.43; we show both equations with the metal in the solid state,

but this is temperature-dependent (see Figure 17.10).

CaðsÞ þ 1
2
O2ðgÞ ��"CaOðsÞ ð17:42Þ

2
3
AlðsÞ þ 1

2
O2ðgÞ ��" 1

3
Al2O3ðsÞ ð17:43Þ

Each plot in Figure 17.10 is either linear (as in the case of NiO, for example)

or has two linear sections (e.g. Al2O3). The change in gradient (which may be

small) part way along a line occurs at the melting point of the metal. Two

Phase changes:
see Section 17.10

"

Fig. 17.9 (a) The variation with
temperature of lnKp for the
formation of ammonia (equation
17.41), and (b) the variation of
�fG

o(NH3, g) with temperature.

§ We could equally well have plotted the data per mole of O2.
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observations from Figure 17.10 are that:

. each metal oxide is less thermodynamically stable (less negative �fG
o) at

higher temperatures, and
. the relative stabilities of the oxides at any given temperature can be seen

directly from the graph.

The second point means that the plots in Figure 17.10 (which constitute an

Ellingham diagram) can be used to predict which metal(s) will reduce a

particular metal oxide, and whether the operating temperature will

influence the efficiency of the reduction. The pink line in Figure 17.10

shows the way in which �fG
o(CO, g) varies with temperature. This plot

contrasts with all the others since CO(g) becomes more thermodynamically

stable at higher temperatures (more negative �fG
o). As the temperature is

raised, carbon becomes more effective at reducing a wide variety of metal

oxides.§ Above 1800K, a greater range of metal oxides than shown in

Figure 17.10 can be reduced by carbon, although industrially this method

of obtaining a metal from its oxide is often not commercially viable.

Worked example 17.6 Using an Ellingham diagram

(a) At an operating temperature of 800K, which metal oxides in Figure 17.10

will carbon reduce? (b) Estimate the approximate �rG
o
at 800K for the

reduction of NiO by carbon.

(a) First draw a vertical line on Figure 17.10 at T ¼ 800K. CO is the

product when carbon is used as a reducing agent and so as CO is

§ The temperature dependences of �G and of Kp are quantified in the Gibbs–Helmholtz
equation and the van’t Hoff isochore (see equation 17.58). Details may be found in P. Atkins
and J. de Paula (2006) Atkins’ Physical Chemistry, 8th edn, Oxford University Press.

Fig. 17.10 An Ellingham
diagram showing how the
standard Gibbs energies of
formation of several metal oxides
and carbon monoxide (the pink
line) vary as a function of
temperature. Values of �fG

o

refer to formation reactions
involving a half-mole of O2:

Mþ 1
2
O2 ��"MO,

1
2
Mþ 1

2
O2 ��" 1

2
MO2, or

2
3
Mþ 1

2
O2 ��" 1

3
M2O3.

The points marked ^ and ^ are
the melting and boiling points,
respectively, of the elemental
metal.
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more thermodynamically stable than SnO2 or NiO, carbon should

reduce these two oxides:

CðsÞ þNiOðsÞ ��"COðgÞ þNiðsÞ

CðsÞ þ 1
2
SnO2ðsÞ ��"COðgÞ þ 1

2
SnðlÞ

(b) Since Gibbs energy is a state function, we can apply a Hess-type cycle

to find �rG
o:

CðsÞ þNiOðsÞ ��"COðgÞ þNiðsÞ

�rG
o ¼ ½�fG

oðNi, sÞ þ�fG
oðCO, gÞ� � ½�fG

oðC, sÞ þ�fG
oðNiO, sÞ�

where all �Go values refer to 800K. For each of the elements in their

standard state

�fG
oðNi, sÞ ¼ �fG

oðC, grÞ ¼ 0

From the graph, read off values of �fG
o CO and �fG

o NiO at 800K:

�fG
oðCO, gÞ � �180 kJmol�1

ðper 1
2 mole O2 corresponds to a mole of COÞ

�fG
oðNiO, sÞ � �150 kJmol�1

ðper 1
2
mole O2 corresponds to a mole of NiOÞ

�rG
o ¼ �fG

oðCO, gÞ ��fG
oðNiO, sÞ

� �180� ð�150Þ

� �30 kJ per mole of reaction

The negative value of �rG
o is in agreement with the prediction that carbon

will reduce nickel oxide.

Aluminium reacts with many metal oxides when heated in the solid state. The

aluminium is oxidized and the metal oxide reduced to the respective metal. The

general name for this reaction is the thermite reaction or thermite process,

although this name is sometimes used for the specific reaction of iron(III)

oxide with aluminium:

Fe2O3 þ 2Al���"
heat

2FeþAl2O3

3BaOþ 2Al���"
heat

3BaþAl2O3

On a small scale, the two powdered reactants may be mixed and placed in a

crucible. A ‘fuse’ of magnesium ribbon is placed partly into the mixture and

the free end is ignited. The reactions between aluminium and most metal

oxides are violently exothermic (Figure 17.11) and the temperature is

raised such that the metallic product is usually formed in the molten state.

For the reaction of solid aluminium and iron(III) oxide, the change in

Gibbs energy is given by:

Fe2O3ðsÞ þ 2AlðsÞ ��"Al2O3ðsÞ þ 2FeðsÞ

�fG
oð298KÞ � 742 0 � 1582 0 kJmol�1

�rG
oð298KÞ ¼ �1582� ð�742Þ ¼ �840 kJ mol�1
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17.8 The relationship between �Go and K: the reaction
isotherm

Deriving the reaction isotherm

Equation 17.44 gives the relationship between the molar Gibbs energy of an

ideal gas, G, and its partial pressure P. In equation 17.44, Go is the standard

molar Gibbs energy of the gas, R is the molar gas constant, and T is the

temperature in K.

G ¼ Go þ RT lnP ð17:44Þ

For an ideal gas, the numerical value of the partial pressure is equal to the

activity, a, and so we can rewrite equation 17.44 in the form of equation 17.45.

G ¼ Go þ RT ln a ð17:45Þ

Application of this equation extends beyond ideal gases to solution species,

and for a dilute solution, the activity is equal to the numerical value of the

solution concentration.

Now consider a general reaction:

Reactants��" Products

for which the Gibbs energy change is �rG and the standard Gibbs energy

change is �rG
o. From equation 17.45, we can write equation 17.46 for the

reaction.

�rG ¼ �rG
o þ ðRT ln aproducts � RT ln areactantsÞ

�rG ¼ �rG
o þ RT ln

aproducts

areactants
ð17:46Þ

The ratio of activities of products to reactants is called the reaction quotient,

Q, and equation 17.46 can be expressed in the form of equation 17.47.

�rG ¼ �rG
o þ RT lnQ ð17:47Þ

For a general reaction

xXþ yYÐ zZ

Activities: see Section 16.3

"

Fig. 17.11 Sparks caused by
a thermite reaction as an
aluminium wrench strikes a
block of rusty iron (iron
oxide).
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the value ofQ is expressed in terms of the activities of X, Y and Z as shown in

equation 17.48.

Q ¼ ðaZÞz

ðaXÞxðaYÞy
ð17:48Þ

This expression is similar to equation 16.12 in which we expressed the

equilibrium constant, K , in terms of the equilibrium activities of X, Y and

Z. There is, however, an important difference. Whereas the equilibrium

constant, K , refers only to a system in equilibrium, the reaction quotient,

Q, can be calculated at any time during a reaction by substituting into

equation 17.48 values of aX, aY and aZ determined at that particular

instant. Thus, for a given reaction, the value of Q varies during the

reaction, whereas (at a given temperature), K is a constant value.

For a reaction involving ideal gases:

xXðgÞ þ yYðgÞ Ð zZðgÞ

we can write an expression for Q in terms of the numerical values of the

partial pressures (equation 17.49).

Q ¼ ðPZÞz

ðPXÞxðPYÞy
ð17:49Þ

For a reaction in dilute solution:

xXðaqÞ þ yYðaqÞ Ð zZðaqÞ

an expression for Q can be written in terms of the numerical values of the

concentrations (equation 17.50).

Q ¼ ½Z�z

½X�x½Y�y ð17:50Þ

Worked example 17.7 Determination of a reaction quotient

Gaseous N2O4 dissociates according to the following equation:

N2O4ðgÞ Ð 2NO2ðgÞ

The system will eventually come to equilibrium and, at 350K, K ¼ 3:8. At a

given moment, the system contains 0.160molN2O4 and 0.121molNO2 and

the total pressure is 2.00 bar. Determine the reaction quotient. Has a position

of equilibrium been reached?

First, find the partial pressures of N2O4 and NO2.

Partial pressure of component X ¼
�
Moles of X

Total moles

�
� Total pressure

Total moles of N2O4 and NO2 ¼ 0:160þ 0:121 ¼ 0:281mol

Partial pressure of N2O4 ¼
�
0.160mol

0.281mol

�
� (2.00 bar) ¼ 1:14 bar

Partial pressure of NO2 ¼
�
0.121mol

0.281mol

�
� (2.00 bar) ¼ 0:861 bar

The reaction quotient is the ratio of activities of products to reactants. To

find Q, use the numerical values of the partial pressures, assuming the

gases to be ideal (see Section 16.3):
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Q ¼
ðPNO2

Þ2

ðPN2O4
Þ

¼ 0:8612

1:14

¼ 0:650

This value is smaller than the equilibrium constant (K ¼ 3:8). The system

has therefore not yet attained equilibrium and will continue to move to the

right-hand side. As it does so, the value of Q increases, approaching the

value of K .

Worked example 17.8 Determination of �rG for a reaction

Consider the following reaction:

H2ðgÞ þ Cl2ðgÞ Ð 2HClðgÞ

for which �rG
oð298KÞ ¼ �190 kJmol

�1
. A reaction mixture at 298K

contains 0.020molH2, 0.030mol Cl2 and 0.500molHCl and the total pressure

is 1.00 bar. Determine values of Q and �rG for the reaction under these

conditions. Comment on the direction in which the reaction will proceed.

First, find the partial pressures of the components in the gaseous mixture.

Total moles of H2, Cl2 and HCl ¼ 0:020þ 0:030þ 0:500 ¼ 0:550mol

Partial pressure of H2 ¼
0:020mol

0:550mol

� �
� ð1:00 barÞ ¼ 0:036 bar

Partial pressure of Cl2 ¼
0:030mol

0:550mol

� �
� ð1:00 barÞ ¼ 0:055 bar

Partial pressure of HCl ¼ 0:500mol

0:550mol

� �
� ð1:00 barÞ ¼ 0:909 bar

Assuming the gases are ideal, we can determine the reaction quotient, Q,

from the numerical values of the partial pressures (i.e. the activities):

Q ¼ ðPHClÞ2

ðPH2
ÞðPCl2Þ

¼ ð0:909Þ2

ð0:036Þð0:055Þ

¼ 420 (to 2 sig. figs)

The equation needed to find the corresponding value of �rG(298K) is:

�rG ¼ �rG
o þ RT lnQ

The value of �rG
o(298K) for the reaction is �190 kJmol�1.

�rG ¼ �rG
o þ RT lnQ

¼ ð�190 kJmol�1Þ þ fð8:314� 10�3 kJK�1 mol�1Þ � ð298KÞ � ln 420g

¼ ð�190 kJmol�1Þ þ ð15 kJmol�1Þ

¼ �175 kJmol�1 (i.e. per mole of reaction)
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The large negative value of �rG indicates that the reaction mixture will

spontaneously move to the right-hand side until an equilibrium position

is attained. The closer the gas mixture comes to equilibrium, the less

negative �rG becomes.

As a reaction proceeds, the activities of products and reactants change

until, eventually, equilibrium is reached. If at a given time, Q < K , the

system will move towards the right-hand side. If Q > K , the reaction will

move to the left-hand side. When Q ¼ K , equilibrium has been reached

and �rG ¼ 0.

For the specific case of a system at equilibrium, equation 17.47 becomes

equation 17.51, and this expression (the reaction isotherm) is of prime

importance in thermodynamics. Note in particular that at equilibrium,

�rG (not �rG
o) equals zero. The exponential form of the reaction

isotherm is given in equation 17.52.

0 ¼ �rG
o þ RT lnK

�rG
o ¼ �RT lnK or �Go ¼ �RT lnK (17.51)§

where �Go is in kJmol�1, and R ¼ 8:134� 10�3 kJK�1 mol�1

K ¼ e
� �Go

RT

� �
ð17:52Þ

The reaction isotherm relates the standard Gibbs energy change for a reaction

to the equilibrium constant at a given temperature:

�Go ¼ �RT lnK

Using the reaction isotherm

Figure 17.12 illustrates the linear relationship between �Go and lnK. The

line in Figure 17.12 has a gradient of �RT and passes through the origin

(i.e. the point where �Go ¼ 0 and lnK ¼ 0).

At equilibrium:

Q ¼ K

and

�rG ¼ 0

§ Equation 17.51 is sometimes expressed in terms of logK and becomes: �Go ¼ �2:303RT logK .

Fig. 17.12 Plot of �Go against
lnK at 298K.
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We are now able to quantify the statements made at the end of Section 17.6.

A range of values of �Go and corresponding equilibrium constants at 298K

are shown in Figure 17.13; the pairs of values are related by equation 17.51.

If �Go is negative, K is greater than 1 and the products predominate over

reactants. If �Go is positive, K is less than 1 and the reactants are

dominant. One point on the diagram in Figure 17.13 shows that when

�Go ¼ 0, K ¼ 1. This corresponds to a particular case when the standard

Gibbs energy of the reactants equals that of the products. This case of

�Go ¼ 0 must not be confused with the condition for equilibrium that

�G ¼ 0.

When �Go ¼ 0, K ¼ 1.

If �Go is negative, K is greater than 1, and the products predominate over the

reactants.

If �Go is positive, K is less than 1, and the reactants predominate over the

products.

Worked example 17.9 Using the reaction isotherm

Determine K at 298K for the reaction:

C2H4ðgÞ þH2ðgÞ Ð C2H6ðgÞ

if �fG
o
(C2H4, g)¼ þ68:4 kJmol

�1
and �fG

o
(C2H6, g)¼ �32:0 kJmol

�1
at

298K.

First determine �rG
o for the forward reaction:

C2H4ðgÞ þH2ðgÞ Ð C2H6ðgÞ

�rG
o ¼ ½�fG

oðC2H6, gÞ� � ½�fG
oðC2H4, gÞ þ�fG

oðH2, gÞ�

Fig. 17.13 Values of �Go and
corresponding values of K at
298K. An indication is also given
of the physical significance of the
magnitude of such values.
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Since H2 is in its standard state, �fG
oðH2, gÞ ¼ 0

�rG
o ¼ �fG

oðC2H6, gÞ ��fG
oðC2H4, gÞ

¼ �32:0� 68:4

¼ �100:4 kJmol�1

The equilibrium constant can be found using the equation:

�Go ¼ �RT lnK

lnK ¼ ��Go

RT

¼ � ð�100:4 kJmol�1Þ
ð8:314� 10�3 kJK�1 mol�1Þ � ð298KÞ

¼ 40:5

K ¼ 3:9� 1017 (at 298K)

The equilibrium constant is dimensionless.

17.9 Gibbs energy, enthalpy and entropy

Up to this point we have looked at experimental data and said that there is a

state function G, changes in which provide a better indicator of reaction

spontaneity than do changes in enthalpy. Why is this?

The relationship between G and H

Gibbs energy is defined in equation 17.53 where G, H, T and S are all state

functions, and S is the entropy.

G ¼ H � TS ð17:53Þ

The change in Gibbs energy, �G, is the maximum work that is available in a

reversible process at constant temperature and pressure in addition to the

work done in expansion (equation 17.54). The derivation of equation 17.54

from 17.53 is outlined in Box 17.3.

�G ¼ �H � T�S ð17:54Þ

For standard state conditions, equation 17.55 is appropriate, where T is often

(but not necessarily) 298K.

�Go ¼ �Ho � T�So ð17:55Þ

Entropy is defined fully in
Section 17.10

Gibbs energy is defined by

the equation:

G ¼ H � TS

"

THEORY

Box 17.3 Deriving �G = �H -- T�S from G = H -- TS

G ¼ H � TS

dG ¼ dH � ðT dS þ S dTÞ

¼ dH � T dS � S dT

At constant temperature, dT ¼ 0, and so:

dG ¼ dH � T dS

or

�G ¼ �H � T�S
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Equations 17.54 and 17.55 show that the change in Gibbs energy for a process

at a given temperature has contributions from both the change in enthalpy

and the change in entropy. From our earlier discussion and the values in

Table 17.1, we see that the relationship between the �G and �H terms for

a particular reaction depends critically upon the term T�S. Consider the

formation of carbon dioxide: �fH
oðCO2, g, 298KÞ ¼ �393:5 kJmol�1 and

�fG
oðCO2, g, 298KÞ ¼ �394:4 kJmol�1. The closeness of these values

means that the T�So term is small (equation 17.56). In this instance, both

�fH
o and �fG

o are good indicators of reaction spontaneity.

For the formation of CO2(g) from carbon and O2 in their standard states:

�Go ¼ �Ho � T�So

T�So ¼ �Ho ��Go

¼ ð�393:5Þ � ð�394:4Þ ¼ þ0:9 kJ per mole of CO2

ð17:56Þ

In contrast, for BrCl, �fH
o(BrCl, g, 298K) ¼ þ14:6 kJmol�1 and

�fG
o(BrCl, g, 298K) ¼ �1:0 kJmol�1, and the T�So term is significant

(equation 17.57). Here, the value of �fH
o would suggest that the reaction

between Br2 and Cl2 may not proceed, but the magnitude of the T�So

term compensates for �fH
o and gives an equilibrium in which there are

slightly more products than reactants.

For the formation of BrCl(g) from Br2 and Cl2 in their standard states:

T�So ¼ �Ho ��Go

¼ ðþ14:6Þ � ð�1:0Þ ¼ þ15:6 kJ per mole of BrCl
ð17:57Þ

These results reveal the importance of the T�S term. It is the factor that tips

the balance with respect to changes in enthalpy so that some endothermic

reactions occur spontaneously. In the next section we look at entropy in

more detail.

At constant temperature and pressure, the change in Gibbs energy of a reaction

is given by:

�G ¼ �H � T�S

or for standard state conditions:

�Go ¼ �Ho � T�So

The van’t Hoff isochore

A combination of equations 17.51 and 17.54 leads to the van’t Hoff isochore

(equation 17.58) from which the temperature dependence of K can be

determined.

�Go ¼ �RT lnK

�Go ¼ �Ho � T�So

Therefore: �RT lnK ¼ �Ho � T�So

lnK ¼ ��Ho

RT
þ�So

R
ð17:58Þ

Jacobus Henricus van’t Hoff

(1852–1911).
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Equation 17.58 contains four variables:K, �Ho, �So and T, but the variation

in K with temperature is far greater than the variations in �Ho and �So. This

leads to the form of the van’t Hoff isochore that we used in Section 16.3

(equation 16.19) to determine an approximate value of �Ho for a reaction.

That is, if we assume that �So and �Ho have constant values for a given

reaction, then equation 17.58 has the form of the equation for a straight

line (y ¼ mxþ c), giving a linear relationship between lnK and 1=T (see

Figure 16.1).

17.10 Entropy: the Second and Third Laws of Thermodynamics

The entropy, S, of a system and surroundings increases during a spontaneous,

irreversible process.

The definition above is one way of stating the Second Law of

Thermodynamics, and in this section we consider entropy in detail. We

start by considering thermodynamic and statistical definitions of entropy.

Change in heat energy for a reversible process

The thermodynamic definition of the change in entropy, �S, is given by

equation 17.59. This equation relates the change in entropy, �S, to the

heat transferred, qrev, for a reversible transfer of thermal energy. Because

the process is reversible, the temperature, T, is constant, i.e. the process is

an isothermal one.

�S ¼ qrev
T

ð17:59Þ

We shall return to this equation later when we discuss phase changes.

The statistical approach

One way to understand the meaning of the entropy of a system is to use

a statistical approach and find the number of possible arrangements of

the components (atoms or molecules) of that system. Equation 17.60 gives

Boltzmann’s definition of entropy, S, where k is the Boltzmann constant,

and W is the number of ways of arranging the atoms or molecules in the

system while maintaining a constant overall energy.§

S ¼ k lnW ð17:60Þ

The more arrangements there are, the greater the entropy. Entropy is often

expressed in terms of the degree of disorder or randomness of a system:

the more randomly arranged are the atoms or molecules in a system, the

larger is its entropy.

An isothermal change to a

system is one that occurs at

constant temperature.

§ The number of ways of arranging the atoms or molecules in the system does not simply refer to
the spatial arrangement of identifiable particles, but also to the distribution of energies within
the system.
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Standard molar entropy

The standard molar entropy, So, of an element or compound is the entropy

per mole of a pure substance at 105 Pa (1 bar). Values of So(298K) for

some selected elements and compounds are given in Table 17.3. It is

tempting to say that there is a general tendency for values of So for solid

substances to be smaller than those for liquids, while gases possess the

largest standard entropies. In the broadest sense this statement is true, but

we must exercise caution in comparing entropy values across a wide range

of substances – a comparison of the values of So(298K) in Table 17.3 for

crystalline KI and liquid mercury bears this out.

In principle, as absolute zero is approached, all systems go to their lowest

energy states and the components are perfectly ordered in the solid state. This

corresponds to the perfect crystalline state, and the Third Law of

Thermodynamics states that a pure, perfect crystal at 0K has zero entropy:

For a perfect crystal: Sð0KÞ ¼ 0

The dependence of entropy on temperature

If we think of entropy as a measure of the degree of randomness of a system,

then an increase in temperature is likely to cause an increase in S. Figure 17.14

shows the variation in So with temperature for CO2, CH4, NH3, HCl and O2,

all of which are gases over the given temperature range.

The change in entropy as a function of temperature is given by equation

17.61, and the integrated form (equation 17.62) can be used to find the

The standard molar entropy,

So, of an element or

compound is the entropy

per mole of a pure

substance at 105 Pa (1 bar).

The units are JK�1 mol�1.

The Third Law of

Thermodynamics states that

a pure, perfect crystal at 0K

has zero entropy.

Table 17.3 The standard molar entropies So(298K) for selected elements and compounds.

Substance (standard state at 298K) So
(298K) / JK

�1
mol

�1

Ag(cryst) 42.6

C(graphite) 5.7

C(diamond) 2.4

Fe(cryst) 27.3

I2(cryst) 116.1

KI(cryst) 106.3

Hg(l) 75.9

PCl3(l) 217.1

He(g) 126.2

H2(g) 130.7

HCl(g) 186.9

HBr(g) 198.7

PF5(g) 300.8
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variation in entropy between temperatures T1 and T2. The integration steps

are set out in Box 17.4.�
@S

@T

�
P

¼ CP

T
ð17:61Þ

SðT2Þ � SðT1Þ ¼ CP � ln

�
T2

T1

�
ð17:62Þ

Equation 17.62 is valid only if CP is approximately constant over the

temperature range in question. However, as Figure 17.6 showed, this is not

always the case. If we wanted to determine the molar entropy of a

substance at 298K, we would need to evaluate the change in So between

the limits of 0 to 298K, and over this temperature range, CP is not

Fig. 17.14 The variation of So

with temperature for CO2, CH4,
NH3, O2 and HCl, all of which
are gases over the temperature
range plotted.

THEORY

Box 17.4 Integration of

�
@@S

@@T

�
P
¼ CP

T

The integrated form of the equation:�
@S

@T

�
P

¼ CP

T

is derived as follows.

Separating the variables and integrating between the

limits of the temperatures T1 and T2 gives:ðT2

T1

dS ¼
ðT2

T1

CP

T
dT

Let S at temperature T1 be SðT1Þ, and at T2 be SðT2Þ.
Integration of the left-hand side of the equation gives:

SðT2Þ � SðT1Þ ¼
ðT2

T1

CP

T
dT

We now make the assumption that CP does not

depend upon temperature; this is valid only over small

temperature ranges (see Figure 17.6).

With CP as a constant:

SðT2Þ � SðT1Þ ¼ CP

ðT2

T1

1

T
dT

Integrating the right-hand side of the equation between

the limits of T2 and T1 gives:

SðT2Þ � SðT1Þ ¼ CP � ln

�
T2

T1

�

618 CHAPTER 17 . Thermodynamics



 

constant. From equation 17.61, it follows (see Box 17.5) that So(298K) can be

determined from the area under a plot of
CP

T
against T (Figure 17.15).

Measurements of CP to very low temperatures can be made by calorimetric
methods, but the last section of the curve is constructed by an
extrapolation to 0K.

The change in entropy as a function of temperature is given by:�
@S

@T

�
P

¼ CP

T

Assuming that CP is approximately constant over the temperature range T1 to

T2:

�S ¼ SðT2Þ � SðT1Þ ¼ CP � ln

�
T2

T1

�

THEORY

Box 17.5 An integral as an area under a curve

Consider a curve with the general equation y ¼ f ðxÞ:

The area under the graph between the limits x ¼ a and

x ¼ b is denoted by the definite integral
Ð b
a ydx. We are

effectively dividing the shaded area in the graph into an

infinite number of vertical strips (drawn parallel to the

y-axis), finding the area of each strip, and summing the

areas together:ðb
a
y dx ¼ area under the curve y ¼ f ðxÞ

between the limits x ¼ a and x ¼ b

Now apply this to the equation:�
@S

@T

�
P

¼ CP

T

The change in entropy between the limits of T2 and T1 isðT2

T1

dS ¼
ðT2

T1

CP

T
dT (from Box 17.4)

or can be found from the area under a plot of
CP

T

against T between the limits of T2 and T1, i.e. in this

case, the function of x is
CP

T
.

Fig. 17.15 A plot of
CP

T
against

temperature, T, can be used to
find the change in entropy of a
substance over a range of
temperatures where the heat
capacity, CP, is not constant.
To find So(298K), determine the
area under the graph between
0 and 298K (the shaded area).

Entropy: the Second and Third Laws of Thermodynamics 619



 

Worked example 17.10 Finding the change in entropy of tantalum over a temperature range

Determine the change in standard entropy per mole of tantalum between 700

and 800K at constant pressure, if the average value of CP over this range is

6.53 JK
�1

mol
�1
.

Since we can assume that CP is constant, the equation needed is:

�So ¼ So
ðT2Þ � So

ðT1Þ ¼ CP � ln

�
T2

T1

�

�So ¼ ð6:53 JK�1 mol�1Þ � ln

�
ð800KÞ
ð700KÞ

�
¼ 0:87 JK�1 mol�1:

The change of entropy associated with a phase change

Now we extend the picture described above to cover different phases of a

given substance. Figure 17.16 illustrates that for the d-block metal

tantalum, there are discontinuities in a plot of So against temperature.

These correspond to the solid��" liquid and liquid��" gas phase

transitions. In terms of the statistical model, this makes good sense.

Tantalum possesses an ordered crystal structure which is disrupted upon

melting. Similarly, the system becomes more random on passing from the

liquid to gas phase. Let us consider the phase transitions more carefully.

At the melting point of tantalum, solid and liquid metal are in equilibrium

(equation 17.63).

TaðsÞ Ð TaðlÞ ð17:63Þ

If an infinitesimally small amount of heat energy is given to the system, a

small amount of tantalum melts – equilibrium 17.63 moves to the right-

hand side. If an infinitesimally small amount of heat energy is given out by

Fig. 17.16 The variation of So

with temperature for the metal
tantalum; the discontinuities in
the graph correspond to phase
transitions. [Data from JANAF
Tables, 1972 update, Dow
Chemical Company, Midland,
Michigan.]

620 CHAPTER 17 . Thermodynamics



 

the system, a small amount of tantalum solidifies – equilibrium 17.63 moves

to the left-hand side. However, these changes are so small that the system

remains virtually at equilibrium. Such a situation is one of thermodynamic

reversibility. When the solid and liquid tantalum are in equilibrium, their

Gibbs energies must be equal and �G is zero. It is very important to note:

it is �G that is zero, not �Go.

We now apply equation 17.54 to the special case of a phase equilibrium

and can write equation 17.64.

At equilibrium: �G ¼ �H � T�S ¼ 0

�H ¼ T�S or �S ¼ �H

T
ð17:64Þ

This equation takes two particular forms when we consider the solidÐ liquid

and liquidÐ vapour phase changes. The enthalpy change associated with a

solid melting is the enthalpy of fusion (�fusH). When a liquid vaporizes, the

associated enthalpy change is the enthalpy of vaporization (�vapH). The

entropy change associated with the solidÐ liquid phase change is given

by equation 17.65, and equation 17.66 states it for the liquidÐ vapour

equilibrium.

For solid Ð liquid: �fusS ¼
�fusH

mp
(mp in K) ð17:65Þ

For liquid Ð vapour: �vapS ¼
�vapH

bp
(bp in K) ð17:66Þ

Worked example 17.11 Entropy change of fusion for hexane

What is the change in entropy of one mole of hexane, C6H14, when it vaporizes

at its boiling point under atmospheric pressure? [�vapH ¼ 28:9 kJmol
�1
,

bp ¼ 342K.]

C6H14ðlÞ Ð C6H14ðgÞ

First, note carefully the sign of �vapH. These data (and those of �fusH) are

given as positive quantities (heat energy taken in by the system),

appropriate for liquid��" gas (or solid��" liquid). If the phase change is

in the other direction, the enthalpy change is negative.

�vapS ¼
�vapH

bp

¼ ð28:9 kJmol�1Þ
ð342KÞ

¼ 0:0845 kJK�1 mol�1

¼ 84:5 JK�1 mol�1

A great many liquids possess similar values of �vapS and this is expressed

in Trouton’s rule (equation 17.67).

For liquidÐ vapour: �vapS � 88 JK�1 mol
�1 ð17:67Þ

Compare with equation
17.59

Enthalpies of fusion and
vaporization: see Section 2.9

Look back at equations 2.17
and 2.18

Trouton’s rule and hydrogen
bonding: see Section 21.8

"

"

"

"
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Some anomalies can be explained in terms of the presence of extensive

hydrogen bonding in the liquid state. For example, values of �vapS for H2O,

H2S and H2Se are 109, 88 and 85 JK�1 mol�1 respectively. The hydrogen

bonding in liquid water produces a relatively ordered system and lowers its

entropy. The change in the entropy in going from H2O(l) to H2O(g) is larger

than would have been the case had hydrogen bonding not been an important

effect.

The change in entropy for a reaction, �S

Since entropy is a state function, we can use equation 17.68 to find the change

in entropy, �S, for a reaction, or equation 17.69 for the change in standard

entropy, �So.

�S ¼
X

Sproducts �
X

Sreactants ð17:68Þ

�So ¼
X

So
products �

X
So

reactants ð17:69Þ

Values of the standard entropies for elements and compounds are available

in standard tables of data, and can be used to calculate
P

So
products andP

So
reactants for a reaction.

Worked example 17.12 Determination of an entropy change for a reaction

If the standard entropies (at 298K) of gaseous F2, Cl2 and ClF are 203, 223 and

218 JK
�1

mol
�1

respectively, determine �So
(298K) for the formation of ClF

from F2 and Cl2.

First, write a balanced equation:

Cl2ðgÞ þ F2ðgÞ ��" 2ClFðgÞ

�rS
o ¼

X
So

products �
X

So
reactants

¼ ð2� 218Þ � ð223þ 203Þ

¼ 10 JK�1 per 2 moles of ClF or 5 JK�1 mol�1

Worked example 17.13 Determination of an entropy change for a reaction

Iridium(VI) fluoride is formed by the direct fluorination of iridium metal.

Calculate the standard change in entropy (298K) during this reaction if

So
(298K) for Ir(s), F2(g) and IrF6(s) are 35, 203 and 248JK

�1
mol

�1
respectively.

First, write a balanced equation for the formation of IrF6.

IrðsÞ þ 3F2ðgÞ ��" IrF6ðsÞ

�rS
o ¼

X
So

products �
X

So
reactants

¼ ð248Þ � ½35þ ð3� 203Þ�

¼ �396 JK�1 mol�1
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Changes in entropy for reactions can be either positive (an increase in

entropy) or negative (a decrease in entropy) as worked examples 17.12 and

17.13 illustrate – but a word of caution: each value we have calculated is

only the entropy change of the system. Before the story is complete, we

must also consider the entropy change of the surroundings during the

reaction. If a reaction is exothermic, the heat given out causes an increase

in the entropy of the surroundings. Conversely, in an endothermic

reaction, heat is taken in by the system, causing a decrease in the entropy

of the surroundings (Figure 17.17).

The balance between the change in entropy of the system and the change in

entropy of the surroundings is sometimes critical in determining whether or not

a reaction will be thermodynamically viable (i.e. spontaneous). In this context

we return to equation 17.54: �G ¼ �H � T�S. At a constant temperature,

the difference between the terms �H and T�S determines the sign of �G.

Consider worked example 17.12: �So(298K) for the formation of ClF(g)

is þ5 JK�1 mol�1, meaning that the system becomes more disordered as the

reaction takes place. Since �fH
o(ClF, g, 298K) is �50.3 kJmol�1, �fG

o

is also negative (equation 17.70) and the formation of ClF(g) is a

thermodynamically favoured process.

T�So ¼ ð298KÞ � ð5� 10�3 kJK�1 mol�1Þ � 1:5 kJmol�1

�Go ¼ �Ho � T�So ¼ �50:3� 1:5 ¼ �51:8 kJ per mole of ClF(g)

ð17:70Þ

Now consider worked example 17.13: �So(298K) for the formation of

IrF6(s) is �396 JK�1 mol�1, meaning that the system becomes more ordered

as the reaction takes place. On the face of it, this does not seem to be a

favourable state of affairs, but �fH
o(IrF6, s, 298K) is �579.7, and this is

more than sufficient to compensate for the negative entropy term (equation

17.71).

T�So ¼ ð298KÞ � ð�396� 10�3 kJK�1 mol�1Þ � �118 kJmol�1

�Go ¼ �Ho � T�So ¼ �579:7� ð�118Þ � �462 kJ per mole of IrF6ðsÞ
ð17:71Þ

In other words, the high bond energy of the Ir�F bonds compensates for the

unfavourable entropy change associated with a gaseous reactant giving a

solid product.

This discussion illustrates the Second Law of Thermodynamics and brings

us back to where we started in Section 17.10. There are various ways in which

the Second Law may be stated, but one useful form is that the total entropy

always increases during a spontaneous change (equation 17.72). Note that it is

A spontaneous process is one

that is thermodynamically

favourable; it occurs

naturally without an

external driving force. But,

the thermodynamics of the

process tell us nothing

about the rate at which the

process occurs.

The Second Law of

Thermodynamics can be

stated in the form: the total

entropy always increases

during a spontaneous

change.

Fig. 17.17 The effect of enthalpy
changes in a system on the
entropy of the surroundings,
emphasizing sign convention.
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the total entropy with which the law is concerned – the sum of the changes in

entropies of the surroundings and the system.

�Stotal > 0 for a spontaneous change ð17:72Þ

17.11 Enthalpy changes and solubility

The data in Table 17.2 illustrated that many salts dissolve in water in

endothermic processes. In this section, we show that by considering both

the enthalpy and entropy changes that accompany the solvation process, it

is possible to understand why this phenomenon exists. However, solubility

is a complicated topic and our coverage will be relatively superficial.

The standard enthalpy of solution of potassium chloride

The Kþ and Cl� ions in solid KCl are arranged in an NaCl structure

(Figure 8.11). At 298K, the solubility of KCl is 0.46 mole (34 g) per 100g

water, indicating that the process of solvation is thermodynamically favourable.

We can initially approach the problem by using Hess’s Law, but first we

must define the process that occurs as solid KCl dissolves. An ionic lattice

in the solid state is changed into solvated cations and anions in the

aqueous solution of KCl (equation 17.73), and the standard enthalpy

change (at 298K) that accompanies the dissolution is �solH
o.

KClðsÞ �����"
Water

KþðaqÞ þ Cl�ðaqÞ ð17:73Þ

The change in equation 17.73 can be considered in two stages:

1. The disruption of the ionic lattice into gaseous ions, i.e. the reverse process

to that which defines the lattice energy ð�Uð0KÞ � �latticeH
oÞ.

2. The solvation (or in this particular case, the hydration) of the gaseous ions

which is accompanied by a standard enthalpy change �solvH
o.

We can now set up the enthalpy cycle shown in equation 17.74 and determine

�solH
o using Hess’s Law (equation 17.75).

KClðsÞ ������"
�solH

o

KþðaqÞ þ Cl�ðaqÞ������
"

��
��
��

"

��Uð0KÞ � ��latticeH
o

X
½�solvH

o� ¼
X
½�hydH

o�
when the solvent is water

KþðgÞ þ Cl�ðgÞ ð17:74Þ
�solH

oðKCl, sÞ ¼ �hydH
oðKþ, gÞ þ�hydH

oðCl�, gÞ

þ ½��latticeH
oðKCl, sÞ� ð17:75Þ

The lattice energy of KCl is �718 kJmol�1 and so if the dissolution of KCl is

to be an exothermic process, the sum of the standard enthalpies of solvation

of Kþ(g) and Cl�(g) must bemore negative than�718 kJmol�1. What factors

influence the magnitude of �solvH
o (or �hydH

o) for a particular ion? The

solvent molecules must be able to interact strongly with the ion and this

depends partly on the nature of the solvent and partly on the size and

charge of the ion. It is impossible to measure values of �hydH
o(298K)

directly for individual ions by calorimetric means since each ion must be

present in solution with its counter-ion, but values (Table 17.4) can be

NaCl structure:
see Section 8.8

�latticeHo: see Section 8.16

"

"
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obtained by indirect methods.§ By substituting values for the lattice enthalpy

and �hydH
o into equation 17.75, the standard enthalpy of solution is found

to be þ16 kJmol�1 (equation 17.76) – the process is endothermic.

�solH
oðKCl, sÞ ¼ ð�321Þ þ ð�381Þ þ 718 ¼ þ16 kJmol�1 ð17:76Þ

�solvH
o(298K) is the standard enthalpy change that accompanies the solvation

of a gaseous ion at 298K; if the solvent is water, the process of solvation is

called hydration.

�solH
o(298 K) is the enthalpy change that accompanies the dissolution of a

substance at 298K.

The change in entropy when KCl dissolves in water

When solid KCl dissolves in water, it is easy to envisage the destruction of

the crystal lattice and you might assume that the entropy of the system

necessarily increases. However, other changes occur within the system:

. the crystal lattice breaks into separate ions;

. hydrogen bonds between water molecules in the bulk solvent are broken

as KCl enters the solvent;
. ion–dipole bonds form between the ions and water molecules;
. the solvated ions are associated with the bulk solvent molecules through

hydrogen bonding involving the coordinated water molecules (see

Figure 21.13 and accompanying text).

The entropy change for reaction 17.77 is calculated from values of So(298K),

available in standard tables.

KClðsÞ ���������"
�Soð298KÞ

KþðaqÞ þ Cl�ðaqÞ
Soð298KÞ þ83 þ103 þ57 JK�1 mol�1 ð17:77Þ

Hydrogen bonding:
see Section 21.8

"

§ For a more detailed discussion of hydration enthalpies see: W. E. Dasent (1984) Inorganic
Energetics, 2nd edn, Cambridge University Press, Cambridge.

Table 17.4 Absolute values of �hydH
o (at 298K) for selected ions.

Ion �hydH
o
/ kJmol

�1
Ion �hydH

o
/ kJmol

�1

Hþ �1091 Sr2þ �1456

Liþ �519 Ba2þ �1316

Naþ �404 Al3þ �4691

Kþ �321 F� �504

Rbþ �296 Cl� �381

Csþ �271 Br� �330

Mg2þ �1931 I� �285

Ca2þ �1586
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From equation 17.77, �So(298K) for the dissolution of KCl is

þ77 JK�1 mol�1 and so an increase in entropy accompanies the process.

Why does KCl dissolve in water?

By using the values of �solH
o and �So determined above, we can calculate

a value for �Go(298K) for the dissolution in water of one mole of KCl

(equation 17.78), first making sure to convert the value of So into

appropriate units.

At 298K:

�Go ¼ �Ho � T�So

¼ ðþ16 kJmol�1Þ � fð298KÞ � ð77� 10�3 kJK�1 mol�1Þg

¼ �7 kJmol�1 ð17:78Þ

The Gibbs energy change is negative, and the dissolution of KCl in water

is a thermodynamically favourable process – the solubility at 298K is

4.6mol dm�3.
Over small temperature ranges, it is often the case that both �H and �S

are approximately constant. For KCl, we have determined that

�solG
o(298K) is �7 kJmol�1. We can estimate the change in Gibbs energy

for the same process at 320K from equation 17.79 which assumes that

�Ho(298K)� �Ho(320K) and �So(298K)� �So(320K).

At 320K:

�Go ¼ �Ho � T�So

¼ ðþ16 kJmol�1Þ � fð320KÞ � ð77� 10�3 kJK�1 mol�1Þg

¼ �9 kJmol�1 ð17:79Þ

The more negative value of �Go at 320K compared with that at 298K

indicates that the solubility of KCl at 320K is greater than at 298K. The

actual solubilities of 34 g (298K) and 40 g (320K) per 100 g of water

confirm the calculations.

Saturated solutions

The solubilities of the salts given in Table 17.2 correspond to the maximum

amount of compound that will dissolve in a given volume of solvent at a

stated temperature. Once this limiting value is exceeded, excess solute

remains undissolved and the solution is said to be saturated. In a saturated

solution, the dissolved and undissolved solutes are in equilibrium with

each other, and �G for that process is zero.

17.12 Solubility product constant, Ksp

Sparingly soluble salts

Many ionic compounds are only very sparingly soluble. This includes many

compounds which are commonly described as ‘insoluble’, e.g. AgCl, BaSO4

and CaCO3. Sparingly soluble means that a saturated solution only contains

In a saturated solution, the

dissolved and undissolved

solutes are in equilibrium

with one another.
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a small number of ions. When an excess of a sparingly soluble compound is

added to a solvent, a system is obtained in which the solid is in equilibrium

with ions in the saturated solution. Equation 17.80 exemplifies this for silver

chloride, the solubility of which is 1:35� 10�5 mol dm�3 (at 298K).

AgClðsÞ Ð AgþðaqÞ þ Cl�ðaqÞ K ¼ ½Agþ�½Cl��
½AgCl� ð17:80Þ

In the expression for the equilibriumconstant, [Agþ] and [Cl�] are the equilibrium
concentrations of the aqueous ions and [AgCl] is the equilibrium concentration

of the undissolved solid. From Le Chatelier’s principle, the addition of more

chloride ion to this saturated solution will result in the precipitation of AgCl.

It is more convenient to describe the equilibrium position in terms of the

solubility product (or solubility constant) Ksp (equation 17.81).§

Ksp ¼ ½Agþ�½Cl�� ð17:81Þ

The expressions for the solubility products for two other salts which are

sparingly soluble in water are given in equations 17.82 and 17.83, and

values of Ksp for selected salts are listed in Table 17.5.

CaF2ðsÞ Ð Ca2þðaqÞ þ 2F�ðaqÞ Ksp ¼ ½Ca2þ�½F��2 ð17:82Þ

Ca3ðPO4Þ2ðsÞ Ð 3Ca2þðaqÞ þ 2½PO4�3�ðaqÞ

K sp ¼ ½Ca2þ�3½PO4
3��2 ð17:83Þ

Determining values of Ksp from the solubilities of salts

The solubility of silver chloride in water at 298K is 1:35� 10�5 mol dm�3.
When 1:35� 10�5 moles of AgCl dissolve in 1 dm3 of solution, 1:35� 10�5

moles of Agþ and 1:35� 10�5 moles of Cl� ions are formed, and [Agþ]
and [Cl�] are both equal to 1:35� 10�5 mol dm�3. The solubility product

is given by equation 17.84.

Ksp ¼ ½Agþ�½Cl�� ¼ ð1:35� 10�5Þð1:35� 10�5Þ ¼ 1:82� 10�10 ð17:84Þ

Now consider iron(II) hydroxide with a solubility of 2:3� 10�6 mol dm�3 at
298K. Dissolution of a mole of Fe(OH)2 produces one mole of Fe2þ ions and

two moles of hydroxide ions (equation 17.85).

FeðOHÞ2ðsÞ Ð Fe2þðaqÞ þ 2½OH��ðaqÞ ð17:85Þ

In a saturated solution of Fe(OH)2 at 298K, the concentration of Fe2þ ions

is equal to the solubility of the salt (2:3� 10�6 mol dm�3), but [OH�] is
double this (4:6� 10�6 mol dm�3). Equation 17.86 gives the expression

for Ksp.

Ksp ¼ ½Fe2þ�½OH��2

¼ ð2:3� 10�6Þð4:6� 10�6Þ2 ¼ 4:9� 10�17 ð17:86Þ

If a salt is sparingly soluble,

its saturated solution

contains only a small

number of ions.

See also Section 18.8

"

§ The substitution of ½AgCl� ¼ 1 is done on the basis that the activity of a solid is unity and is
constant; activities are discussed in Section 16.3.
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Worked example 17.14 Determination of the solubility of a salt from Ksp

What is the solubility of Ca(OH)2 in water at 298K if Ksp ¼ 4:7� 10
�6
?

First, write an equilibrium to show the dissolution of the salt:

CaðOHÞ2ðsÞ Ð Ca2þðaqÞ þ 2½OH��ðaqÞ

The equation for Ksp is:

Ksp ¼ ½Ca2þ�½OH��2

Table 17.5 Values of Ksp(298K) for selected sparingly soluble salts.

Compound Formula Ksp(298K)

Barium sulfate BaSO4 1:1� 10�10

Calcium carbonate CaCO3 4:9� 10�9

Calcium hydroxide Ca(OH)2 4:7� 10�6

Calcium phosphate Ca3(PO4)2 2:1� 10�33

Calcium sulfate CaSO4 7:1� 10�5

Copper(I) chloride CuCl 1:7� 10�7

Copper(I) sulfide Cu2S 2:3� 10�48

Copper(II) sulfide CuS 6:0� 10�37

Iron(II) hydroxide Fe(OH)2 4:9� 10�17

Iron(II) sulfide FeS 6:0� 10�19

Iron(III) hydroxide Fe(OH)3 2:6� 10�39

Lead(II) iodide PbI2 8:5� 10�9

Lead(II) sulfide PbS 3:0� 10�28

Magnesium carbonate MgCO3 6:8� 10�6

Magnesium hydroxide Mg(OH)2 5:6� 10�12

Silver(I) chloride AgCl 1:8� 10�10

Silver(I) bromide AgBr 5:4� 10�13

Silver(I) iodide AgI 8:5� 10�17

Silver(I) chromate Ag2CrO4 1:1� 10�12

Silver(I) sulfate Ag2SO4 1:2� 10�5

Zinc(II) sulfide ZnS 2:0� 10�25
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BIOLOGY AND MEDICINE

Box 17.6 Biomineralization: the assembly of biological architectures
from inorganic minerals

Some inorganic compounds which are sparingly soluble

(typically referred to as being insoluble) play an

important role in biology. Some living organisms

have the ability to engineer parts of their body or

shell from inorganic minerals such as silica (SiO2) (see

Box 22.2) or calcium carbonate (CaCO3). The process

is called biomineralization and examples include

gravity sensors in a variety of animals, sea urchin

spines, corals, mother of pearl in sea shells and the

exoskeletons of some phytoplankton. The photograph

on the right shows the marine phytoplankton Emiliana

huxleyi. This is a single-celled alga which possesses a

calcareous exoskeleton made up of an intricate

assembly of calcium carbonate plates called coccoliths.

The structural features of the plates have been

reproduced for millions of years. When the alga dies,

the plates are deposited as ocean sediments and

become the building blocks of sedimentary rocks such

as chalk.

The crystallization processes associated with the

formation of the coccoliths in the exoskeleton of

Emiliana huxleyi are clearly not the same as those that

lead to natural crystals of pure calcite or aragonite.

Left to their own devices, these polymorphs of CaCO3

crystallize with characteristic crystal habits (as shown

below), quite unlike the crystal shapes observed as a

result of biomineralization. The role of organic

materials in controlling the assembly of inorganic

components in biomineralization processes is crucial.

Each coccolith in Emiliana huxleyi consists of 30–40

single crystals of calcite arranged in an oval disc. The

single crystals are clearly seen as the ‘spokes’ in

the coccoliths in the photograph above. The biominera-

lization process that produces this unit depends on

calcite crystallization taking place within membrane-

bound cavities of specific shape and size. These tube-

shaped cavities are called vesicles. Complex biological

encoding results in the crystals being aligned to produce

oval discs, and in each crystal being terminated in a

structure that connects it to its neighbours.

A scanning electron micrograph (SEM) of the calcareous

phytoplankton Emiliana huxleyi. The exoskeleton consists of

oval plates called coccoliths. The diameter of the organism is

<10mm.

Aragonite (a polymorph of CaCO3) naturally crystallizes with

an orthorhombic habit.
Natural crystals of calcite (a polymorph of CaCO3) possess a

trigonal habit.
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In solution, the concentration of [OH]� is twice that of Ca2þ, and we can

rewrite the above equation in the form:

Ksp ¼ ½Ca2þ�ð2½Ca2þ�Þ2 ¼ 4½Ca2þ�3

We choose to write this equation in terms of [Ca2þ] rather than the

concentration of hydroxide ions because the solubility of the salt (the

ultimate aim of the exercise) is equal to [Ca2þ].

Ksp ¼ 4:7� 10�6 ¼ 4½Ca2þ�3

½Ca2þ� ¼
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4:7� 10�6

4

r

¼ 1:1� 10�2 mol dm�3

The number of moles of Ca2þ ions in solution is equal to the number of

moles of Ca(OH)2 that have dissolved, and so the solubility of Ca(OH)2
is 1:1� 10�2 mol dm�3.

SUMMARY

Thermodynamics is not the easiest of subjects and in this chapter we have combined experimental observa-
tions with theory so that you might see why the theory is necessary. Our emphasis has purposely not been
on the derivation of equations – this material can be found in more advanced physical chemistry texts.

An understanding of thermodynamics is central to an understanding of why (and in what direction)
chemical processes occur. Some of the most important equations that we have encountered in this chap-
ter are listed below. You should be familiar with them all, and be able to use them; the meanings of the
symbols are given in the chapter.

�U ¼ qþw

�U ¼ �H� P�V

C ¼ dq
dT

CP ¼
�
@H
@T

�
P

CV ¼
�
@U
@T

�
V

CP ¼ CV þ R (for 1 mole of an ideal gas)

�ðState functionÞ ¼
X
ðState functionÞproducts

�
X
ðState functionÞreactants

�CP ¼
�
@�H
@T

�
P

Kirchhoff’s equation

�rG ¼ �rG
o þ RT ln Q

�Go¼ �RT ln K Reaction isotherm

K ¼ e
� �Go

RT

	 


�G ¼ �H� T�S

ln K ¼ ��Ho

RT
þ�So

R
van’t Hoff isochore

�S ¼ qrev

T�
@S
@T

�
P
¼ CP

T

SðT2Þ � SðT1Þ ¼ CP � ln

�
T2

T1

�
ðfor a constant CPÞ

�fusS ¼
�fusH
mp

�vapS ¼
�vapH

bp

�Stotal > 0 for a spontaneous change

Sð0 KÞ ¼ 0 for a perfect crystal

Ksp ¼ ½Xþ�½Y�� for a salt XY

Ksp ¼ ½Xnþ�½Y��n for a salt XYn
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Do you know what the following terms mean?

. enthalpy and �H

. internal energy and �U

. system and surroundings

. state function

. work done (on or by the
system)

. heat capacities (CP and CV)

. Gibbs energy and �G

. spontaneous reaction

. entropy and �S

. standard molar entropy

. the First, Second and Third
Laws of Thermodynamics

. the reaction isotherm

. Ellingham diagram

. enthalpy of solution

. enthalpy of solvation

. enthalpy of hydration

. saturated solution

. sparingly soluble salt

. solubility product constant

You should now be able:

. to distinguish between the system and the
surroundings

. to distinguish between an isothermal and an
adiabatic change

. to define and give examples of state functions

. to recognize the limitations of assuming that CP

and �H are temperature-invariant

. to discuss the reasons why values of �G rather
than �H are reliable guides to the extent of
reactions

. to understand the meaning of a ‘reaction
quotient’ and know how it differs from an
equilibrium constant

. to understand the physical significance of the
magnitudes of values of K

. to understand the physical significance of the
magnitudes and signs of values of �G

. to understand the distinction between �G and
�Go

. to determine �rG
o from values of �fG

o

. to determine �So from values of So

. to set up and use a Hess cycle to determine
the enthalpy change of solution for an ionic salt

. to discuss the relationship between �solH, �solG
and �solS for the dissolution of an ionic salt at a
given temperature

. to justify why some salts dissolve in endo-
thermic processes while others dissolve in exo-
thermic processes

. to describe what is meant by a sparingly soluble
salt

. to calculate Ksp given the solubility of a
sparingly soluble salt

. to calculate the solubility of a sparingly soluble
salt given Ksp

PROBLEMS

17.1 In equation 17.9, show that units of Pa for pressure

and m3 for volume are compatible with J for �H.

[Hint: refer to Table 1.2.]

17.2 (a) Calculate the work done on the surroundings at

1 bar pressure and 298K when 0.200 mole H2O2

decomposes (volume occupied by 1 mole of gas at

1 bar and 273K¼ 22.7 dm3). (b) If the standard

enthalpy of reaction is �98.2 kJ per mole of H2O2,

what is the corresponding change in the internal

energy of the system?

17.3 In equation 17.13, for 1 mole of pentane, �n ¼ �3.
What would happen if the reaction were defined so

as to produce water in the gas phase?

17.4 How does the molar heat capacity of a substance

differ from the specific heat capacity?

17.5 Estimate the enthalpy change at 400K that

accompanies the reaction:

LiðsÞ þ 1
2 Cl2ðgÞ ��" LiClðsÞ

if �fH
o(298K) LiClðsÞ ¼ �408:6 kJmol�1, and

values of CP (298K) are Li 24.8, Cl2 33.9 and LiCl

48.0 JK�1 mol�1.

17.6 Consider the reaction: H2ðgÞ ��" 2HðgÞ
At 298K, �fH

oðH; gÞ ¼ 218:0 kJmol�1.
Determine the value of �fH

oðH; gÞ at 400K if

values of CP for H2(g) and H(g) over the

temperature range 298–400K are 29.0 and

20.8 JK�1 mol�1 respectively.

17.7 How valid is it to assume that CP remains constant

for the following gaseous species over the
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temperature range 298–500K: (a) H2; (b) CClF3;

(c) HI; (d) NO2; (e) NO; (f) C2H4?

17.8 (a) Determine �rH
o for the reaction:

COðgÞ þ 1
2
O2ðgÞ ��"CO2ðgÞ

given that, at 298K,

�fH
oðCO; gÞ ¼ �110:5 kJmol�1 and

�fH
oðCO2; gÞ ¼ �393:5 kJmol�1.

(b) Calculate �rH
o(320K) for the above reaction

given that CP (298–320K) for CO(g), O2(g) and

CO2(g)¼ 29.2, 29.4 and 37.2 JK�1 mol�1

respectively.

17.9 Determine the Gibbs energy change at 298K that

accompanies the reaction:

B2H6ðgÞ þ 6H2OðlÞ ��" 2BðOHÞ3ðsÞ þ 6H2ðgÞ

if values of �fG
o(298K) are B2H6(g) þ87,

B(OH)3(s) �969, H2O(l) �237 kJmol�1.

17.10 Using data from Appendix 11, determine

�rG
o(298K) for the following reactions:

(a) C2H2ðgÞ þ 2H2ðgÞ ��"C2H6ðgÞ
(b) CaCO3ðsÞ ��"CaOðsÞ þ CO2ðgÞ
(c) MgðsÞ þ 2HClðgÞ ��"MgCl2ðsÞ þH2ðgÞ

17.11 Are all the reactions in problem 17.10

thermodynamically favourable at 298K?

17.12 What are the values of (a) �fG
o(O2, g, 298K),

(b) �fG
o(O2, g, 450K), (c) �fH

o(O2, g, 298K) and

(d) �fH
o(O2, g, 500K)?

17.13 (a) At 298K, �fG
oðOF2; gÞ ¼ þ42 kJmol�1.

From this value, can you say whether OF2 will

form when F2 and O2 combine at 298K?

(b) For the reaction:

H2O2ðlÞ ��"H2OðlÞ þ 1
2
O2ðgÞ

�rG
oð298KÞ ¼ �117 kJmol�1. Suggest why H2O2

does not decompose spontaneously on standing.

Under what circumstances might H2O2 rapidly

decompose at 298K?

17.14 Figure 17.18 shows how �fG
o for four gases

vary with temperature. (a) Which compounds

become less thermodynamically favoured as the

temperature increases from 300 to 1500K? (b) For

which compounds is the formation from the

constituent elements favourable between 300 and

1500K? (c) For which compound is �fG
o

approximately temperature-independent between

300 and 800K? (d) What can you say about the

relative thermodynamic stabilities of SO2(g) and

CO(g) with respect to their constituent elements as

a function of temperature? (e) Write an equation

for the reaction to which �fG
o(GeCl4, g) refers.

17.15 By using the Ellingham diagram in Figure 17.10,

(a) predict which metals will reduce FeO at 500K,

(b) estimate �Go for the reaction between FeO and

carbon at 1200K, and (c) assess to what extent the

reaction between Sn and NiO is affected by

changing the temperature from 600 to 1000K.

17.16 Use the data in Table 17.1 to verify the reaction

isotherm and to calculate a value for the molar gas

constant.

17.17 The value of �fG
o(C2H4, g, 298K) is

þ68 kJmol�1. What is K for this formation

reaction? Write an equation for the formation of

C2H4 from its elements in their standard states and

indicate in which direction the equilibrium lies.

17.18 (a) Determine K for the formation of NO from O2

and N2 at 298K if �fG
o(NO, g, 298K)¼þ87 kJ

mol�1. (b) What does the answer to part (a) tell you

about the position of the equilibrium:
1
2
N2ðgÞ þ 1

2
O2ðgÞ Ð NOðgÞ?

17.19 The value of K for the equilibrium:

1
2
H2ðgÞ þ 1

2
I2ðgÞ Ð HIðgÞ

is 0.5 at 298K and 6.4 at 800K. Calculate �rG
o at

each temperature and comment on how raising the

temperature from 298 to 800K affects the

formation of HI from its constituent elements.

17.20 The value of logK for the formation of SO2(g) from

S8 and O2 at 400K is 39.3. Calculate �fG
o(SO2, g)

at this temperature. Comment on the value.

17.21 (a) Write an equation for the formation of HBr

from its constituent elements. (b) At 298K,

�fG
o(HBr, g)¼�53.4 kJmol�1. What is the

corresponding value of K ? (c) Is the formation of

HBr fromH2 and Br2 thermodynamically favoured

at 298K?

17.22 Predict, with reasoning, whether �So will be

positive, negative or zero for each of the following:

(a) NaðsÞ ��"NaðgÞ
(b) 2ClðgÞ ��"Cl2ðgÞ
(c) 2COðgÞ þO2ðgÞ ��" 2CO2ðgÞ

Fig. 17.18 The dependence of �fG
o on temperature for

gaseous NO2, CO, SO2 and GeCl4.
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17.23 Using the following data, quantify your answers to

problem 17.22. So(298K) / JK�1 mol�1: Na(s), 5.3;

Na(g), 153.7; Cl(g), 165.2; Cl2(g), 223.0; O2(g),

205.1; CO(g), 197.7; CO2(g), 213.8.

17.24 The molar entropy, So, of HCl at 298K is

186.9 JK�1 mol�1. Find So(350K) if

CP(298–350K) is 29.1 JK�1 mol�1.

17.25 Values of So(Cu, s) at 400K and 500K are 40.5 and

46.2 JK�1 mol�1 respectively. Estimate the molar

heat capacity of copper over this temperature

range.

17.26 Figure 17.19 shows how So for germanium varies

between 300 and 1500K. Rationalize the shape of

the curve.

17.27 Using data in Appendix 11, determine �So(298K)

for the following reactions:

(a) 2FeðsÞ þ 3Cl2ðgÞ ��" 2FeCl3ðsÞ
(b) FeðsÞ þ 2HClðgÞ ��" FeCl2ðsÞ þH2ðgÞ
(c) CaCO3ðsÞ ��"CaOðsÞ þ CO2ðgÞ
Which reactions are entropically favoured?

17.28 The enthalpies of fusion and vaporization of

F2 are 0.5 and 6.6 kJmol�1, and the melting and

boiling points are 53 and 85K respectively.

Determine values (per mole of F2) of �fusS and

�vapS, and comment on their relative

magnitudes.

17.29 Calculate the standard entropy change (298K)

when one mole of sulfur is oxidized to SO3;

So(298K) for S(s), O2(g) and SO3(g) are 32.1,

205.2, 256.8 JK�1 mol�1 respectively. Given

that the standard enthalpy of formation (298K)

of SO3(g) is �395.7 kJmol�1, determine

�fG
o(298K).

17.30 The solubility of NaBr at 298K is 0.88 moles per

100 g of water. The value of �solH
o is

�0.60 kJmol�1. If �solS
o ¼ þ57:3 JK�1 mol�1,

calculate �solG
o(298K) and comment on the value

in view of the stated solubility.

17.31 Determine the solubility of BaSO4 in water if

Ksp ¼ 1:1� 10�10.

17.32 (a) If the solubility of Ag2Cr2O4 is

6:5� 10�5 mol dm�3, determine the solubility

product for this salt.

(b) Ksp for AgCl is 1:8� 10�10. Why can silver

chromate (which is red) be used to indicate the end

point in titrations involving the precipitation of

AgCl?

ADDITIONAL PROBLEMS

17.33 The table shows the variation of lnK with T for the

equilibrium:

SþO2 Ð SO2

T /K 298 400 500 700 900

lnK 121.1 90.49 72.36 51.44 39.55

(a) Write down an expression for K, indicating any

assumptions made.

(b) Use the data to estimate values of K at 300 and

600K.

(c) Determine �fG
o(SO2, g) at 300K.

(d) Values of So for S(s), O2(g) and SO2(g) at

300K are 32.2, 205.3 and 248.5 JK�1 mol�1.
Determine �fH(SO2, g) at 300K.

(e) Given that So(SO2, g, 400K)¼
260.4 JK�1 mol�1, determine CP for SO2(g).

Comment on the validity of your answer.

Fig. 17.19 The variation of So of germanium with temperature.
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17.34 NO2 can be prepared by heating Pb(NO3)2.

Passing the gas formed through a U-tube contained

in a beaker of ice-water results in the formation of

liquid N2O4 (bp 294K). At 298K, NO2 and N2O4

are in equilibrium and at 298K, K ¼ 8:7.
(a) Find �Go(298K) for the dimerization process.

(b) Is the formation of NO2 entropically favoured?

Rationalize your answer.

(c) How would the magnetic properties of NO2 and

N2O4 assist in determining the composition of an

equilibrium mixture?

(d) The table shows the variation of K with T

for the gas phase dissociation of N2O4 into NO2:

T /K 298 350 400 450 500

K 0.115 3.89 47.9 346 1700

Write down an expression for K to which the data

refer, and state how the values are related to those

for the gas phase dimerization of NO2. Discuss the

data in the table.

(e) Determine values of �Go(350K) for the disso-

ciation of N2O4 and for the dimerization of NO2.

(f ) If �Ho(350K) for the dissociation of N2O4 is

58 kJmol�1, find �So(350K) and comment on

your answer in terms of the process taking place.

CHEMISTRY IN DAILY USE

17.35 Figure 17.8 showed a cold compress pack which

contains solid NH4NO3 and water, initially

separated from each other. Such packs are in daily

use for sports and other injuries.

ForNH4NO3(s), �solH
o(298K)=+25.7kJmol�1.

(a) Write an equation showing the reaction to

which �solH
o(NH4NO3) refers.

(b) Assuming that the specific heat capacity of

aqueous ammonium nitrate is the same as that of

water (4.18 JK�1 g�1), determine the temperature

change that accompanies the complete dissolution

of 5.00 g of NH4NO3 in 20.0 cm3 of water. If the

initial temperature is 293.0K, what is the final

temperature after dissolution? [Additional

information: see inside cover of the book; density

of water = 1.00 g cm�3]

17.36 Comment qualitatively on the entropy changes

associated with the following processes:

(a) melting of ice;

(b) the dissolution of salt (NaCl) in water.

17.37 The environmental problem of acid mine drainage

was described in Box 16.1. One of the relevant

processes is:

Fe3+(aq)+3H2O(l)Ð Fe(OH)3(s)+3H+(aq)

(a) How will the position of this equilibrium

change as the pH of the solution decreases?

(b) The value of Ksp for Fe(OH)3 is 2.6 � 10�39

(298K). To what equilibrium does this value

correspond? What is the concentration of

iron(III) ions in a saturated aqueous solution

of Fe(OH)3?

17.38 Figure 17.20 shows the structure of the protein

lysozyme that occurs in the white of hens’ eggs.

When eggs are cooked, the protein structure

unfolds as it is heated. This process (called thermal

denaturation) is described by the following

equilibrium:

Folded protein Ð Denatured (unfolded) protein

for which the equilibrium constant is Kd. UV–VIS

absorption spectroscopy was used to derive the

following data at pH 3.6:

T/K 348.5 347.0 346.5 346.0 345.7 345.0

Kd 1.859 1.336 1.041 0.779 0.607 0.440

[Data derived from: J.J. Schwinefus et al. (2008)

J: Chem: Educ:, vol. 85, p. 117.]

Fig. 17.20 The structure of hen egg white lysozyme,
determined by X-ray diffraction. [W.R. Rypniewski et al.
(1993) Biochemistry, vol. 32, p. 9851.] The structure of the
protein is shown in a ribbon representation with a-helices
shown in red, b-sheets in pale blue, turns in green and coils in
silver-grey (see Section 35.6).
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(a) Use the data to determine values for �Ho and

�So for the denaturing of lysozyme.

(b) Comment on the sign and magnitude of the

value of �So in part (a) in terms of the structural

changes that the protein undergoes during

denaturation.

(c) Suggest reasons why only a very small

temperature range was investigated.

17.39 Hard water is a problem in regions in which

domestic water supplies contain Ca2+ or Mg2+

ions, and leads to the formation of limescale in

water pipes, hot water systems and taps.

‘Temporary hardness’ arises from the presence of

[HCO3]
� salts, and when the temperature of the

water is raised, the following equilibrium is driven

to the right-hand side:

Ca(HCO3)2(aq)Ð CaCO3(s) + CO2(g) + H2O(l)

This is a particular problem in hot water boilers.

(a) Explain why boiling water shifts the above

equilibrium to the right.

(b) Commercial descaling fluids usually contain

citric acid or sulfamic acid:

Write the formulae of all possible salts that could

form between Ca2+ ions and the conjugate base(s)

of citric and sulfamic acids.

(c) You need to descale a pipe but only have

available the mineral acids HCl, H2SO4 and H3PO4.

Which acid would you choose and why?
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18
Electrochemistry

18.1 Introduction

Electricity is a part of everyday life. In this chapter, we focus on electrochemical

cells: reactions in which electrical work is done, and reactions that are driven by

the input of electrical energy. In a photovoltaic cell, solar energy is converted

directly to electrical energy and this type of cell is described in Box 18.1.

There are two types of electrochemical cell: the electrolytic cell and the

galvanic cell. In the electrolytic cell, the passage of an electrical current

through an electrolyte causes a chemical reaction to occur. Examples of

such electrochemical cells are seen in many industrial extractions such as

the Downs process (equation 18.1 and Figure 21.18).

NaClðlÞ ���������"
electrolyse

NaðlÞ þ 1
2
Cl2ðgÞ ð18:1Þ

Without the input of electrical current, reaction 18.1 does not occur. Reaction

18.1 is a redox reaction in which one species is reduced and one is oxidized, and

the overall process can be separated into two half-equations 18.2 and 18.3 in

which the addition or removal of electrons can be seen.

NaþðlÞ þ e� ��"NaðlÞ Reduction ð18:2Þ
Cl�ðlÞ ��" 1

2
Cl2ðgÞ þ e� Oxidation ð18:3Þ

In a galvanic cell, a spontaneous redox reaction occurs and generates an

electrical current. In such a cell, electrical work is done by the system.

Dropping a piece of magnesium ribbon into dilute mineral acid (e.g. HCl

or H2SO4) results in a spontaneous redox reaction (equation 18.4), i.e. a

galvanic cell is created. The two half-reactions that make up the

electrochemical cell are given in equations 18.5 and 18.6.

MgðsÞ þ 2HþðaqÞ ��"Mg2þðaqÞ þH2ðgÞ ð18:4Þ
2HþðaqÞ þ 2e� ��"H2ðgÞ Reduction ð18:5Þ
MgðsÞ ��"Mg2þðaqÞ þ 2e� Oxidation ð18:6Þ

Topics
Galvanic cells

Standard reduction

potentials

Redox equilibria

Nernst equation

Reference electrodes

Electrolytic cells

Faraday’s Laws

Applications of

electrochemical

cells

Redox = reduction-
oxidation

"



 

APPLICATIONS

Box 18.1 Solar cells: electricity from solar energy

The reserves of energy in the Sun are enormous, and

harnessing solar energy is an environmentally accept-

able method of producing power. The sunlight falling

on the Earth’s surface each day provides about

1:4� 1019 kJ of energy. However, collecting solar

energy and converting it into other forms of energy is

not trivial. Conversion using heat exchange units (solar

panels) gives thermal energy to raise the temperature of

swimming pools and to provide domestic hot water or

power lighting in gardens. Conversion via photovoltaic

cells produces electricity and involves the use of

semiconductors. The initial development of solar cells

was linked to NASA’s space programme. Although

applications in satellites and space probes are still at the

cutting edge of design technology, the use of solar cells

is a now part of our everyday life. The photograph

shows the silicon solar cell and printed circuit

components of a solar-powered calculator. Semicond-

uctors in such cells are usually fabricated from silicon,

and the thickness of a typical cell is 200–350mm. In

Section 9.13, we discussed the bonding in silicon in

terms of simple band theory, and saw that the band gap

in pure silicon is 1.1 eV. The semiconducting properties

of silicon (a group 14 element) can be altered by doping

the bulk material with, for example, gallium (a group

13 element) or arsenic (a group 15 element). It is

essential that only very small amounts of the dopant

are introduced. Substituting a Ga for Si atom produces

an electron deficient site. This in turn introduces a

discrete, unoccupied level (an acceptor level) into the

band structure; the acceptor levels remain discrete

provided that the concentration of Ga atoms is low.

Diagram (a) below illustrates that the band gap

between the acceptor level and the lower-lying occupied

band (the valence band) is small (�0.1 eV). As a result,

thermal population of the acceptor level by electrons is

possible. The positive holes left behind in the valence

band act as charge carriers. You can think in terms of

an electron moving into the hole, thereby leaving

another hole into which another electron can move and

so on. The Ga-doped silicon is called a p-type (p stands

for positive) semiconductor. In arsenic-doped silicon,

As atoms substitute for Si atoms, thereby introducing

electron-rich sites. Diagram (b) below shows that the

extra electrons occupy a discrete level and there is a small

band gap (�0.1 eV) between this band (a donor level) and

the high-lying unoccupied band (the conduction band).

Electrons from the donor level thermally populate the

conduction band where they are free to move. Electrical

conduction can be described in terms of the movement of

negatively charged electrons and this generates an n-type

(n stands for negative) semiconductor.

A solar cell is constructed from an n-doped layer

which faces the sun, a p-doped layer and a metal-

contact grid on the top and bottom surfaces. The

latter are connected by a conducting wire. When light

falls on the solar cell, electrons move from the p-type

to the n-type silicon at the p–n junction. This leads to

a flow of electricity around the circuit. Power output

per cell is small, and a large number of cells must

operate together to produce a viable voltage supply.

Other semiconductors in use in solar cells include

GaAs (e.g. in space satellites), CdTe (a newcomer to

solar cell development) and TiO2 (used in the Grätzel

cell which involves a TiO2 film coated with an organic

dye).
A solar cell inside a solar-powered calculator; the multimeter

illustrates the electrical resistance of the cell.
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We begin the chapter with a detailed look at galvanic cells, and then move

on to discuss electrolytic cells. Finally, we discuss some applications of

electrochemistry.

18.2 The Daniell cell and some definitions

Figure 18.1 illustrates a simple electrochemical cell called the Daniell cell

after its inventor, John Daniell. It consists of two half-cells, one containing a

strip of copper metal immersed in an aqueous solution of copper(II) sulfate,

and the other containing a zinc foil immersed in an aqueous solution of

zinc(II) sulfate. The two solutions are connected via a salt bridge. This may

consist of gelatine containing KCl or KNO3 solution which permits ions to

pass between the two half-cells but does not allow the copper(II) and zinc(II)

solutions to mix too quickly. The metal strips are connected by an electrically

conducting wire, and a voltmeter may be placed in the circuit.

When a metal is placed in a solution containing its ions (e.g. copper in

copper(II) sulfate), a state of equilibrium is attained (equation 18.7) and an

electrical potential exists which depends on the position of the equilibrium.

Cu2þðaqÞ þ 2e� Ð CuðsÞ ð18:7Þ

The combination ofCumetal andCu2þ ions is called a redox couple. There is the
possibility of either the reduction of Cu2þ to Cu or the oxidation of Cu to Cu2þ.

The tendency for Cu2þ to be reduced is greater than that of Zn2þ. This is
readily demonstrated by placing a piece of Cu metal in a solution containing

Zn2þ ions, and in a separate beaker, placing a strip of Zn metal in a solution

containing Cu2þ ions. In the first beaker, no reaction occurs, but in the

second, zinc is oxidized and copper metal is deposited as Cu2þ ions are

reduced. Reaction 18.8 is the spontaneous process.

ZnðsÞ þ Cu2þðaqÞ ��" Zn2þðaqÞ þ CuðsÞ ð18:8Þ

When the two half-cells in the Daniell cell are connected as in Figure 18.1,

reaction 18.8 occurs even though the reactants are not in immediate

contact. The difference in the electrical potentials of the two half-cells

results in a potential difference (which can be measured on the voltmeter),

and electrons flow along the wire from one cell to the other as the reaction

Fig. 18.1 A representation of the Daniell cell. In the left-hand cell, Cu2þ ions are reduced to copper metal, and in the right-hand
cell, zinc metal is oxidized to Zn2þ ions. The cell diagram is: ZnðsÞjZn2þðaqÞ ..

.
Cu2þðaqÞjCuðsÞ.
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proceeds. The direction of electron flow is from the zinc to the copper foil

(right to left along the wire in Figure 18.1). This corresponds to the

production of electrons in the zinc half-cell (equation 18.9) and their

consumption in the copper half-cell (equation 18.10).

ZnðsÞ ��" Zn2þðaqÞ þ 2e� ð18:9Þ
Cu2þðaqÞ þ 2e� ��"CuðsÞ ð18:10Þ

The electrical circuit is completed by the passage of ions across the salt

bridge. Figure 18.2 illustrates a typical experimental set-up for the Daniell

cell, corresponding to the schematic diagram shown in Figure 18.1. The

overall cell reaction (equation 18.8) is obtained by combining the two

half-cell reactions, ensuring that the number of electrons used in the

reduction step balances the number of electrons produced in the oxidation

step. In this case, each half-cell equation involves two electrons.

The overall electrochemical cell is denoted by the cell diagram:

ZnðsÞjZn2þðaqÞ ..
.
Cu2þðaqÞjCuðsÞ

where the solid vertical lines represent boundaries between phases, and the

dotted line stands for the salt bridge. The spontaneous process reads from

left to right across the cell diagram – Zn metal is converted to Zn2þ ions as

Cu2þ ions transform to Cu metal. The reduction process is always drawn on

the right-hand side of the cell diagram.

The potential difference between the two half-cells is denoted by Ecell and its

value (in volts) is directly related to the change in Gibbs energy for the overall

reaction. Equation 18.11 relates Ecell to �G, and equation 18.12 refers to the

standard cell potential. The temperature must always be stated, because �G

(and hence Ecell) is temperature-dependent (see Section 17.7).

�G ¼ �zFEcell ð18:11Þ
�Go ¼ �zFEo

cell ð18:12Þ

where: z ¼ number of moles of electrons transferred in the reaction

F ¼ Faraday constant ¼ 96 485Cmol�1

The standard cell potential refers to the conditions:

. the concentration of any solution is 1mol dm�3;§

. the pressure of any gaseous component is 1 bar (1:00� 105 Pa);†

. the temperature is 298K;

. a solid component is in its standard state.

For a spontaneous reaction, Eo
cell is always positive, and this corresponds to

a negative value of �Go.

The change in standard Gibbs energy of an electrochemical cell is:

�Go ¼ �zFEo
cell

where: z ¼ number of moles of electrons transferred per mole of reaction,

F ¼ Faraday constant ¼ 96 485Cmol�1:

For a spontaneous reaction, Eo
cell is always positive.

Fig. 18.2 An experimental
set-up for the Daniell cell. The
Cu2þ(aq)/Cu(s) half-cell is on
the left and the Zn2þ(aq)/Zn(s)
half-cell on the right. A glass
sinter (or frit) is used instead of a
salt bridge to allow passage of
ions between the two solutions.
The voltmeter records the
potential difference, Eo

cell ¼
1:10 V:

Physical constants: see
inside the back cover of this

book

"

§ Strictly, the standard conditions refer to unit activity, but for a dilute solution, the con-
centration is approximately equal to the activity. Solutions of 1mol dm�3 would not be used
in the laboratory; this is discussed later in this section.

{ The standard pressuremay in some tables of data be taken as 1 atm (101 300Pa); see Table 18.1.
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Worked example 18.1 The Gibbs energy change in a Daniell cell

If the solutions in the Daniell cell are both of concentration 1mol dm
�3
,

Eo
cell(298K) is 1.10V. What is �Go

for the cell reaction?

The equation needed is:

�Go ¼ �zFEo
cell

The cell reaction is:

ZnðsÞ þ Cu2þðaqÞ ��" Zn2þðaqÞ þ CuðsÞ

In the reaction, two moles of electrons are transferred: z ¼ 2.

�Goð298KÞ ¼ �zFEo
cell

¼ �2� ð96 485Cmol�1Þ � ð1:10VÞ

¼ �212 000 Jmol�1

¼ �212 kJmol�1

This large negative value of �Go is consistent with a spontaneous reaction.

18.3 The standard hydrogen electrode and standard
reduction potentials

In the Daniell cell, we could determine Eo
cell experimentally but it is not

possible to determine the potentials of the half-cells, although we know

qualitatively that the tendency for zinc to lose electrons exceeds that of

copper. It would be useful if we knew this information quantitatively, and

for this purpose, we may use the standard hydrogen electrode as a reference

electrode for which the cell potential, Eo
cell, has been defined as 0V.

Equation 18.13 gives the half-cell reaction that occurs in a standard

hydrogen electrode – either H2 is oxidized or Hþ ions are reduced.

2Hþðaq; 1:0mol dm�3Þ þ 2e� Ð H2ðg; 1 barÞ ð18:13Þ

Neither component can be physically connected into the electrical circuit,

and when the electrode is constructed, a platinum wire is placed in contact

with both the H2 gas and the aqueous Hþ ions. Platinum metal is inert

and is not involved in any redox process. By constructing the

electrochemical cell shown in Figure 18.3, the standard reduction potential

or standard electrode potential, Eo, for the Zn2þ/Zn couple could, in theory,

be determined. In practice, a more dilute solution of aqueous metal ions

would be used (see below). The cell diagram for this cell reaction is denoted

as follows with the reduction process on the right-hand side:

ZnðsÞjZn2þðaq; 1:0mol dm�3Þ ..
.
2Hþðaq; 1:0mol dm�3Þj½H2ðg; 1 barÞ�Pt

The spontaneous reaction, reading from left to right, is the oxidation of zinc

(equation 18.14) and the reduction of hydrogen ions (equation 18.15).

ZnðsÞ ��" Zn2þðaqÞ þ 2e� ð18:14Þ
2HþðaqÞ þ 2e� ��"H2ðgÞ ð18:15Þ

Refer to Table 1.2:

C ¼ A s

V ¼ kg m2 s�3 A�1

J ¼ kg m2 s�2

"
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The cell potential (measured on the voltmeter shown in Figure 18.3) gives a

direct measure of the potential of the Zn2þ/Zn couple with respect to the

standard hydrogen electrode, i.e. Eo for the Zn2þ/Zn couple. We must,

however, pay attention to the sign convention. After writing the cell diagram

such that the spontaneous reaction is read from left to right, the standard

reduction potential of the Zn2þ/Zn couple can be determined using

equation 18.16. In this instance, the electrode at which the reduction occurs

is the standard hydrogen electrode and the electrode at which oxidation

occurs is the Zn2þ/Zn electrode.

Eo
cell ¼ ½Eo

reduction process� � ½Eo
oxidation process� ð18:16Þ

For the cell in Figure 18.3, Eo
cell is 0.76V. It is not necessary to include a

sign with the value of Eo
cell because it is always positive for a spontaneous

reaction. Equation 18.17 then shows how the standard reduction potential

of the Zn2þ/Zn couple is determined. Remember that Eo ¼ 0V for the

standard hydrogen electrode (at 298K).

0:76V ¼ 0� Eo
Zn2þ=Zn Eo

Zn2þ=Zn ¼ �0:76V ð18:17Þ

Selected standard reduction potentials for half-cells are given in Table 18.1.

A wider range of Eo values is listed in Appendix 12. The half-cell is always

quoted in terms of a reduction reaction.

In an electrochemical cell under standard conditions, the concentration of

each aqueous solution species is 1.0mol dm�3, and so in Table 18.1, each

half-cell contains the specified solution species at a concentration of

1.0mol dm�3. As a result, the reduction of O2 appears twice in the table,

once under acidic conditions:

O2ðgÞ þ 4HþðaqÞ þ 4e� Ð 2H2OðlÞ

Eo ¼ þ1:23V when ½Hþ� ¼ 1:0mol dm�3 ðpH ¼ 0Þ

and once under alkaline conditions:

O2ðgÞ þ 2H2OðlÞ þ 4e� Ð 4½OH��ðaqÞ

Eo ¼ þ0:40V when ½OH�� ¼ 1:0mol dm�3 ðpH ¼ 14Þ

Similar situations arise for other species, e.g. the reduction of [BrO3]
� (see

Appendix 12). To ensure that values of Eo are unambiguous, we have

adopted the following notation:

Fig. 18.3 The standard
hydrogen electrode consists of a
platinum wire immersed in a
1.0mol dm�3 solution of aqueous
hydrochloric acid through which
H2 (at 1 bar pressure) is bubbled.
When the standard hydrogen
electrode is combined with a
standard Zn2þ/Zn couple, the
reading on the voltmeter, Eo

cell, is
equal to the standard reduction
potential, Eo, of the Zn2þ/Zn
couple.
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Table 18.1 Selected standard reduction potentials (298K); see Appendix 12 for a more
detailed list. The concentration of each aqueous solution is 1.0mol dm�3, and the pressure
of a gaseous component is 1 bar (105 Pa). (Changing the standard pressure to 1 atm
(101 300 Pa) makes no difference to the values of Eo at this level of accuracy.)

Reduction half-equation Eo
or Eo

[OH� ]=1 / V

LiþðaqÞ þ e� Ð LiðsÞ �3.04

KþðaqÞ þ e� Ð KðsÞ �2.93

Ca2þðaqÞ þ 2e� Ð CaðsÞ �2.87

NaþðaqÞ þ e� Ð NaðsÞ �2.71

Mg2þðaqÞ þ 2e� ÐMgðsÞ �2.37

Al3þðaqÞ þ 3e� Ð AlðsÞ �1.66

Zn2þðaqÞ þ 2e� Ð ZnðsÞ �0.76

SðsÞ þ 2e� Ð S2�ðaqÞ �0.48

Fe2þðaqÞ þ 2e� Ð FeðsÞ �0.44

Cr3þðaqÞ þ e� Ð Cr2þðaqÞ �0.41

Co2þðaqÞ þ 2e� Ð CoðsÞ �0.28

Pb2þðaqÞ þ 2e� Ð PbðsÞ �0.13

Fe3þðaqÞ þ 3e� Ð FeðsÞ �0.04

2HþðaqÞ þ 2e� Ð H2ðg; 1 barÞ 0.00

2HþðaqÞ þ SðsÞ þ 2e� Ð H2SðaqÞ þ0.14

Cu2þðaqÞ þ e� Ð CuþðaqÞ þ0.15

Cu2þðaqÞ þ 2e� Ð CuðsÞ þ0.34

O2ðgÞ þ 2H2OðlÞ þ 4e� Ð 4½OH��ðaqÞ þ0.40

CuþðaqÞ þ e� Ð CuðsÞ þ0.52

I2ðaqÞ þ 2e� Ð 2I�ðaqÞ þ0.54

Fe3þðaqÞ þ e� Ð Fe2þðaqÞ þ0.77

AgþðaqÞ þ e� Ð AgðsÞ þ0.80

Br2ðaqÞ þ 2e� Ð 2Br�ðaqÞ þ1.09

O2ðgÞ þ 4HþðaqÞ þ 4e� Ð 2H2OðlÞ þ1.23

½Cr2O7�2�ðaqÞ þ 14HþðaqÞ þ 6e� Ð 2Cr3þðaqÞ þ 7H2OðlÞ þ1.33

Cl2ðaqÞ þ 2e� Ð 2Cl�ðaqÞ þ1.36

½MnO4��ðaqÞ þ 8HþðaqÞ þ 5e� ÐMn2þðaqÞ þ 4H2OðlÞ þ1.51

Ce4þðaqÞ þ e� Ð Ce3þðaqÞ þ1.72

F2ðaqÞ þ 2e� Ð 2F�ðaqÞ þ2.87
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. for half-cells that involve Hþ and for which the reduction potential

is therefore pH-dependent (see Section 18.4), Eo refers to ½Hþ� ¼
1.0mol dm�3 (pH ¼ 0);

. for the specific case of ½OH�� ¼ 1:0mol dm�3, we use the notation

Eo
½OH��¼1.

Worked example 18.2 Standard reduction potential

The value of Eo
cell for the cell shown below is 0.80V.

Pt½H2ðg; 1 barÞ�j2Hþðaq; 1:0mol dm
�3Þ ..

.
Ag
þðaq; 1:0mol dm

�3ÞjAgðsÞ

What is the spontaneous cell reaction, and what is the standard reduction

potential for the Ag
þ
(aq)/Ag(s) electrode?

The spontaneous cell reaction is obtained by reading the cell diagram from

left to right. The two half-cell reactions are:

H2ðgÞ ��" 2HþðaqÞ þ 2e�

AgþðaqÞ þ e� ��"AgðsÞ

The overall cell reaction can be written by combining the two half-cell

reactions. In order that the number of electrons used for reduction balances

the number produced during oxidation, the silver half-cell reaction must be

multiplied by 2. The two equations to be combined are therefore:

H2ðgÞ ��" 2HþðaqÞ þ 2e�

2AgþðaqÞ þ 2e� ��" 2AgðsÞ

The overall reaction is:

H2ðgÞ þ 2AgþðaqÞ ��" 2HþðaqÞ þ 2AgðsÞ

For the cell in the cell diagram in the question, the standard cell potential

is given by the equation:

Eo
cell ¼ ½Eo

reduction process� � ½Eo
oxidation process�

0:80V ¼ Eo
Agþ=Ag � 0

Eo
Agþ=Ag ¼ þ0:80V

Other half-cells

Inspection of Table 18.1 or Appendix 12 shows that by no means all half-cells

are of the type Mnþ/M, i.e. they do not all contain a metal strip immersed in an

aqueous solution of the metal ions. For example, half-equations 18.18–18.20

involve aqueous species.

Ce4þðaqÞ þ e� Ð Ce3þðaqÞ ð18:18Þ
Br2ðaqÞ þ 2e� Ð 2Br�ðaqÞ ð18:19Þ
½MnO4��ðaqÞ þ 8HþðaqÞ þ 5e� ÐMn2þðaqÞ þ 4H2OðlÞ ð18:20Þ
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In these cases, the half-cells are assembled in a similar way to the standard

hydrogen electrode, with the reduced and oxidized components in contact

with each other and with a platinum wire to facilitate the flow of electrons.

The cell notation for systems involving more complex half-cells follows the

same principle as that described above. For the combination of a standard

hydrogen electrode and the Fe3þ/Fe2þ couple, the cell diagram is:

Pt½H2ðg; 1 barÞ�j2Hþðaq; 1:0mol dm�3Þ ..
.
Fe3þðaqÞ;Fe2þðaqÞjPt

and reaction 18.21 is the spontaneous cell process:

H2ðgÞ þ 2Fe3þðaqÞ ��" 2HþðaqÞ þ 2Fe2þðaqÞ ð18:21Þ

Using standard reduction potentials to find Eo
cell

Standard reduction potentials can be used to determine values of Eo
cell for a

reaction. Since we can find the related standard Gibbs energy change from

Eo
cell (equation 18.12), standard reduction potentials are useful means of

predicting the thermodynamic viability of a reaction.

The half-cell reactions in Table 18.1 are all written as reduction reactions and

the name standard reduction potentials for the associated values of Eo follows

accordingly. A positive Eo means that the reduction is thermodynamically

favourable with respect to the reduction of Hþ ions to H2. A negative Eo

means that the preferential reduction is that of the hydrogen ions. Consider

the following three half-equations and their corresponding standard reduction

potentials:

Cr3þðaqÞ þ e� Ð Cr2þðaqÞ

2HþðaqÞ þ 2e� Ð H2ðgÞ

Ce4þðaqÞ þ e� Ð Ce3þðaqÞ

Eo ¼ �0:41V

Eo ¼ 0:00V

Eo ¼ þ1:72V

In an electrochemical cell consisting of a standard hydrogen electrode and a

Ce4þ/Ce3þ couple, reaction 18.22 is the spontaneous process, but if the

hydrogen electrode is combined with the Cr3þ/Cr2þ couple, reaction 18.23

occurs.

ð18:22Þ

ð18:23Þ

These results show that the Ce4þ ion is a more powerful oxidizing agent than

Hþ, but that Hþ is a better oxidizing agent than Cr3þ ions. This means that

Ce4þ ions will oxidize Cr2þ ions (equation 18.24).

ð18:24Þ

The thermodynamic favourability of each reaction can be assessed by calculating

Eo
cell and �Go(298K). For reaction 18.22, the cell diagram (showing the
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APPLICATIONS

Box 18.2 Forensics: fingerprinting with redox chemistry

The use of fingerprints for identification dates back to

about 3000 BC when craftsmen identified their work with

thumb and finger impressions in clay. In 1892, Francis

Galton published a work that set out a classification

system for human fingerprints, recognizing that the

chance of two fingerprints being the same was minutely

small. The modern use of fingerprinting in forensic

science is associated with Edward Henry’s classification

system dating from 1900. Even though DNA profiling is

becoming increasingly important in the identification of

human individuals in forensic science, fingerprinting

remains a crucial part of investigations.

When a surface is touched by a fingertip, a latent

impression is left which is made up of secretions from

the ridges of the skin. These form a pattern which is

unique to each individual. Sweat is largely water, but

contains about 1% of water-insoluble, sebaceous

components. Among the methods of imaging the latent

fingerprint is one based on the redox reaction between

silver(I) and iron(II) ions which can be used to develop

fingerprints on porous surfaces such as paper:

Fe2þðaqÞ þAgþðaqÞ Ð Fe3þðaqÞ þAgðsÞ
The solution applied to the latent print contains Agþ,
Fe2þ and Fe3þ ions, a citric acid-based buffer solution

(see Section 16.7) and a cationic surfactant such as

dodecylammonium acetate. The dodecylammonium ion,

[RNH3]
þ, contains of a long, organic chain terminated

in a cationic head-group:

The organic chain is hydrophobic (i.e. it ‘hates’ water)

and the dodecylammonium ions aggregate together to

form micelles with the hydrophilic (i.e. water ‘loving’)

cationic head groups on the outside (see Figure 35.13).

The micelles are water soluble because of the

formation of hydrogen bonds between the RNH þ
3

groups and water molecules (see Sections 21.8 and

31.4). Metallic silver particles are trapped in the cavities

inside the micelles and are released when the micelle is

broken down upon contact with the sebaceous secretion

of a fingerprint. The latter is imaged by the deposition of

black silver particles along the ridges of the fingerprint.

However, a disadvantage of this method is the instability

of the developing solution. The technique is improved by

using multi-metal deposition. In this method, the surface

being investigated is pre-treated with colloidal gold. The

surface is dipped intoa solution of colloidal gold, buffered

to pH 3 with citric acid; the pH is critical for the optimi-

zation of fingerprint imaging. Under these conditions,

gold nanoparticles (like those shown in the photograph

below) with an average diameter of 30nm are formed and

are deposited on the ridges of the fingerprints. Following

this pre-treatment, the application of the silver-based

developer described above leads to enhanced imaging of

the fingerprint.

A scanning electron micrograph of gold nanoparticles.

Fingerprinting is an essential part of forensic investigations.
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spontaneous process from left to right) is:

Pt½H2ðg; 1 barÞ�j2Hþðaq; 1:0mol dm�3Þ ..
.
Ce4þðaqÞ;Ce3þðaqÞjPt

and Eo
cell (equation 18.25) and �Go (equation 18.26) can be determined.

Eo
cell ¼ ½Eo

reduction process� � ½Eo
oxidation process�

¼ þ1:72� 0:00 ¼ 1:72V ð18:25Þ

�Goð298KÞ ¼ �zFEo
cell ¼ �2� ð96 485Cmol�1Þ � ð1:72VÞ

¼ �332 000 Jmol�1 ¼ �332 kJmol�1 ð18:26Þ

You must note carefully to what this value of �Go refers: from equation

18.22, �Go is �332 kJ per 2 moles of Ce4þ or per 1 mole of H2. You

should be able to show that �Go(298K) for reactions 18.23 and 18.24 are

�79 and �206 kJmol�1 respectively.
It is important to remember that Eo

cell is independent of the amount of

material present. However, whereas Eo
cell has identical values for reactions

18.22 and 18.27, the value of z, and therefore of �Go, varies.

Ce4þðaqÞ þ 1
2
H2ðgÞ Ð Ce3þðaqÞ þHþðaqÞ ð18:27Þ

For reaction 18.22, we showed above that �Goð298KÞ ¼ �332 kJ per mole

of H2 or per two moles of Ce4þ. For reaction 18.27, �Go(298K) is given by:

�Goð298KÞ ¼ �zFEo
cell

¼ �1� ð96 485Cmol�1Þ � ð1:72VÞ
¼ �166 000 Jmol�1 ¼ �166 kJmol�1

i.e. �166 kJ per mole of Ce4þ or per half-mole of H2.

In Table 18.1, the half-reactions are arranged in order of the values of Eo

with the most negative value at the top of the table, and the most positive at

the bottom. This is a common format for such tables, and allows you to see

immediately the relative oxidizing and reducing abilities of each species.

Consider the Agþ/Ag couple: Eo ¼ þ0:80V. Silver(I) ions will oxidize any

of the reduced species on the list which lie above the Agþ/Ag couple – for

example, Cu metal (Figure 18.4). On the other hand, any oxidized species

Details of units are given in
worked example 18.1

"

Fig. 18.4 When a copper wire is
placed in an aqueous solution of
silver nitrate (left-hand flask),
and is left to stand, a redox
reaction occurs in which silver(I)
ions are reduced to silver metal,
and copper metal is oxidized to
blue copper(II) ions (right-hand
flask). The spontaneous reaction
is: 2AgNO3(aq) þ Cu(s) ��"
2Ag(s) + Cu(NO3)2(aq).
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below the Agþ/Ag couple is able to oxidize Ag to Agþ. The extent of the

reaction depends upon the magnitude of �Go. For reaction 18.28

(Figure 18.4), Eo
cell is 0.46V, corresponding to a value of �Go(298K) of

�89 kJ per mole of reaction. This is sufficiently large and negative that few

reactants remain in the system.

2AgþðaqÞ þ CuðsÞ Ð 2AgðsÞ þ Cu2þðaqÞ

Eo
cell ¼ þ0:80� ðþ0:34Þ ¼ 0:46V

ð18:28Þ

In contrast, consider the reaction between Cr3þ ions and Fe (equation 18.29).

The corresponding value of �Go(298K) is �6 kJ per mole of reaction,

and this indicates that there are only slightly more products than reactants

in the system.

2Cr3þðaqÞ þ FeðsÞ Ð 2Cr2þðaqÞ þ Fe2þðaqÞ

Eo
cell ¼ �0:41� ð�0:44Þ ¼ 0:03V

ð18:29Þ

A useful (if somewhat artificial) ‘rule’ to remember is the anticlockwise cycle

which can be used with a table of standard reduction potentials that

are arranged as in Table 18.1. Consider any pair of redox couples in the

table; each couple is made up of an oxidized and a reduced species.

The spontaneous reaction will be between the lower oxidized species and the

upper reduced species. For example, Agþ (an oxidized species) oxidizes Cu

(a reduced species) and the direction of the spontaneous reaction may be

deduced by constructing an anticlockwise cycle:

Cu2þðaqÞ þ 2e� Ð CuðsÞ Eo ¼ þ0:34V Less positive Eo

AgþðaqÞ þ e� Ð AgðsÞ
Direction of

spontaneous

reaction

Eo ¼ þ0:80V More positive Eo

Worked example 18.3 Redox equilibria

Use the standard reduction potentials in Table 18.1 to determine the products of

the reaction between iron and aqueous Br2.

From Table 18.1, there are three redox couples that are relevant to this

question:

Fe2þðaqÞ þ 2e� Ð FeðsÞ
Fe3þðaqÞ þ 3e� Ð FeðsÞ
Br2ðaqÞ þ 2e� Ð 2Br�ðaqÞ

Eo ¼ �0:44V
Eo ¼ �0:04V
Eo ¼ þ1:09V

This suggests two possible reactions:

1: FeðsÞ þ Br2ðaqÞ Ð Fe2þðaqÞ þ 2Br�ðaqÞ
or

2: 2FeðsÞ þ 3Br2ðaqÞ Ð 2Fe3þðaqÞ þ 6Br�ðaqÞ

The value of Eo
cell for each reaction is:

1: Eo
cell ¼ 1:09� ð�0:44Þ ¼ 1:53V

2: Eo
cell ¼ 1:09� ð�0:04Þ ¼ 1:13V
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The larger (more positive) Eo
cell might initially suggest that reaction 1 is the

more thermodynamically favourable process, but the true arbiter is �Go,

not Eo
cell. In reaction 1, z ¼ 2, but in reaction 2, z ¼ 6. �Go(298K) for

each reaction is found using the equation:

�Goð298KÞ ¼ �zFEo
cell

1: �Goð298KÞ ¼ �2� ð96 485Cmol�1Þ � ð1:53VÞ

¼ �295 000 Jmol�1

¼ �295 kJmol�1

This corresponds to �295 kJ per mole of iron.

2: �Goð298KÞ ¼ �6� ð96 485Cmol�1Þ � ð1:13VÞ

¼ �654 000 Jmol�1

¼ �654 kJmol�1

This corresponds to �327 kJ per mole of iron.

Reaction 2 is therefore thermodynamically more favourable than 1. This

example emphasizes that although a positive value of Eo
cell certainly

indicates spontaneity, it is �Go that is the true indicator of the extent of

reaction.

It is also helpful to consider the following Hess cycle in order to confirm

the overall energetics of the reaction of iron and dibromine:

From Hess’s Law:

�Go
3¼�Go

2 ��Go
1

¼�654� ð�590Þ
¼ �64 kJmol�1

Thus, a mixture of FeBr2 and Br2 is thermodynamically unstable with

respect to the formation of FeBr3.

18.4 The effect of solution concentration on E: the Nernst
equation

Up to this point, we have considered only standard reduction potentials,

Eo, which refer to solution concentrations of 1.0mol dm�3. It is more

usual in the laboratory to work with solutions of lower concentrations,

and reduction potentials, E, depend on the concentration of the solutions

in the electrochemical cells. The dependence is given by the Nernst equa-

tion 18.30. Temperature is another variable in the equation, although

For treatment of units
see worked example 18.1

"
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normally experiments will be carried out at a specified temperature.

E ¼ Eo �
�
RT

zF
�
�
ln
½reduced form�
½oxidized form�

��
Nernst equation ð18:30Þx

where: R ¼ molar gas constant ¼ 8:314 JK�1 mol�1

T ¼ temperature in K

z ¼ number of moles of electrons transferred per mole of reaction

F ¼ Faraday constant ¼ 96 485Cmol�1

In Table 18.1, the oxidized forms of the half-cells are on the left-hand

side and the reduced forms on the right. If the half-cell involves a metal

ion/metal couple, the activity of the solid metal is taken to be 1 and

equation 18.30 simplifies to 18.31.

For an Mnþ=M couple: E ¼ Eo �
�
RT

zF
ln

1

½Mnþ�

�

or E ¼ Eo þ
�
RT

zF
ln½Mnþ�

� ð18:31Þ

The Nernst equation states:

E ¼ Eo �
�
RT

zF
�
�
ln
½reduced form�
½oxidized form�

��

Worked example 18.4 The dependence of E on solution concentration

The standard reduction potential of the Ag
þ
/Ag couple is þ0.80V. What is the

value of E at 298K when the concentration of Ag
þ
ions is 0.020mol dm

�3
?

The electrode is of the type Mnþ/M, and so E can be found using the

equation:

E ¼ Eo þ
�
RT

zF
ln½Mnþ�

�

The half-equation for the couple is:

AgþðaqÞ þ e� Ð AgðsÞ

and one mole of electrons is transferred per mole of reaction: z ¼ 1.

E ¼ ð0:80VÞ þ
�
ð8:314 JK�1 mol

�1Þ � ð298KÞ � ln 0:020

1� ð96 485Cmol�1Þ

�

¼ ð0:80VÞ � ð0:10VÞ

¼ 0:70V

Walther Hermann Nernst

(1864–1941).

Refer to Table 1.2:

J ¼ kg m2 s�2

C ¼ A s

V ¼ kg m2 s�3 A�1

"

§ The Nernst equation may also be written in the form E ¼ Eo �
�
RT

zF
� lnQ

�
where Q is the

reaction quotient; see Section 17.8.
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Equation 18.31 is of the form:

y ¼ cþmx

and a plot of E against ln [Mnþ] is linear. The gradient of the line is
RT

zF
and

the value on the vertical axis corresponding to ln [Mnþ]¼ 0 is equal to Eo for

theMnþ/M couple. Figure 18.5 shows a plot of EAgþ=Ag against ln [Agþ] using
experimental data collected for dilute solutions. The half-cell potentials may

be obtained from the electrochemical cell:

Pt½H2ðg; 1 barÞ�j2Hþðaq; 1:0mol dm�3Þ ..
.
AgþðaqÞjAgðsÞ

for which Ecell is equivalent to EAgþ=Ag (equation 18.32).

Ecell ¼ EAgþ=Ag � Eo
standard hydrogen electrode ¼ EAgþ=Ag ð18:32Þ

In equation 18.32, notice the use of Eo for the hydrogen electrode denoting

standard conditions, but E for the Agþ/Ag electrode because the

concentration of Agþ is variable. The cell potential is therefore non-standard

(Ecell rather than Eo
cell). The value of Eo

Agþ=Ag can be found by extra-

polation; when [Agþ]¼ 1.0mol dm�3 (standard conditions), ln [Agþ]¼ 0, and

Eo
Agþ=Ag can be determined from Figure 18.5 as shown.

The effect of pH on reduction potential

If the half-cell of interest involves either Hþ or [OH]� ions, then the value of

Ehalf-cell will depend upon the pH of the solution. Consider half-cell 18.33.

½MnO4��ðaqÞ þ 8HþðaqÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}þ5e� ÐMn2þðaqÞ þ 4H2Oð1Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl} ð18:33Þ

oxidized form reduced form Eo ¼ þ1:51V

Fig. 18.5 The dependence of the reduction potential of the Agþ/Ag couple on the concen-
tration of Agþ ions. When [Agþ]¼ 1.0mol dm�3, the cell is under standard conditions; this
corresponds to ln [Agþ]¼ 0, and the reduction potential is the standard value,
Eo ¼ þ0:80V.
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Using the Nernst equation at 298K, the value of E can be found (equation

18.34) and we immediately see the dependence of E upon hydrogen ion

concentration.

E ¼ Eo �
�
RT

zF
ln

½Mn2þ�
½MnO4

��½Hþ�8
�

E ¼ ð1:51VÞ �
�
ð8:314 JK�1 mol

�1Þ � ð298KÞ
5� ð96 485Cmol�1Þ

ln
½Mn2þ�

½MnO4
��½Hþ�8

�
ð18:34Þ

For a solution in which the ratio [Mn2þ] : [MnO4
�] is 1 : 100, equation 18.34

shows that at pH ¼ 0, E ¼ þ1:53V, but at pH ¼ 3, E ¼ þ1:25V. You

should consider what effect this difference will have, for example, on the

ability of KMnO4 to oxidize chloride ions to Cl2 (equation 18.35).

Cl2ðaqÞ þ 2e� Ð 2Cl�ðaqÞ Eo ¼ þ1:36V ð18:35Þ

18.5 Reference electrodes

Throughout this section, we have emphasized the use of the standard

hydrogen electrode as a reference electrode in electrochemical cells. While

this is useful because Eo
2Hþ=H2

¼ 0, the cell itself is not very convenient to

use. A cylinder of H2 is needed and the pressure must be maintained at

exactly 1 bar. A range of other reference electrodes is available, including

the silver/silver chloride electrode (Figure 18.6). An Ag wire coated with

AgCl dips into an aqueous solution of KCl of concentration 1.0mol dm�3.
The half-cell reaction is given in equation 18.36, and the reduction

potential depends on the chloride concentration; for [Cl�]¼ 1.0mol dm�3,
Eo is þ0.22V.

AgClðsÞ þ e� Ð AgðsÞ þ Cl�ðaqÞ ð18:36Þ

Other reduction potentials may be measured with respect to the silver/silver

chloride electrode, and one use of this reference electrode is in combination

with a pH electrode in a pH meter (see Section 18.8).

Another reference electrode is the calomel electrode, the half-cell reaction

for which is given in equation 18.37.

Hg2Cl2ðsÞ þ 2e� Ð 2HgðlÞ þ 2Cl�ðaqÞ Eo ¼ þ0:27V ð18:37Þ

Because a variety of reference electrodes are in use, it is always necessary to

quote reduction potentials with respect to a specific reference.

For treatment of units, see
worked example 18.4

pH = �log [Hþ]

"

"

Fig. 18.6 A schematic
representation of the silver/silver
chloride reference electrode.
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BIOLOGY AND MEDICINE

Box 18.3 Redox reactions in nature: working at pH 7

Nature carries out many electron transfer (i.e. redox)

reactions which are catalysed by enzymes. Each

biological redox system transfers one or two electrons

and operates within a small range of reduction

potentials. The different systems are coupled together

to produce the mitochondrial (or respiratory) electron-

transfer chain. In living cells, the mitochondria are the

sites where biological fuels are converted into energy.

Reduction potentials are measured at physiological pH 7

and biological reduction potentials (often written as

E’ values and quoted in mV rather than V) are with

respect to the standard hydrogen electrode at pH 7.

For the half-cell:

2HþðaqÞ þ 2e
� Ð H2ðgÞ Eo ¼ 0:00V at pH0:0

At pH 7.0, ½Hþ� ¼ 10�7 mol dm�3:

E ¼ Eo �
�
RT

zF
ln

1

½Hþ�2
�

¼ ð0:00VÞ �
�
ð8:314 JK�1 mol

�1Þ � ð298KÞ
2� ð96 485Cmol�1Þ

� ln
1

½10�7�2
�

¼ �0:41V

This half-cell is of great significance in nature, as is the

reduction of O2:

O2ðgÞ þ 4HþðaqÞ þ 4e� Ð 2H2OðlÞ

For this half-cell at pH 0.0, Eo ¼ þ1:23V. At pH 7.0:

E ¼ Eo �
�
RT

zF
ln

1

½Hþ�4
�

¼ ð1:23VÞ �
�
ð8:314 JK�1 mol

�1Þ � ð298KÞ
4� ð96 485Cmol�1Þ

� ln
1

½10�7�4
�

¼ þ0:82V

The following diagram shows part of the mitochon-

drial electron-transfer chain. The components of the

chain are metalloproteins (i.e. proteins in which the

active sites for enzymic behaviour are metal centres)

and cofactors (flavins and quinones) each coupled to its

neighbour by a reduction–oxidation process.

The range of reduction potentials (all measured at

pH 7) in the diagram below is from �414 to þ815mV

corresponding, respectively, to the reductions:

2HþðaqÞ þ 2e� Ð H2ðgÞ

and

O2ðgÞ þ 4HþðaqÞ þ 4e� Ð 2H2OðlÞ
The first of these reactions is associated with

ferredoxins. These are proteins which contain iron–

sulfur clusters, for example the Fe4S4 cluster shown

below:

Ferredoxins occur in bacteria, plants and animals.

They function as the active sites in hydrogenases

(enzymes that catalyse the reduction of Hþ to H2) and

are involved in nitrogen fixation, as well as electron

transfer to the cofactor [NAD]þ/NADH (nicotinamide

adenine dinucleotide) in the mitochondrial chain. The
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redox activity of ferredoxins arises from the reversible

Fe3þ/Fe2þ couple, and the variation in FexSy cluster as

well as protein structure leads to variation in E’ values

among this family of metalloproteins. Most redox

reactions involving organic molecules occur in the

range 0 to �400mV. The electrons produced during

the oxidation of biological ‘fuel’ (e.g. sugars) and H2

produced from reduction of Hþ are passed to the

[NAD]þ/NADH couple:

After transfer from the [NAD]þ/NADH couple to

the FAD/FADH2 (flavin adenine dinucleotide) couple,

electrons are passed along a series of cytochromes.

As well as their role in the mitochondrial chain,

cytochromes play an essential role in photosynthesis.

Cytochromes are haem-containing proteins (see

Box 5.2), and belong to different classes (cytochromes

a, b, c, etc.) depending upon the organic substituents on

the haem group. Their ability to transfer electrons

arises from the reversibility of the Fe3þ/Fe2þ couple,

and the structural variation of the protein surrounding

the haem centre results in a range of E’ values. The

transfer of an electron from one cytochrome to another

can be represented as follows:

Starting at the bottom left of the diagram, cytochrome

c1 loses an electron and is oxidized. The electron is

transferred to the oxidized form of cytochrome c,

reducing ½Cyt c�þ to Cyt c. Cytochrome c loses an

electron again, and transfers it to cytochrome c

oxidase. The two incomplete cycles in the above

diagram are completed by electron transfer from and

to the next partners in the chain. Each redox process

is either an Fe2þ oxidation or an Fe3þ reduction, the

iron centre being bound within the metalloprotein.

The structure of horse heart cytochrome c is shown

below, with the protein chain in a ribbon

representation. Two amino acid residues (a histidine

group and a methionine group, see Table 35.2) bind

the haem group to the protein backbone by

coordinating to the iron centre (shown in green).

The release of energy at points along the

mitochondrial electron-transfer chain is coupled to

the synthesis of adenosine triphosphate, ATP, from

adenosine diphosphate, ADP (see equation 22.96 and

discussion). The transfer of one mole of electrons

from NADH to O2 corresponds to a change in Gibbs

energy of �110 kJ (see end-of-chapter problem 18.26),

the amount required to form �1.5moles of ATP. The

energy is stored in the ATP until hydrolysis (e.g. on

muscle movement) converts ATP to ADP which

releases �40kJ per mole of reaction. An oversimplified

scheme for the reaction is:

½ATP�4�þ2H2O��" ½ADP�3�þ½HPO4�2�þ½H3O�þ
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18.6 Electrolytic cells

Electrolytic cells and reactions at the anode and cathode

We have seen that in a galvanic cell, the combination of two half-cells can

lead to a spontaneous reaction which generates a current. In contrast, in

an electrolytic cell, the passage of a current through an electrolyte drives

a redox reaction which is otherwise non-spontaneous. A typical

electrolytic cell consists of two electrodes dipping into an electrolyte. The

electrodes are connected to the positive and negative terminals of a

battery as shown in Figure 18.7. The role of the electrodes is to provide

an interface at which electrons can be transferred into the electrolyte. It is

important that the material from which the electrodes are made is inert

with respect to the electrolysis reaction. Graphite rods are often used in

simple cells. The power supply in the electrolytic cell supplies electrons

which flow around the circuit to the negative electrode, the cathode

(Figure 18.7). Positively charged ions in the electrolyte migrate to the

cathode and a reduction reaction occurs (e.g. half-reaction 18.2). The

other electrode (the anode) is positively charged. Anions in the electrolyte

migrate to the anode (Figure 18.7) and an oxidation reaction takes place

(e.g. half-reaction 18.3).

If an electrolyte consists of a molten ionic salt such as NaCl, NaBr or

MgCl2, there is only one type of cation and one type of anion. Equations

18.2 and 18.3 showed the cell half-reactions for the electrolysis of molten

NaCl. The electrolysis of molten MgCl2 is shown in scheme 18.38.

Mg2þðlÞ þ 2e� ��"MgðlÞ
2Cl�ðlÞ ��"Cl2ðgÞ þ 2e�

Reduction

Oxidation

)
ð18:38Þ

If the electrolyte is an aqueous solution of a salt, then a competitive

situation arises because water itself can be electrolysed (equation 18.39).

2H2OðlÞ ���������"
electrolysis

2H2ðgÞ þO2ðgÞ ð18:39Þ

In order to drive reaction 18.39 (at pH 7.0), the battery (see Figure 18.7) must

supply a minimum of 1.23V. This is because the reverse of reaction 18.39 is

Electrical conductivity of
graphite: see Section 9.10

In an electrolytic cell, the

passage of a current

through an electrolyte

drives a redox reaction;

reduction occurs at the

cathode and oxidation takes

place at the anode. The

overall process is

electrolysis.

"

Fig. 18.7 A schematic
representation of an electrolytic
cell. The passage of electrical
current through the electrolyte
causes cations to migrate to
the cathode and anions to
migrate to the anode.
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the spontaneous process and its inherent ‘driving force’ corresponds to a

value of Ecell ¼ 1:23V at pH 7.0. In practice, this potential is insufficient to

bring about the electrolysis of H2O and an additional potential called the

overpotential is required. If the electrodes are platinum, the overpotential

is �0.60V. The origins of overpotentials are not simple, but a basic

explanation can be given in terms of the problems involved in carrying

out the reduction or oxidation at a solid surface and releasing a gaseous

product.

Now consider what happens when we electrolyse an aqueous solution of

NaCl. The possible cathode half-reactions are given in equations 18.40 and

18.41. Of course, if Na were formed it would immediately react with the

water. From Table 18.1, it is clear that at pH 0, Hþ is more readily

reduced than Naþ. At pH 7 (see Box 18.3), this preference still appertains,

and so H2 is preferentially liberated at the cathode.

2HþðaqÞ þ 2e� ��"H2ðgÞ ð18:40Þ
NaþðaqÞ þ e� ��"NaðsÞ ð18:41Þ

At the anode, the competition is between the oxidation of Cl� or H2O

(equations 18.42 and 18.43).

2Cl�ðaqÞ ��"Cl2ðgÞ þ 2e� ð18:42Þ
2H2OðlÞ ��"O2ðgÞ þ 4HþðaqÞ þ 4e� ð18:43Þ

Standard reduction potentials in Table 18.1 show that at pH 0, H2O is

more readily oxidized than Cl�, and at pH 7 (see Box 18.3) this preference

is also true. However, caution is needed in interpreting these data. In

practice, the electrolysis of aqueous NaCl yields Cl2 (or a mixture of Cl2
and O2) at the anode because of the higher overpotential needed for the

liberation of O2.

Commercial applications of electrolysis

The application of electrolysis to the extraction of elements is of great

commercial significance and is illustrated in Chapters 21 and 22 by the

following processes:

. the Downs process for the extraction of Na and Cl2 from NaCl (Sec-

tion 21.11 and Figure 21.18);
. industrial production of Cl2 (95% of the global supply) and NaOH using

the chloralkali process (see Section 21.11);
. extraction of Be from BeCl2, and Ca from CaCl2 (Section 21.12);
. extraction of Mg from MgCl2 (Section 21.12 and Figure 21.20);
. extraction of Al from a mixture of cryolite and alumina (Section 22.4).

The effective transfer ofCu fromanode to cathode is the basis for the industrial

purification of copper. Figure 18.8a shows a schematic representation of an

electrolytic cell that may be used to purify copper. Impure copper is used as

the anode and Cu metal is oxidized during electrolysis (equation 18.44)

while pure Cu metal is deposited at the cathode (equation 18.45).

At the anode: CuðsÞ ��"Cu2þðaqÞ þ 2e� ð18:44Þ

At the cathode: Cu2þðaqÞ þ 2e� ��"CuðsÞ ð18:45Þ

At pH 7.0:
Ecell ¼ 0:82� ð�0:41ÞV
¼ 1:23 V

(see Box 18.3)

"
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The scale of the process when applied in the copper mining industry can be

appreciated by looking at Figure 18.8b. This last application is a convenient

means of leading us to Faraday’s Laws of Electrolysis.

18.7 Faraday’s Laws of Electrolysis

If the electrolysis cell shown in Figure 18.8a is constructed with copper

electrodes of known mass, and current flows around the circuit, it is found

that the mass of the anode decreases by a mass x g, and the mass of the

cathode increases by a mass x g.

Faraday’s First Law of Electrolysis: the mass of substance liberated at an

electrode during electrolysis is proportional to the quantity of charge (in

coulombs) passing through the electrolyte.

Faraday’s Second Law of Electrolysis: the numbers of coulombs needed to

liberate one mole of different products are in whole number ratios.

The best way to understand these laws is to put them into practice. Equa-

tion 18.46 defines a coulomb (a measure of the amount of electricity).

Electrical charge (coulombs) ¼ Current (amps)� Time (seconds) ð18:46Þ

Equation 18.47 follows from Faraday’s First Law.

Mass of product deposited at electrode / Electrical charge (coulombs)

ð18:47Þ

Michael Faraday (1791–1867).

Fig. 18.8 (a) A schematic representation of an electrochemical cell in which Cu can be transferred from anode to cathode during
electrolysis. In the commercial purification of copper, the anode is composed of impure (‘blister’) copper and the electrolyte is a
mixture of aqueous CuSO4 and H2SO4. (b) Copper electrodes being lifted from an electrolyte bath during the purification of
copper at a copper mine in Northern Chile.
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Experimentally, it is found that 96 485C are required to liberate one mole

of product from a singly charged ion (e.g. Ag from Agþ, 1
2
Cl2 from Cl�, Na

from Naþ). This quantity of electricity is known as a Faraday. This follows

from the Faraday constant:

Faraday constant; F ¼ 96 485 C mol�1

Therefore

Electrical charge ðCÞ ¼ moles � FðC mol�1Þ

For a doubly charged ion, 2F are needed to liberate one mole of product

(e.g. Cu from Cu2þ, Pb from Pb2þ), and for a triply charged ion, 3F are

needed to deposit one mole of product (e.g. Al from Al3þ).

Worked example 18.5 Application of Faraday’s Laws

What mass of Cu metal is deposited at the cathode during the electrolysis of

aqueous CuSO4 solution if a current of 0.10A passes through the solution

for 30min?

The amount of electrical charge (C)¼Current (A)�Time (s)

Convert the time to SI units: 30min ¼ 30� 60 s ¼ 1800 s

Electrical charge ¼ ð0:10AÞ � ð1800 sÞ ¼ 180C

For the reaction at the cathode:

Cu2þðaqÞ þ 2e� ��"CuðsÞ

Therefore, deposition of one mole of Cu requires 2F ¼ 2� 96 485C

¼ 192 970C

Number of moles of Cu deposited by 180C ¼ ð180CÞ
ð192 970Cmol�1Þ

¼ 9:33� 10�4 mol

Mass of one mole of Cu ¼ 63:54 g

Mass of Cu deposited in the experiment

¼ ð9:33� 10�4 molÞ � ð63:54 gmol�1Þ
¼ 5:93� 10�2 g

18.8 Selected applications of electrochemical cells

In addition to the industrial applications that we have already exemplified

and their uses in batteries (e.g. see Box 22.5), electrochemical cells have

widespread applications. In this section, we consider two uses in the

chemical laboratory.

Determination of solubility products, Ksp

The dependence of the reduction potential, E, on solution concentration can

be used to measure very low concentrations of ions, and from these data,

Faraday constant:
see Section 18.2

Refer to Table 1.2:
C = A s

See periodic table inside
the front cover of the book

"

"

"
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solubilities and values of Ksp for sparingly soluble salts can be determined.

Suppose that we wish to find Ksp for AgCl. A suitable electrochemical

half-cell for this determination must contain a saturated solution of AgCl

(equation 18.48) in addition to an Ag electrode to provide an Agþ/Ag redox

couple (equation 18.49).

AgClðsÞ Ð AgþðaqÞ þ Cl�ðaqÞ equilibrium constant ¼ Ksp ð18:48Þ

AgþðaqÞ þ e� Ð AgðsÞ ð18:49Þ

The concentration of Agþ ions in solution depends on the position of

equilibrium 18.48 and therefore on Ksp, and [Agþ] affects the value of

EAgþ=Ag. By combining the half-cell described above with a standard

hydrogen electrode, EAgþ=Ag is found to be þ0.512 V. Using the Nernst

equation, the concentration of Agþ ions in the saturated solution of

AgCl can be found:

E ¼ Eo �
�
RT

zF
ln

1

½Agþ�

�

E ¼ Eo þ
�
RT

zF
ln½Agþ�

�

ð0:512VÞ ¼ ð0:80VÞ þ
�
ð8:314 JK�1 mol

�1Þ � ð298KÞ
1� ð96 485Cmol�1Þ

ln½Agþ�
�

ln½Agþ� ¼ ð0:512V� 0:80VÞ
�

ð96 485Cmol�1Þ
ð8:314 JK�1 mol�1Þ � ð298KÞ

�
¼ �11:22

½Agþ� ¼ e�11:22 ¼ 1:34� 10�5 mol dm�3

The equilibrium concentrations of Agþ and Cl� ions in the saturated

solution of AgCl are equal, and Ksp (which is dimensionless) is found from

equation 18.50.

Ksp ¼ ½Agþ�½Cl�� ¼ ½Agþ�2

Ksp ¼ ð1:34� 10�5Þ2 ¼ 1:80� 10�10 ð18:50Þ

Ion-selective electrodes: the pH meter

An electrode that is sensitive to the concentration of a specific ion is called an

ion-selective electrode. One example is the glass electrode which is sensitive to

[H3O]þ ions and is used in pH meters. The glass electrode consists of a thin

glass-walled membrane containing an aqueous HCl solution of known

concentration (e.g. 0.10mol dm�3). A reference electrode such as an Ag/AgCl

electrode is often built within the assembly (Figure 18.9a) and allows the pH

meter to operate with a single probe (Figure 18.9b). When the glass electrode

is dipped into a solution of unknown pH, the electrical potential of the glass

electrode depends on the difference in concentrations of [H3O]þ ions on each

side of the glass membrane.

Other ion-selective electrodes include those sensitive to Naþ, Kþ, Cl�, F�,
[CN]� and [NH4]

þ ions.

For treatment of units,
look back at worked

example 18.4

"
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SUMMARY

In this chapter, we have introduced electrochemistry by looking at galvanic and electrolytic cells. In a
galvanic cell, a spontaneous redox reaction occurs, generating a current. In an electrolytic cell, a current
is used to drive a thermodynamically, non-spontaneous reaction. Values of Eo for electrochemical half-
cells refer only to standard conditions, and the dependence of the reduction potential on the concentra-
tion of solution species is given by the Nernst equation. Applications of electrochemical cells range from
commercial extraction of elements from ores to pH meters.

Do you know what the following terms mean?

. redox reaction

. reduction

. oxidation

. galvanic cell

. electrode

. electrolyte

. salt bridge

. potential difference

. half-cell

. cell diagram

. standard hydrogen electrode

. standard reduction potential, Eo

. standard cell potential, Eo
cell

. Nernst equation

. reference electrode

. electrolytic cell

. anode

. cathode

. electrolysis

. overpotential

. Faraday’s Laws of Electrolysis

. ion-selective electrode

. glass electrode

Some useful equations

�Go ¼ �zFEo
cell

�G ¼ �zFEcell

Eo
cell ¼ ½Eo

reduction process� � ½Eo
oxidation process�

E ¼ Eo �
�

RT
zF

In
½reduced form�
½oxidized form�

�
ðNernst equationÞ

Fig. 18.9 (a) A schematic representation of a glass electrode. (b) The application of a glass electrode in a pH meter.
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PROBLEMS

Data for these problems can be found in Table 18.1,

Appendix 12 and inside the back cover of the book.

18.1 Balance the following half-equations by finding the

number, z, of electrons:

(a) Cr2þ þ ze� Ð Cr

(b) ½Cr2O7�2� þ 14Hþ þ ze� Ð 2Cr3þ þ 7H2O

(c) ½S4O6�2� þ ze� Ð 2½S2O3�2�
(d) O2 þ 4Hþ þ ze� Ð 2H2O

(e) ½BrO3�� þ 3H2Oþ ze� Ð Br� þ 6½OH��
(f) PbO2 þ 4Hþ þ ½SO4�2� þ ze� Ð PbSO4 þ 2H2O

18.2 For the reaction:

2AgþðaqÞ þ ZnðsÞ ��" 2AgðsÞ þ Zn2þðaqÞ
Eo

cell ¼ 1:56V. Calculate �Go per mole of Agþ.

18.3 What information can you obtain from the

following cell diagram?

Pt½H2ðg; 1 barÞ� j 2Hþðaq; 1:0mol dm�3Þ
..
.
Ce4þðaqÞ;Ce3þðaqÞ jPt

18.4 Consider the following cell diagram:

MgðsÞ jMg2þðaqÞ
..
.
2Hþðaq; 1:0mol dm�3Þ j ½H2ðg; 1 barÞ�Pt

(a) Write down the spontaneous cell reaction.

(b) Calculate Eo
cell for the reaction. (c) Determine

�Go(298K) for the reaction.

18.5 Determine Eo
cell and �Go(298K) for the following

reactions:

(a) Co2þðaqÞ þ 2Cr2þðaqÞ Ð CoðsÞ þ 2Cr3þðaqÞ
(b) 1

2
Co2þðaqÞ þ Cr2þðaqÞ Ð 1

2
CoðsÞ þ Cr3þðaqÞ

(c) ½Cr2O7�2�ðaqÞ þ 14HþðaqÞ þ 6Fe2þðaqÞ Ð
2Cr3þðaqÞ þ 7H2OðlÞ þ 6Fe3þðaqÞ

18.6 Write balanced equations for the spontaneous

reactions that should occur when the following

pairs of half-cells are combined:

(a) Zn2þðaqÞ þ 2e� Ð ZnðsÞ with
Cl2ðaqÞ þ 2e� Ð 2Cl�ðaqÞ

(b) 2HþðaqÞ þ 2e� Ð H2ðgÞ with
Zn2þðaqÞ þ 2e� Ð ZnðsÞ

(c) Cl2ðaqÞ þ 2e� Ð 2Cl�ðaqÞ with
Br2ðaqÞ þ 2e� Ð 2Br�ðaqÞ

(d) ½IO3��ðaqÞ þ 6Hþ þ 6e� Ð I�ðaqÞ þ 3H2OðlÞ
with I2ðaqÞ þ 2e� Ð 2I�ðaqÞ

18.7 A half-cell containing a Zn metal foil dipping into

an aqueous solution of Zn(NO3)2 (1.0mol dm�3) is
connected by a salt bridge to a half-cell containing

a Pb metal foil dipping into an aqueous solution

of Pb(NO3)2 (1.0mol dm�3). (a) Write down a

cell diagram for the overall electrochemical cell.

(b) Give an equation for the spontaneous redox

process and specify which species act as reducing

and oxidizing agents. (c) Calculate �Go(298K) for

the reaction.

You should be able:

. to distinguish between a galvanic cell and an
electrolytic cell

. to describe the construction of, and reaction
within, the Daniell cell

. to apply a knowledge of the Daniell cell to
illustrate galvanic cells in a wider sense

. to define what is meant by a reference electrode

. to describe the construction and operation of
the standard hydrogen electrode

. to use tables of standard reduction potentials
(e.g. Table 18.1 or Appendix 12) to determine
values of Eo

cell for given redox reactions

. to determine values of �Go from Eo
cell, and to

use the values to judge whether a reaction is
spontaneous

. to use tables of Eo values to predict possible
reactions

. to use the Nernst equation to find the
dependence of E on the concentration of
solution species

. to show why E values may depend on the pH of
the solution

. to illustrate the construction of a typical
electrolytic cell

. to describe what happens during the
electrolysis of a molten salt

. to explain which ions may be preferentially
discharged during the electrolysis of an
aqueous solution of a salt

. to describe briefly what is meant by an
overpotential

. to give selected examples of commercial and
laboratory applications of electrochemical cells
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18.8 Find the value of E (at 298K) for the Cu2þ/Cu
couple when ½Cu2þ� ¼ 0:020mol dm�3.

18.9 If the concentration of Agþ(aq) in an Agþ/Ag

half-cell is 0.10mol dm�3, what is E (at 298K)?

18.10 Write down four half-cells in Table 18.1 for which

E is pH-dependent.

18.11 Determine the reduction potential for the half-cell:

½MnO4��ðaqÞ þ 8HþðaqÞ þ 5e� Ð

Mn2þðaqÞ þ 5H2OðlÞ

at 298K and at pH 5.0 when the ratio of

[MnO4
�] : [Mn2þ] is 75 : 1.

18.12 In order that the Sn2þ/Sn couple has a value of

E ¼ �0:16V at 298K, what concentration of Sn2þ

ions should be used in the half-cell?

18.13 Find Eo(Cu2þ/Cu) using the following

experimental data.

[Cu
2þ
] /mol dm

�3 E /V

0.0010 0.250

0.0020 0.259

0.0025 0.262

0.0040 0.268

0.010 0.280

18.14 Use the data in Appendix 12 to suggest which of

the following species could be oxidized by aqueous

Fe3þ ions. What are the limitations of the data?

(a) Co2þ(aq); (b) Cl�(aq); (c) I�(aq); (d) Sn2þ(aq).

18.15 Consider the two half-equations:

O2ðgÞ þ 2HþðaqÞ þ 2e� Ð H2O2ðaqÞ
Eo ¼ þ0:70V

H2O2ðaqÞ þ 2HþðaqÞ þ 2e� Ð 2H2OðlÞ
Eo ¼ þ1:78V

(a) If aqueous H2O2 were mixed with aqueous

Fe2þ in the presence of acid, would H2O2 act as a

reducing or oxidizing agent? Write an equation for

the reaction that takes place.

(b) Suggest what happens when acidified aqueous

H2O2 and aqueous KMnO4 are mixed.

(c) What do the two half-equations above suggest

may happen if H2O2 is left to stand at 298K?Write

an equation for the reaction that you suggest may

occur and calculate �Go(298K) for the reaction.

Comment on the result, and explain how your

answer fits in with the discussion associated with

equation 21.53 (Chapter 21).

18.16 Suggest what products are discharged at the anode

and cathode during the electrolysis of (a) molten

KBr; (b) fused CaCl2; (c) dilute aqueous NaCl;

(d) concentrated aqueous NaCl (brine); (e) aqueous

CuSO4 using Cu electrodes; (f ) dilute H2SO4 using

Pt electrodes.

18.17 What mass of Mg is deposited at the cathode if a

current of 5.0A is passed through molten MgCl2
for 60min?

18.18 The manufacture of Al by electrolysis of fused

Al2O3 and K3[AlF6] demands especially large

amounts of electricity, and aluminium refineries

are often associated with hydroelectric schemes.

Rationalize why this is so.

18.19 What volumes of H2 and O2 are produced when

acidified water is electrolysed for 30min by a

current of 1.50A? (Volume of one mole of an ideal

gas at 1 bar¼ 22.7 dm3.)

18.20 The reduction potential for a half-cell consisting of

an Ag wire dipping into a saturated solution of AgI

is þ0.325V at 298K. Calculate the solubility of

AgI and the value of Ksp.

ADDITIONAL PROBLEMS

For someof these problems, youmayneeddata fromTable 18.1.

18.21 The half-cell:

½Cr2O7�2�ðaqÞ þ 14HþðaqÞ þ 6e� Ð

2Cr3þðaqÞ þ 7H2OðlÞ

is prepared in aqueous solution at pH 5.0 at 298K.

Determine E if the concentrations of [Cr2O7]
2� and

Cr3þ are 0.50 and 0.0050mol dm�3 respectively.
Comment on the ability of [Cr2O7]

2� in this half-

cell to act as an oxidizing agent with respect to the

half-cell under standard conditions.

18.22 Discuss the following statements and data.

(a) In dilute aqueous solution, [ClO4]
� is very

difficult to reduce despite the values of Eo for the

following half-cells at pH 0:

½ClO4��ðaqÞ þ 2HþðaqÞ þ 2e� Ð

½ClO3��ðaqÞ þH2OðlÞ Eo ¼ þ1:19V

½ClO4��ðaqÞ þ 8HþðaqÞ þ 8e� Ð

Cl�ðaqÞ þ 4H2OðlÞ Eo ¼ þ1:24V

(b) Lead–acid batteries involve the half-cells:

PbSO4ðsÞ þ 2e� Ð

PbðsÞ þ ½SO4�2�ðaqÞ Eo ¼ �0:36V

PbO2ðsÞ þ 4HþðaqÞ þ ½SO4�2�ðaqÞ þ 2e� Ð

PbSO4ðsÞ þ 2H2OðlÞ Eo ¼ þ1:69V

Batteries can be recharged by reversing the cell

reaction.
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18.23 Determine K for the equilibrium:

AgþðaqÞ þ 3I�ðaqÞ Ð ½AgI3�2�

given the following half-cell reduction

potential:

½AgI3�2�ðaqÞ þ e� Ð AgðsÞ þ 3I�ðaqÞ
Eo ¼ �0:02V

CHEMISTRY IN DAILY USE

18.24 The half-cells in a lead–acid battery are shown in

problem 18.22.

(a) What is Eo
cell for the following cell reaction?

PbO2ðsÞ þ PbðsÞ þ 2H2SO4ðaqÞ ��"
2PbSO4ðsÞ þ 2H2OðlÞ

(b) Comment on the fact that a normal automobile

lead–acid battery operates at about 12V.

18.25 The corrosion of steel or iron is an electrochemical

process:

FeðsÞ ��"Fe2þðaqÞ þ 2e�ðaqÞ

and ‘rust’ (which is Fe2O3�H2O) forms if sufficient

O2 is available. In the presence of H2O, O2 and

seawater, steel corrodes, and therefore steel oil rigs

and steel ships are protected using a metal such as

zinc as a ‘sacrificial anode’. At pH 7, E for the

following process is þ0.80V:

O2ðgÞ þ 2H2OðlÞ þ 4e� Ð 4½OH��ðaqÞ

[Data: Fe(OH)2: Ksp ¼ 4.9 � 10�17]

(a) What reactions occur if a steel girder is in

contact with seawater in the presence of air for

a prolonged period?

(b) Determine Ecell and �G for the redox reaction

you have written in part (a). Comment on the

thermodynamic spontaneity of the reaction.

Do the values of Ecell and �G tell you anything

about the rate of the corrosion process? (Use

data from Appendix 12.)

(c) Why is zinc used to protect the iron? Quantify

your answer by using relevant data from

Appendix 12.

(d) Why is seawater a necessary component of the

corrosion process?

(e) Comment on the use of Ecell rather than Eo
cell.

18.26 The mitochondrial electron-transfer chain is

essential to the human body. In Box 18.3, it is

stated that: ‘the transfer of one mole of electrons

from NADH to O2 corresponds to a change in

Gibbs energy of �110 kJ.’ Confirm that this

statement is true.

18.27 One type of battery that has been investigated for

use in electric vehicles is the zinc/air cell. The

relevant half-cells are:

O2ðgÞ þ 2H2OðlÞ þ 4e�Ð 4½OH��ðaqÞ
Eo ¼ þ0:40V

½ZnðOHÞ4�2�ðaqÞ þ 2e�ðaqÞÐ ZnðsÞ þ 4½OH��

Eo ¼ �1:20V

The [Zn(OH)4]
2� formed at the anode undergoes

the reaction:

½ZnðOHÞ4�2�ðaqÞ ��"ZnOðsÞ þH2OðlÞ
þ2½OH��ðaqÞ

(a) What is the spontaneous cell reaction, and what

is the overall reaction, taking into account the

formation of ZnO at the anode?

(b) Determine Eo
cell.

(c) At what pH will the cell run under standard

conditions?
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19
The conductivity
of ions in solution

19.1 Some definitions and units

We have already discussed electrical conductivity and the resistivity of a wire

(equation 19.1). Conductivity is the inverse of resistivity (equation 19.2).

Resistance ðin �Þ ¼ Resistivity ðin � mÞ � Length of wire (in m)

Cross section (in m2Þ
ð19:1Þ

Conductivity (in S m�1Þ ¼ 1

Resistivity (in �mÞ ð19:2Þ

The units of conductivity may be quoted as siemens per metre (Sm�1) or
reciprocal ohms per metre (��1m�1); 1 S ¼ 1��1.
In Chapter 18, we described electrolysis cells in which a current passes

through an electrolyte causing ions to migrate to either the cathode or anode.

In this chapter, we are concerned with the conductivities and conductances

of solutions containing ions.

Two terms are frequently encountered in discussions of ions in solution

and should not be confused with each other or used interchangeably.

The conductance, G, of a solution is measured in siemens, and is given by

equation 19.3.

Conductance (in S) ¼ 1

Resistance (in �Þ ð19:3Þ

The conductivity, �, of a solution is given by equation 19.2 and is measured in

units of Sm�1. The conductivity of a solution depends on the number of

ions present and is usually expressed in terms of the molar conductivity, �m

(equation 19.4), the units of which are Sm2 mol�1.

Molar conductivity ð�mÞ ¼
Conductivity

Concentration
¼ �

c
ð19:4Þ

Topics

Conductivity

Conductance

Strong and weak

electrolytes

Molar conductivities

of ions

Ion mobilities

Conductometric

titrations

Conductivity: see Section
9.10 under ‘carbon’ and

Section 9.13

"



 

Since concentration is usually quoted in mol dm�3, a conversion to molm�3

is needed before substitution into equation 19.4:

1 dm3 ¼ 10�3 m3 1mol dm�3 ¼ 103 molm�3

Molar conductivity ðSm2 mol�1Þ ¼ Conductivity ðSm�1Þ
Concentration ðmolm�3Þ

19.2 Molar conductivities of strong and weak electrolytes

Strong electrolytes

The variation in molar conductivities with concentration (c) for aqueous KCl

and NaCl is shown in Figure 19.1. Values of �m vary to only a small extent as

the concentration increases. This is reasonable because the conductivity

should bear some relationship to the number of ions present, and, for a fully

ionized compound, as the concentration doubles, the number of ions in solu-

tion doubles. Therefore, themolar conductivity (equation 19.4) is expected to

remain constant. However, interactions between ions are only negligible at

very low concentrations, and so the maximum molar conductivity is observed

when the ions are free of each other’s influence. This value is themolar conduc-

tivity at infinite dilution,�m
1, and can be read fromFigure 19.1 as the points of

intercept of the curves for KCl and NaCl with the molar conductivity scale, i.e.

when c ¼ 0. This corresponds to a situation in which the ions are infinitely far

apart, and is a hypothetical state. Thus, values of �m
1 cannot be measured

directly.Valuesof�m canbedeterminedexperimentally, and�m
1 is then found

by extrapolation.

Sodium and potassium chlorides are examples of strong electrolytes. A

strong electrolyte is fully ionized in aqueous solution, and the behaviour

shown for NaCl and KCl in Figure 19.1 is typical. Further examples of

strong electrolytes are listed in Table 19.1.

Studies of conductivity were first rigorously investigated by Kohlrausch at

the end of the 19th century. He showed that each ion in solution has a

characteristic molar conductivity at infinite dilution, �1, and that the molar

conductivity at infinite dilution of the electrolyte was equal to the sum of the

values of �1 for the cations and anions. For a 1 : 1 electrolyte such as KCl,

this is expressed by equation 19.5.

�m
1 ¼ �þ1 þ ��1 for a 1 :1 electrolyte ð19:5Þ

A strong electrolyte is fully

ionized in aqueous solution.

Fig. 19.1 The variation in molar
conductivities with concentration
for aqueous KCl and NaCl and
CH3CO2H at 298K. Values of
�m
1 for KCl and NaCl are

1:498� 10�2 and
1:264� 10�2 Sm2 mol�1

respectively. For CH3CO2H,
�m
1 ¼ 3:905� 10�2 Sm2 mol�1

and the figure shows the curve
tending towards this point.
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More generally, Kohlrausch’s Law of Independent Migration of Ions is stated

in the form of equation 19.6 where �þ and �� are the numbers of cations and

anions per formula unit, e.g. for CuðNO3Þ2, �þ ¼ 1 and �� ¼ 2.

�m
1 ¼ �þ�þ1 þ ����1

Kohlrausch’s Law of

Independent Migration of Ions
ð19:6Þ

Table 19.2 lists values of �1 (at 298K) for selected cations and anions. You

should show that these values are consistent with the values of �1 listed in

Table 19.1.

Kohlrausch further showed that, at low concentrations, the molar

conductivity of a strong electrolyte has a linear dependence on the square

root of the concentration (equation 19.7).

�m ¼ �m
1 � k

ffiffiffi
c
p

Kohlrausch’s Law ð19:7Þ

where k is a constant and c is the solution concentration

Plots of �m against
ffiffiffi
c
p

for aqueous KCl and NaCl are shown in Figure 19.2.

As the concentration increases, the plots deviate from a linear relationship. The

dashed lines showthe linear relationshipsdetermined fromthe lowconcentration

parts of each plot. The value of �m when
ffiffiffi
c
p
¼ 0 corresponds to �m

1, and the

constant k is equal to the gradient of the line. Variations in k are observed with

variation in compound stoichiometry.

Kohlrausch’s Law of

Independent Migration of

Ions states:

�m
1 ¼ �þ�þ1 þ ����1

Table 19.1 Selected strong electrolytes and values of molar conductivities at infinite
dilution, �m

1, at 298K.

Ionic salt �m
1

/ Sm
2
mol

�1
Ionic salt �m

1
/ Sm

2
mol

�1

NaCl 1:264� 10�2 KCl 1:498� 10�2

NaI 1:269� 10�2 KBr 1:516� 10�2

NaClO4 1:174� 10�2 KNO3 1:449� 10�2

MgCl2 2:586� 10�2 HCl 4:259� 10�2

Table 19.2 The molar conductivities at infinite dilution, �1 (298K) for selected cations
and anions.

Cation �1 / Sm
2
mol

�1
Anion �1 / Sm

2
mol

�1

Hþ 3:496� 10�2 Cl� 0:763� 10�2

Naþ 0:501� 10�2 Br� 0:781� 10�2

Kþ 0:735� 10�2 I� 0:768� 10�2

Csþ 0:772� 10�2 [OH]� 1:980� 10�2

½NH4�þ 0:735� 10�2 ½NO3�� 0:714� 10�2

Agþ 0:619� 10�2 ½ClO4�� 0:673� 10�2

Mg2þ 1:060� 10�2 ½CH3CO2�� 0:409� 10�2

Ca2þ 1:189� 10�2 ½SO4�2� 1:600� 10�2
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Weak electrolytes and Ostwald’s Dilution Law

Figure 19.1 illustrates that the variation in �m with concentration

for CH3CO2H contrasts with those of NaCl and KCl. At infinite dilution,

the molar conductivity is high; �m
1 for CH3CO2H at 298K is

3:905� 10�2 Sm2 mol
�1

and is off the scale in the figure. As the concentration

increases to about 0.01mol dm�3, �m drops dramatically and then remains

fairly constant as the concentration is raised to 0.10mol dm�3. This behaviour
is typical of a weak electrolyte, that is, one that is partially dissociated. There is a

hypothetical state at infinite dilution where the compound is fully ionized. As

we saw in Chapter 16, acetic acid is a weak acid and, in aqueous solution, estab-

lishes equilibrium 19.8.

CH3CO2HðaqÞ þH2OðlÞ Ð ½CH3CO2��ðaqÞ þ ½H3O�þðaqÞ ð19:8Þ

Finding �m
1 by extrapolation from experimental values of �m is not

possible. However, we can make use of Kohlrausch’s Law of Independent

Migration of Ions. To determine �m
1ðCH3CO2HÞ, we must choose a group

of strong electrolytes which together include the ½CH3CO2�� and ½H3O�þ
ions. A suitable group would be NaCl, HCl and Na½CH3CO2�, all of which
are fully ionized in aqueous solution. By Kohlrausch’s Law of

Independent Migration of Ions, we can write equations 19.9–19.12.

�m
1ðNaClÞ ¼ �þ1ðNaþÞ þ ��1ðCl�Þ ð19:9Þ

�m
1ðHClÞ ¼ �þ1ðHþÞ þ ��1ðCl�Þ ð19:10Þ

�m
1ðNa½CH3CO2�Þ ¼ �þ1ðNaþÞ þ ��1ð½CH3CO2��Þ ð19:11Þ

�m
1ðCH3CO2HÞ ¼ �þ1ðHþÞ þ ��1ð½CH3CO2��Þ ð19:12Þ

Values of�m
1(NaCl),�m

1(HCl) and�m
1ðNa½CH3CO2�Þmaybe determined

as described above for strong electrolytes. Appropriate combination of

equations 19.9–19.11 allows us to write:

�m
1ðHClÞ þ �m

1ðNa½CH3CO2�Þ � �m
1ðNaClÞ

¼ �þ1ðHþÞ þ ��1ðCl�Þ þ �þ1ðNaþÞ

þ��1ð½CH3CO2��Þ � �þ1ðNaþÞ � ��1ðCl�Þ

¼ �þ1ðHþÞ þ ��1ð½CH3CO2��Þ

A weak electrolyte is

partially dissociated in

aqueous solution.

Hþ in H2O forms ½H3O�þ
"

Fig. 19.2 Plots of the molar
conductivity, �m, against

ffiffiffi
c
p

(c ¼ concentration) for aqueous
KCl and NaCl. A linear
relationship is observed at low
concentrations.
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Combining this expression with equation 19.12 gives equation 19.13.

�m
1ðHClÞ þ �m

1ðNa½CH3CO2�Þ � �m
1ðNaClÞ ¼ �m

1ðCH3CO2HÞ ð19:13Þ

Experimental values of �m
1(NaCl), �m

1(HCl) and �m
1ðNa½CH3CO2�Þ

are 1:264� 10�2, 4:259� 10�2 and 0:910� 10�2 Sm2 mol�1 respectively,

giving:

�m
1ðCH3CO2HÞ ¼ ð4:259� 10�2Þ þ ð0:910� 10�2Þ � ð1:264� 10�2Þ

¼ 3:905� 10�2 Sm2 mol�1

This is the value of �m
1 that the curve for CH3CO2H tends towards in

Figure 19.1.

The behaviour of a weak electrolyte is described by Ostwald’s Dilution

Law which relates the equilibrium constant for the weak electrolyte to

the concentration and molar conductivity. Consider an aqueous solution

of CH3CO2H of concentration cmol dm�3, for which we can write the

following scheme to describe the composition at equilibrium where � is the

degree of dissociation of the acid:

CH3CO2HðaqÞ þH2OðlÞ Ð ½CH3CO2��ðaqÞ þ ½H3O�þðaqÞ
Concentrations

at equilm: cð1� �Þ excess c� c�

Values of�may be quoted as percentage or fractional degrees of dissociation,

e.g. � ¼ 20% corresponds to � ¼ 0:20. The equilibrium constant, K, is

therefore given by equation 19.14.

K ¼ ðc�Þðc�Þ
cð1� �Þ ¼

c�2

ð1� �Þ ð19:14Þ

At infinite dilution, the molar conductivity is �m
1, and Arrhenius proposed

relationship 19.15 where�m is the molar conductivity at a given concentration.

This relationship can be confirmed from experimental data.

� ¼ �m

�m
1 ð19:15Þ

Substitution of equation 19.15 into equation 19.14 leads to Ostwald’s

Dilution Law (equation 19.16).

K ¼ c�2

ð1� �Þ ¼
c

�
�m

�m
1

�2
�
1� �m

�m
1

�

¼
c

�
�m

�m
1

�2
�
�m
1 � �m

�m
1

�

K ¼ c�m
2

�m
1ð�m

1 � �mÞ
Ostwald’s Dilution Law ð19:16Þ

Ostwald’s Dilution Law is obeyed by weak electrolytes at concentrations of

�0.10mol dm�3. This is illustrated in worked example 19.1.

Approximation of
concentrations to activities:

see Section 16.3

Degree of dissociation:
see also worked examples

in Chapter 16

See end-of-chapter
problem 19.9

Wilhelm Ostwald (1853–1932).

"

"

"
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Worked example 19.1 Ostwald’s Dilution Law

Use the following data to show that CH3CO2H obeys Ostwald’s Dilution Law,

and determine Ka for CH3CO2H. (�m
1 ¼ 3:905� 10

�2
Sm

2
mol

�1
)

½CH3CO2H� / mol dm
�3 �m / Sm

2
mol

�1

0.0752 6:021� 10
�4

0.0354 8:750� 10
�4

0.0180 1:221� 10
�3

0.0067 1:987� 10
�3

Ostwald’s Dilution Law states:

K ¼ c�m
2

�m
1ð�m

1 � �mÞ

where c and �m are variables, and K and �m
1 are constants.

Rearrange the equation into the form of a linear relationship, y ¼ mxþ c:

c�m
2 ¼ Kð�m

1Þ2 � K�m
1�m

c�m ¼
Kð�m

1Þ2

�m

� K�m
1

Tabulate the data to be plotted using the data from the table given in the

problem:

c / mol dm
�3 �m / Sm

2
mol

�1 1

�m

/ mol S
�1

m
�2 c�m / Sm

2
dm
�3

0.0752 6:021� 10
�4

1661 4:528� 10
�5

0.0354 8:750� 10
�4

1143 3:098� 10
�5

0.0180 1:221� 10
�3

819.0 2:198� 10
�5

0.0067 1:987� 10
�3

503.3 1:331� 10
�5

Now plot c�m against
1

�m

.
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The linear plot confirms that CH3CO2H obeys Ostwald’s Dilution

Law over the range of concentrations studied. The acid dissociation

constant, Ka, can be found from the gradient of the graph. The equation

for the straight line is:

c�m ¼
Kð�m

1Þ2

�m

� K�m
1

and therefore:

Gradient ¼ Kð�m
1Þ2

¼ 2:77� 10�8 S2 m4 mol�1 dm�3

�m
1 can also be found from the graph, but is given in the problem:

�m
1 ¼ 3:905� 10�2 Sm2 mol�1.

Ka ¼
ð2:77� 10�8 S2 m4 mol�1 dm

�3Þ
ð�m

1Þ2

¼ ð2:77� 10�8 S2 m4 mol�1 dm
�3Þ

ð3:905� 10�2 Sm2 mol
�1Þ2

¼ 1:82� 10�5 mol dm�3

Note that the method gives an answer for Ka in units of mol dm�3,
consistent with an expression for Ka in terms of concentrations:

Ka ¼
½H3O

þ�½CH3CO2
��

½CH3CO2H�

but since, strictly, K is expressed in terms of activities, the thermodynamic

equilibrium constant is dimensionless (see Chapter 16).

19.3 Conductivity changes during reactions

Acid–base conductometric titrations

In Chapter 16, we discussed two ways of following an acid–base titration:

monitoring the pH of the solution, and using an acid–base indicator. A third

option is to monitor the conductivity of the solution by carrying out a

conductometric titration.

Suppose we wish to find the end point of a strong acid–strong base

conductometric titration such as that between aqueous HCl and NaOH.

The experiment may be set up with the base being added from a burette to

the acid contained in a beaker into which dip electrodes connected to a

conductivity meter. To minimize the changes in conductivity caused by

dilution effects, the concentration of the reagent being added from the

burette must be significantly greater than that of the reagent in the beaker.

For example, let us titrate a 0.50mol dm�3 solution of NaOH against

50 cm3 of 0.050mol dm�3 hydrochloric acid. Initially the flask contains only

aqueous HCl which is fully ionized (equation 19.17). As aqueous NaOH is

added, neutralization reaction 19.18 occurs.

HClðaqÞ þH2OðlÞ ��" ½H3O�þðaqÞ þ Cl�ðaqÞ ð19:17Þ
HClðaqÞ þNaOHðaqÞ ��"NaClðaqÞ þH2OðlÞ ð19:18Þ

Acid–base titrations:
see Sections 16.8 and 16.9

"
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Aqueous NaCl is fully ionized and, as the neutralization reaction progresses

during the titration, ½H3O�þ ions are replaced by Naþ ions (equation 19.19).

½H3O�þðaqÞ þNaOHðaqÞ ��"NaþðaqÞ þ 2H2OðlÞ ð19:19Þ

Ions possess characteristic mobilities in solution, and Table 19.3 lists the

mobilities of selected ions. The ion mobility, �, is related to the molar

conductivity at infinite dilution by equation 19.20. Thus, values in Tables 19.2

and 19.3 are related by equation 19.20.

� ¼ �
1

zF
ð19:20Þ

where: z ¼ numerical charge on the ion (e.g. z ¼ 1 for Naþ or Cl�)

F ¼ Faraday constant ¼ 96 485Cmol�1

Worked example 19.2 The relationship between the molar conductivity at infinite dilution

and ion mobility

At 298K, the molar conductivity at infinite dilution, �1, of Mg
2þ

is

1:060� 10
�2

Sm
2
mol

�1
. What is the ion mobility, �, of Mg

2þ
in aqueous

solution at 298K? Confirm that the units of � are m
2
s
�1

V
�1
.

The equation needed is:

� ¼ �
1

zF

For Mg2þ, z ¼ 2

� ¼ ð1:060� 10�2 Sm2 mol�1Þ
2� ð96 485Cmol�1Þ

¼ 5:493� 10�8 Sm2 C�1

The units for � are given as m2 s�1 V�1. Refer to Table 1.2 and write the

units of Sm2 C�1 in base units, remembering that 1 S ¼ 1��1:

S ¼ ��1 ¼ s3 A2 kg�1 m�2

C�1 ¼ A�1 s�1

Table 19.3 Mobilities of selected ions in aqueous solution at 298K.

Cation Ion mobility,

� / m
2
s
�1

V
�1

Anion Ion mobility,

� / m
2
s
�1

V
�1

Hþ 36:23� 10�8 [OH]� 20:52� 10�8

Naþ 5:19� 10�8 Cl� 7:91� 10�8

Kþ 7:62� 10�8 Br� 8:09� 10�8

Agþ 6:42� 10�8 ½NO3�� 7:40� 10�8

Mg2þ 5:49� 10�8 ½CH3CO2�� 4:24� 10�8

Zn2þ 5:47� 10�8 ½SO4�2� 8:29� 10�8
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Remember: aqueous
NH3 = NH4OH

"

Therefore:

Sm2 C�1 ¼ s3 A2 kg�1 m�2 m2 A�1 s�1

¼ s2 A kg�1

The base units of the volt are:

V ¼ kgm2 s�3 A�1

Therefore s2 Akg�1 can be rewritten as m2 s�1 V�1

Check: m2 s�1 V�1 ¼ m2 s�1 kg�1 m�2 s3 A

¼ s2 Akg�1

Among the ions listed in Table 19.3, Hþ and [OH]� stand out as possessing

significantly higher mobilities than other ions. Proton mobility is especially

facile. The movement of protons is considered to be a type of ‘proton

hopping’ between ½H3O�þ ions and H2O molecules, and probably also

involves ½H5O2�þ and ½H9O4�þ ions.

If we now return to equation 19.19, the replacement of ½H3O�þ by lessmobile

Naþ ions results in a decrease in the conductivity as shown in Figure 19.3. At

the end point, the conductivity reaches a minimum and then increases as excess

NaOH is added to the solution. After the end point, the conductivity is due to

Naþ and Cl� from the salt and Naþ and [OH]� ions from the excess alkali.

As an example of a weak acid–strong base conductometric titration, consider

the addition of 0.50mol dm�3 NaOH to 50 cm3 0.050mol dm�3 CH3CO2H.

Equation 19.21 gives the neutralization reaction, and the conductivity changes

during the titration are shown in Figure 19.4.

CH3CO2HðaqÞ þNaOHðaqÞ ��"Na½CH3CO2�ðaqÞ þH2OðlÞ ð19:21Þ

Initially, the conductivity is due to the partially dissociated CH3CO2H. The

molar conductivity of CH3CO2H is low (Figure 19.1) and so the measured

conductivity (equation 19.4) is also low. As NaOH is added, Na½CH3CO2�
forms and is fully ionized in solution; as a result, the conductivity increases.

After the end point, the solution contains Naþ and ½CH3CO2�� ions from the

salt, and Naþ and [OH]� ions from the excess NaOH. The high mobility of

the [OH]� contributes to a significant increase in the conductivity (Figure 19.4).
Figure 19.5 shows the change in conductivity during a strong acid–weak

base titration in which a 0.50mol dm�3 solution of NH3 is added to 50 cm3

of 0.050mol dm�3 aqueous HCl. The neutralization reaction is given in

equation 19.22.

HClðaqÞ þNH4OHðaqÞ ��"NH4ClðaqÞ þH2OðlÞ ð19:22Þ

The initial high conductivity (Figure 19.5) arises from the presence of a fully

dissociated acid and the high proton mobility. As protons are replaced by

½NH4�þ ions (equation 19.23), the conductivity falls.

½H3O�þðaqÞ þNH4OHðaqÞ ��" ½NH4�þðaqÞ þ 2H2OðlÞ ð19:23Þ

At the end point, the solution contains ½NH4�þ and Cl� ions. After the end

point, additional aqueous NH3 enters the solution (equilibrium 19.24).

However, because the solution already contains ½NH4�þ ions, equilibrium

19.24 is shifted to the left-hand side (apply Le Chatelier’s principle) and

the conductivity of the solution decreases slightly (Figure 19.5).

NH3ðaqÞ þH2OðlÞ Ð ½NH4�þðaqÞ þ ½OH��ðaqÞ ð19:24Þ
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Conductometric titrations: precipitation reactions

The use of quantitative precipitation reactions is important for compound

analysis. For example, two isomers of a compound might differ in having

one or two moles of free Cl� per mole of compound, and the free Cl� could

be precipitated using Agþ ions (equation 19.25). Other precipitations include

reactions 19.26–19.28. All nitrate salts are soluble in water and therefore

suitable reagents are often metal nitrates such as AgNO3, BaðNO3Þ2 and

PbðNO3Þ2.

AgþðaqÞ þ Cl�ðaqÞ ��"AgClðsÞ ð19:25Þ

AgþðaqÞ þ I�ðaqÞ ��"AgIðsÞ ð19:26Þ

Ba2þðaqÞ þ ½SO4�2�ðaqÞ ��"BaSO4ðsÞ ð19:27Þ

Pb2þðaqÞ þ 2I�ðaqÞ ��" PbI2ðsÞ ð19:28Þ

Consider a conductometric titration in which aqueous AgNO3 is added to

an aqueous solution of a compound such as MgCl2. This contains ionizable

Coordination and ionization
isomers: see Section 23.5

Sparingly soluble salts: see
Section 17.12

"

"

Fig. 19.3 Variation in conductivity
during the titration of a 0.50mol dm�3

solution of NaOH against 50 cm3 of
0.050mol dm�3 HCl.

Fig. 19.4 Variation in conductivity
during the titration of a 0.50mol dm�3

solution of NaOH against 50 cm3 of
0.050mol dm�3 CH3CO2H.

Fig. 19.5 Variation in conductivity
during the titration of a 0.50mol dm�3

solution of aqueous NH3 against 50 cm
3

of 0.050mol dm�3 HCl.

Fig. 19.6 Variation in
conductivity during the titration
of a 0.20mol dm�3 solution of
AgNO3 against 50 cm

3 of
0.020mol dm�3 aqueous MgCl2.
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chloride ion, and the initial conductivity is due to the fully dissociated salt

(equation 19.29).

MgCl2ðsÞ ������������"
dissolve inwater

Mg2þðaqÞ þ 2Cl�ðaqÞ ð19:29Þ

On addition of aqueous AgNO3 (which is fully dissociated), Cl� is removed

from the solution as AgCl and is replaced by ½NO3��. At the end point, the

solution contains dissolved MgðNO3Þ2 which is fully dissociated (equa-

tion 19.30).

MgCl2ðaqÞ þ 2AgNO3ðaqÞ ��"MgðNO3Þ2ðaqÞ þ 2AgClðsÞ ð19:30Þ

After the end point, additionalAgNO3 provides further ions in the solution and

the conductivity increases. In Figure 19.6, the end point coincides with the

minimum reading of conductivity; the conductivity of aqueous MgðNO3Þ2 is
less than that of MgCl2 (see Tables 19.2 and 19.3).

SUMMARY

In this chapter, we have been concerned with the conductivity of ions in solution. Electrolytes are classi-
fied as being strong (fully ionized) or weak (partially ionized), and the behaviours of these types of
electrolytes are very different. The molar conductivity of an ionic compound is related to the molar
conductivities of the independent ions. Weak electrolytes obey Ostwald’s Dilution Law, and application
of this law can be used to determine values of acid dissociation constants. Changes in conductivity
provide a means of monitoring, for example, acid–base titrations and precipitation reactions.

Do you know what the following terms mean?

. conductivity

. conductance

. molar conductivity, �m

. strong electrolyte

. weak electrolyte

. molar conductivity at infinite
dilution, �m

1

. molar conductivity of an ion,
�þ or ��

. Kohlrausch’s Law of
Independent Migration of Ions

. Kohlrausch’s Law

. degree of dissociation, �

. Ostwald’s Dilution Law

. ion mobility, �

. conductometric titration

You should be able:

. to distinguish between conductivity and
conductance

. to write down a relationship between the
molar conductivity of a compound and the
conductivity of an aqueous solution of known
concentration

. to distinguish between a strong and weak
electrolyte

. to explain what is meant by infinite dilution,
and explain why �m is not identical to �m

1

. to apply Kohlrausch’s Law of Independent
Migration of Ions to calculate the molar
conductivity of a compound from values of �þ
and ��

. to give an expression that shows how �m for a
solution varies with its concentration

. to describe how �m
1 could be determined for

strong and weak electrolytes

. to show how conductivity measurements can be
used to determine Ka of a weak acid

. to explain how conductivity measurements can
be used to find the end points of strong
acid–strong base, weak acid–strong base and
strong acid–weak base titrations

. to rationalize the changes in conductivity
during a titration involving a precipitation
reaction
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PROBLEMS

19.1 Write down expressions that define (a) resistivity,

(b) conductivity and (c) conductance.

19.2 The variation of �m with the concentration of

aqueous AgNO3 was determined at 298K, and the

results are tabulated below.Use the data to estimate

�m
1(298K) for AgNO3. Compare your answer

with one calculated using data in Table 19.2.

[AgNO3] / mol dm
�3 �m / Sm

2
mol

�1

0.000 50 1:313� 10�2

0.001 0 1:305� 10�2

0.005 0 1:271� 10�2

0.010 1:247� 10�2

0.020 1:214� 10�2

19.3 Use data in Table 19.2 to calculate the molar

conductivities at infinite dilution (at 298K)

of (a) MgCl2; (b) CsOH; (c) CaðNO3Þ2;
(d) Na2SO4.

19.4 Classify solutions of the following compounds

as strong or weak electrolytes: (a) AgNO3;

(b) HNO3; (c) CH3CH2CO2H; (d) K½CH3CO2�;
(e) NH4Cl.

19.5 Which of the following compounds are sparingly

soluble in water: (a) NH4Br; (b) AgBr; (c) KOH;

(d) BaSO4? How does this affect conductivity

measurements?

19.6 The value of �m
1(298K) for Na½C3H7CO2� is

8:27� 10�3 Sm2 mol�1. Using appropriate data

from tables in the chapter, calculate �m
1(298K)

for C3H7CO2H (butanoic acid).

19.7 Mg(OH)2 is sparingly soluble. Determine �m
1 for

Mg(OH)2 given that �m
1 for MgCl2, NaOH and

NaCl are 2:586� 10�2; 2:477� 10�2 and
1:264� 10�2 Sm2 mol�1. Compare the answer with

a value of �m
1 calculated from data in Table 19.2.

19.8 Explain why the molar conductivity at infinite

dilution of a weak acid such as CH3CO2H is high,

but then decreases dramatically as the

concentration is raised even slightly.

19.9 A 0.050mol dm�3 aqueous solution of CH3CO2H

has molar conductivity of 7:35� 10�4 Sm2 mol�1.
Using data from Table 19.2, calculate the degree of

dissociation of the acid, and a value of Ka.

19.10 The data in the table below were recorded to show

the dependence of �mðCH3CO2H, 298K) on

concentration. Confirm that CH3CO2H obeys

Ostwald’s Dilution Law, and hence find pKa for the

acid. Additional data: Table 19.2.

½CH3CO2H� / mol dm
�3 �m / Sm

2
mol

�1

5:45� 10�2 7:029� 10�4

1:95� 10�2 1:171� 10�3

8:50� 10�3 1:757� 10�3

4:70� 10�3 2:343� 10�3

2:30� 10�3 3:319� 10�3

19.11 Using values from Table 19.2, calculate the ionic

mobilities of (a) Ca2þ, (b) [OH]�, (c) ½SO4�2�,
(d) ½NH4�þ and (e) I�.

19.12 The ionic mobilities of Kþ and ½MnO4�� at 298K

are 7:62� 10�8 and 6:35� 10�8 m2 s�1 V�1.
Determine �m

1(298K) for KMnO4.

19.13 The ionic mobilities of Sr2þ and Cl� at 298K are

6:16� 10�8 and 7:91� 10�8 m2 s�1 V�1.
Determine �m

1(298K) for SrCl2.

19.14 As a 0.20mol dm�3 aqueous solution of KOH is

titrated into 0.010mol dm�3 aqueous HCl, the

conductivity decreases to a minimum value at the

end point and then increases again. Explain this

observation with reference to appropriate

tabulated data in the chapter.

19.15 The precipitation reaction:

PbðNO3Þ2ðaqÞ þ 2NaIðaqÞ ��"

PbI2ðsÞ þ 2NaNO3ðaqÞ

was monitored by measuring the conductivity of the

solution and the data are shown in Figure 19.7;

0.10mol dm�3 NaI was added to 50 cm3

0.010mol dm�3 PbðNO3Þ2. Account for the results.

Fig. 19.7 Graph for problem 19.15.
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ADDITIONAL PROBLEMS

19.16 Discuss the following statements.

(a) The value of �m
1 for HCl can be estimated

directly from readings of �m at different

concentrations, but �m
1 for CH3CO2H cannot be

found by this method.

(b) Proton mobility is more facile than that of other

ions.

(c) The kinetics of reactions between RBr and R3N

or pyridine can be followed by taking conductivity

measurements.

19.17 Discuss how a conductometric titration could be

used to find the end point of the reaction between a

weak acid HxA (0.010mol dm�3) and NaOH

(0.10mol dm�3). How do the data allow you to

determine x?

CHEMISTRY IN DAILY USE

19.18 Imagine that you are teaching someone about ions

in solution. As a model, you use Figure 19.8 to

represent a weak electrolyte.

(a) What do each of the nuts and bolts shown in

Figure 19.8 represent?

(b) Why is Figure 19.8 suitable as a model for a

weak electrolyte?

(c) Using the concept of ‘nuts and bolts’, sketch

figures to represent a strong electrolyte and a

non-electrolyte.

[Based on an idea introduced by J. J. Fortman

(1994) J. Chem. Educ., vol. 71, p. 27.]

19.19 The National Alcohol Program in Brazil is

responsible for overseeing the use of biomass for

commercial energy production. The aim of the

program is to substitute oil-based fuels by hydrated

ethanol as an automobile fuel. One problem is the

corrosion of fuel tanks and engine parts by acetic

acid present in the ethanol. The maximum acetic

acid content allowed under current regulations in

Brazil is 30mgper dm3 of hydrated ethanol fuel.

One method that can be used for analysis of the

fuel is conductometric titration. In a sample

analysis, aqueous sodium hydroxide

(0.010mol dm�3) was titrated against 100.0 cm3 of

hydrated ethanol fuel, and the following data were

obtained:

Volume NaOH/cm
3

Conductivity/mS cm
�1

0.00 0.0

0.50 1.4

1.00 3.2

1.50 4.7

2.00 6.1

2.50 7.7

3.00 9.2

3.50 11.2

4.00 13.5

4.50 16.0

5.00 18.6

5.50 21.3

6.00 24.0

Use these data to estimate the mass of acetic acid

per dm3 of hydrated ethanol fuel in the sample

analysed.

[Data: H. de Magalhaes Avelar et al. (2007) Fuel,

vol. 86, p. 299.]

19.20 Most metal sulfates are soluble, common

exceptions being BaSO4 and CaSO4. The

quantitative analysis of sulfate ion in drinking

water can be carried out by using conductometric

titration. In a typical analysis, samples are

pretreated as shown in the scheme in Figure 19.9.

Ethanol is added to the sample (to decrease the

solubility of metal sulfate salts), and aqueous

barium acetate, Ba(O2CCH3)2, (2.50 �
10�3 mol dm�3) is then titrated against a known

volume of water sample.

[Data: Ksp values: BaSO4, 1.07 � 10�10; CaSO4,

7.01� 10�5; BaCO3, 2.58 � 10�9]

(a) Write an equation to show the reaction

occurring during the conductometric titration.Fig. 19.8 Nuts and bolts: for problem 19.18.
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(b) Sketch a graph of conductivity (or

conductance) against volume of aqueous barium

acetate, and explain how you would determine the

concentration of sulfate ion in the water sample

using the data from the graph.

(c) Explain why the ion-exchange pretreatment

stage shown in Figure 19.9 is necessary.

Why are the [HCO3]
� ions present in the

water not simply included among the general

Xm� anions?

(d) The values of �1 for acetate, chloride and

bromide ions are 0.409 � 10�2, 0.763 � 10�2 and
0.781 � 10�2 Sm2 mol�1, respectively. Suggest a
reason why Ba(O2CCH3)2 is chosen in preference

to BaCl2 or BaBr2, both of which are soluble in

water.

Fig. 19.9 A scheme illustrating
the pretreatment of drinking
water samples before
conductometric analysis for
sulfate ion. [Based on a scheme
in: E. Kirowa-Eisner et al. (1999)
Microchemical Journal, vol. 61,
p. 40.]
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20
Periodicity

20.1 Introduction

In 1869 and 1870, Dmitri Mendeléev and Lothar Meyer stated that the

‘properties of elements can be represented as periodic functions of their

atomic weights’. This laid the foundation of the periodic table, but since

the end of the 19th century, many new elements have been discovered and

the form of the periodic table has been significantly modified. As we

discussed in Section 1.10, the modern periodic table places elements in the

s-, p-, d- and f-blocks and in groups 1–18. What is now known as periodicity

is a consequence of the variation in ground state electronic configurations,

and many physical and chemical properties follow periodic trends.

This short chapter presents a summary of trends in important physical

properties of the elements, and sets the scene for the descriptive inorganic

chemistry that follows in Chapters 21–23. In addition to ground state

electronic configurations, properties such as melting and boiling points, ioni-

zation energies, electron affinities, electronegativities (see Section 5.7), and

atom and ion sizes influence much of the chemistry that we discuss later.§

First, we recap on the metallic, non-metallic or semi-metallic characters of

the elements. In Section 9.11, we looked at the structures of metallic elements

and described the so-called ‘diagonal line’ that separates metals from non-

metals in the periodic table (see Figure 9.27). The distinction between metals

and non-metals is not clear-cut, and elements close to the line may exhibit

properties characteristic of both metals and non-metals. Such elements are

classed as semi-metals. Figure 20.1 shows the periodic table, colour coded

to distinguish metals, non-metals and semi-metals. Elements in the s-block,

Topics

Electronic

configurations

Melting and boiling

points

Enthalpies of

atomization

First ionization energies

Electron affinities

Metallic radii

Covalent radii

Ionic radii

Trends in chemical

properties

§ For more detailed discussions of trends within the periodic table, see: D. M. P. Mingos (1998)
Essential Trends in Inorganic Chemistry, Oxford University Press, Oxford.



 

d-block and f-block have metallic character. Elements at the far right of the

p-block (groups 17 and 18) are non-metallic. Elements in groups 13–16 may

be metallic, non-metallic or semi-metallic; metallic character predominates

among the elements in group 13, while non-metallic character is typical of

most elements in group 16 (Figure 20.1).

20.2 Ground state electronic configurations

We introduced ground state electronic configurations in Section 3.19, and

focused on the first 20 elements (Table 3.4). Now we extend the discussion,

and Table 20.1 lists the ground state electronic configurations for elements

from Z ¼ 1 to 103. These configurations are derived from experimental data,

usually from studies of atomic spectra. If we take Table 20.1 in combination

with the periodic table (Figure 20.1), then periodic patterns are clear and

these influence, for example, values of the first ionization energies discussed

in Section 20.4.

Elements in the periodic table are grouped according to the number of

valence electrons that they possess. Elements in the same group typically

possess related outer electronic configurations. For example, Li, Na, K,

Rb, Cs and Fr are in group 1 and have an ns1 configuration (one valence

electron). N, P, As, Sb and Bi are in group 15 and possess an ns2np3 ground

state outer configuration (five valence electrons). F, Cl, Br, I and At lie in

group 17 and have an ns2np5 ground state configuration (seven valence

Blocks of elements in
the periodic table:

see Section 1.10

"

Fig. 20.1 The classification of elements in the periodic table as metals (purple), non-metals (green) and semi-metals (blue).
The semi-metals lie along the so-called ‘diagonal line’.
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Table 20.1 Ground state electronic configurations of the elements up to Z ¼ 103.

Atomic Element Ground state

number electronic configuration

Atomic Element Ground state

number electronic configuration

1 H 1s1

2 He 1s2 ¼ [He]

3 Li [He]2s1

4 Be [He]2s2

5 B [He]2s22p1

6 C [He]2s22p2

7 N [He]2s22p3

8 O [He]2s22p4

9 F [He]2s22p5

10 Ne [He]2s22p6 ¼ [Ne]

11 Na [Ne]3s1

12 Mg [Ne]3s2

13 Al [Ne]3s23p1

14 Si [Ne]3s23p2

15 P [Ne]3s23p3

16 S [Ne]3s23p4

17 Cl [Ne]3s23p5

18 Ar [Ne]3s23p6 ¼ [Ar]

19 K [Ar]4s1

20 Ca [Ar]4s2

21 Sc [Ar]4s23d 1

22 Ti [Ar]4s23d 2

23 V [Ar]4s23d 3

24 Cr [Ar]4s13d 5

25 Mn [Ar]4s23d 5

26 Fe [Ar]4s23d 6

27 Co [Ar]4s23d 7

28 Ni [Ar]4s23d 8

29 Cu [Ar]4s13d 10

30 Zn [Ar]4s23d 10

31 Ga [Ar]4s23d 104p1

32 Ge [Ar]4s23d 104p2

33 As [Ar]4s23d 104p3

34 Se [Ar]4s23d 104p4

35 Br [Ar]4s23d 104p5

36 Kr [Ar]4s23d 104p6 ¼ [Kr]

37 Rb [Kr]5s1

38 Sr [Kr]5s2

39 Y [Kr]5s24d 1

40 Zr [Kr]5s24d 2

41 Nb [Kr]5s14d 4

42 Mo [Kr]5s14d 5

43 Tc [Kr]5s24d 5

44 Ru [Kr]5s14d 7

45 Rh [Kr]5s14d 8

46 Pd [Kr]5s04d 10

47 Ag [Kr]5s14d 10

48 Cd [Kr]5s24d 10

49 In [Kr]5s24d 105p1

50 Sn [Kr]5s24d 105p2

51 Sb [Kr]5s24d 105p3

52 Te [Kr]5s24d 105p4

53 I [Kr]5s24d 105p5

54 Xe [Kr]5s24d 105p6 ¼ [Xe]

55 Cs [Xe]6s1

56 Ba [Xe]6s2

57 La [Xe]6s25d 1

58 Ce [Xe]4f 16s25d 1

59 Pr [Xe]4f 36s2

60 Nd [Xe]4f 46s2

61 Pm [Xe]4f 56s2

62 Sm [Xe]4f 66s2

63 Eu [Xe]4f 76s2

64 Gd [Xe]4f 76s25d 1

65 Tb [Xe]4f 96s2

66 Dy [Xe]4f 106s2

67 Ho [Xe]4f 116s2

68 Er [Xe]4f 126s2

69 Tm [Xe]4f 136s2

70 Yb [Xe]4f 146s2

71 Lu [Xe]4f 146s25d 1

72 Hf [Xe]4f 146s25d 2

73 Ta [Xe]4f 146s25d 3

74 W [Xe]4f 146s25d 4

75 Re [Xe]4f 146s25d 5

76 Os [Xe]4f 146s25d 6

77 Ir [Xe]4f 146s25d 7

78 Pt [Xe]4f 146s15d 9

79 Au [Xe]4f 146s15d 10

80 Hg [Xe]4f 146s25d 10

81 Tl [Xe]4f 146s25d 106p1

82 Pb [Xe]4f 146s25d 106p2

83 Bi [Xe]4f 146s25d 106p3

84 Po [Xe]4f 146s25d 106p4

85 At [Xe]4f 146s25d 106p5

86 Rn [Xe]4f 146s25d 106p6 ¼ ½Rn�
87 Fr [Rn]7s1

88 Ra [Rn]7s2

89 Ac [Rn]6d 17s2

90 Th [Rn]6d 27s2

91 Pa [Rn]5f 27s26d 1

92 U [Rn]5f 37s26d 1

93 Np [Rn]5f 47s26d 1

94 Pu [Rn]5f 67s2

95 Am [Rn]5f 77s2

96 Cm [Rn]5f 77s26d 1

97 Bk [Rn]5f 97s2

98 Cf [Rn]5f 107s2

99 Es [Rn]5f 117s2

100 Fm [Rn]5f 127s2

101 Md [Rn]5f 137s2

102 No [Rn]5f 147s2

103 Lr [Rn]5f 147s26d 1



 

electrons). These relationships work well for the s- and p-block elements.

A general pattern for d-block elements is that the three metals in a particular

group (a triad) possess the same number of valence electrons. Thus, Cr, Mo

and W in group 6 have six valence electrons, Fe, Ru and Os in group 8

possess eight valence electrons, and Ni, Pd and Pt in group 10 have 10 valence

electrons. However, details of the ground state electronic configurations

(Table 20.1) do not necessarily follow consistent patterns. For example,

group 5 consists of V, Nb and Ta and each element has five valence electrons,

but the outer electronic configurations of V, Nb and Ta are 4s23d3; 5s14d4

and 6s25d3 respectively. Such irregularities arise because the ordering of

orbital energy levels that we discussed in Section 3.19 is only approximate.

The energies of different atomic orbitals are close together for high values

of the principal quantum number. We shall not be concerned in this book

with detailed discussion of the f-block elements,§ although their ground state

electronic configurations are included in Table 20.1 for completeness. An nf

level is fully occupied when it contains 14 electrons.

As we shall see in Chapters 21 and 22, chemical properties of the s- and

p-block elements in a particular group have certain similarities (although there

are differences too as the group is descended) and the relationships between

electronic configurations and group number are crucial to these observations.

20.3 Melting and boiling points, and enthalpies of atomization

Melting and boiling points

Figure 20.2 shows the variation of melting and boiling points of the elements

with atomic number 1–95; elements can be identified with reference to

Figure 20.1 and the periodic table facing the inside front cover of the book.

Data for two elements are missing: it is not possible to solidify helium under

any conditions of pressure and temperature and no melting point is therefore

recorded, and arsenic (Z ¼ 33) sublimes at 889K. Some points to note from

Figure 20.2 are:

. the extremely low values of melting and boiling points of hydrogen;

. the very low melting and boiling points of the group 18 elements (the

noble gases);
. the relatively short liquid ranges of H, He, N, O, F, Ne, Cl, Ar, Kr, Xe and

Rn, i.e. the elements that are gases at 298K;
. the extremely high melting and boiling points of carbon;
. the sharp drop in boiling point after each group 14 element, C, Si, Ge, Sn;
. the similar trends across the three rows of d-block elements, Z ¼ 21–30,

39–48 and 72–80, and the low melting points of the last (group 12) metal

of each row of the d-block;
. the roughly repeating patterns of the melting and boiling points of the

s-, p- and d-block elements, and the insertion of the first row of the f-block

metals (Z ¼ 57–71) at the beginning of the third row of the d-block;
. the high melting points of metals in the middle of the third row of the

d-block metals;
. the rather similar melting points of the first row f-block metals.

Sublimation: see Section 1.6

"

§ For an introduction to the f-block, see: C. E. Housecroft and A. G. Sharpe (2008) Inorganic
Chemistry, 3rd edn, Prentice Hall, Harlow, Chapter 25.
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Critical inspection of Figure 20.2 reveals a clear periodic pattern in both

melting and boiling points.

Standard enthalpies of atomization

Values of the standard enthalpies of atomization, �aH
o, of the elements are

listed in Appendix 10, and the variation in values is illustrated in Figure 20.3.

No values are listed for the noble gases because they are monatomic in the

standard state. Values of �aH
o refer to reaction 20.1 where En refers to

the element in the standard state and E(g) to gaseous atoms.

1

n
En(standard state)��" E(g) ð20:1Þ

Inspection of Figure 20.3 in conjunction with Figure 20.1 reveals the

following points:

. the group 1 elements (alkali metals) and group 17 elements (halogens)

have the lowest values of �aH
o, and the group 12 metals (Zn, Cd and

Hg) are also readily atomized;

. across the first two rows of s- and p-block elements (Li to F, Na to Cl),

values of �aH
o peak at group 14 (C and Si);

. the third and fourth rows (K to Br, Rb to I) include d-block metals, and

across each row of d-block metals, the trend is for the highest values of

�aH
o to be associated with the middle elements (Mn is an exception);

Standard enthalpy of
atomization: see Section 4.6

Structure of Mn:
see Section 9.11

"

"

Fig. 20.2 Trends in melting and boiling points of the elements as a function of atomic number. For Z > 95, data available are
sparse.
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. the row of elements from Cs to At runs through the s-, f-, d- and p-blocks,

although values for the lanthanoids (first row of the f-block) are omitted

because data are sparse; values of �aH
o reach a maximum in the middle

of the row of d-block metals with W having the highest atomization

enthalpy of any element in the periodic table;

. if we focus only on the s- and p-block elements, then the pattern noted for

the first two rows (Li to F, Na to Cl) is similar for the heavier elements

(K to Br, Rb to I, Cs to At).

Finally, a comparison of Figures 20.2 and 20.3 illustrates that trends in melt-

ing and boiling points are in many ways mirrored by those in values of �aH
o.

20.4 First ionization energies and electron affinities

First ionization energies, IE1

We have already discussed ionization energies in detail in Section 8.4, and

have related trends across a row of the periodic table to valence electronic

configurations. Now we give an overview of the variation in first ionization

energies, IE1, throughout the periodic table. Values of IE1 refer to process

20.2 and are plotted in Figure 20.4 as a function of atomic number.

XðgÞ ��"XþðgÞ þ e� ð20:2Þ

See end-of-chapter
problem 20.7

Values of ionization
energies: see Appendix 8

"

"

Fig. 20.3 The trend in standard enthalpies of atomization, �aH
o, of the elements (up to Z ¼ 85) as a function of atomic

number; the first row f-block elements and noble gases (see text) are omitted.
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The extremely high values for the noble gases (group 18) are immediately

apparent from Figure 20.4, and are associated with the removal of an elec-

tron from the filled quantum level. Also of note are the low values of the

alkali metals (group 1), associated with the removal of an ns1 electron.

Trends in values of IE1 down groups 1, 2, 15 and 17 were illustrated in

Figure 8.8, and the decrease in values for each of these groups is typical.

The same trends can be observed for groups 13, 14, 16 and 18 by finding

related points in Figure 20.4, e.g. B, Al, Ga, In and Tl in group 13.

A general trend across a row of the p-block (B to Ne, Al to Ar, Ga to Kr, In

to Xe, and Tl to Rn) is the steady increase in the energy needed to remove the

first electron from the steadily filling np shell. Discontinuities at the group

15 elements N, P and As have already been discussed in Section 8.4. The

general increase in values of IE1 across a row of the p-block extends to a

longer row of the periodic table (e.g. K to Kr, or Rb to Xe) and reflects an

increase in the effective nuclear charge, Zeff .

The three rows of d-block metals can be picked out easily in Figure 20.4.

There is relatively little variation in IE1 on going from Sc to Zn (Z ¼ 12–30),

Y to Cd (Z ¼ 39–48), or Hf to Hg (Z ¼ 72–80). In each row, the group 12

metal (Zn, Cd and Hg) has the highest ionization energy. Strictly, La

(Z ¼ 57) is in the third row of the d-block metals but it is often classed with

the lanthanoid metals in the first row of the f-block. Values of IE1 for La

and the 14 lanthanoid metals (Ce to Lu) are very similar to one another.

Electron affinities

We introduced electron affinities (electron attachment energies) in Section 8.5,

and discussed why it is useful to consider the enthalpy change associated with

Zeff: see Section 3.15

Electron affinities: see
Appendix 9

"

"

Fig. 20.4 The variation of values of the first ionization energy (IE1) with increasing atomic number.
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the attachment of an electron (equation 20.3) rather than the actual electron

affinity: �EAHð298KÞ ¼ �EA.
XðgÞ þ e� ��"X�ðgÞ ð20:3Þ

Figure 20.5 shows the variation in �EAH for hydrogen and the s- and p-block

elements for the first four periods. The two gaps in the figure correspond to

the first and second rows of d-block metals. The horizontal dashed line in

Figure 20.5 corresponds to �EAH ¼ 0 kJmol�1. Thus, points above the line
mean that process 20.3 is endothermic, and points below the line indicate an

exothermic electron attachment. The highly exothermic electron attachments

for the group 17 elements (F, Cl, Br, I) follow from the fact that gaining

one electron gives a filled quantum shell and is therefore favourable:

FðgÞ
½He�2s22s5

þ e� ��" F�ðgÞ
½He�2s22s6¼½Ne�

There is a clear periodic pattern that repeats across Figure 20.5: start from

any group 1 metal and follow the trend to the noble gas at the end of the

period. Interestingly, values of �EAH for the group 1 metals are negative.

Normally, one associates metals with the formation of positive ions, but

the alkali metals do form M� ions in a group of compounds called alkalides.

For example, compound 20.1 is able to shift equilibrium 20.4 to the right-

hand side by forming a complex with Naþ (Figure 20.6). As Figure 20.6

illustrates, the Na� ion (rion ¼ 230 pm) is much larger than the Naþ ion

ðrion � 102 pmÞ.

2NaÐ Naþ þNa� ð20:4Þ

The group 2 metals Ca, Sr and Ba have highly positive values of �EAH,

and the lighter group 2 metals (Be and Mg) have small positive values. This

(20.1)

Ligands and complexes: see
Section 23.3

"

Fig. 20.5 Trends in values of the changes in enthalpy associated with the attachment of the first electron to a gaseous atom
(equation 20.3). Only theoretical values are available for the noble gases.

684 CHAPTER 20 . Periodicity



 
is as expected for the addition of an electron to an atom with a ground state

ns2 outer electronic configuration. However, one has to be careful about

necessarily interpreting positive values of �EAH as being indicative of a

thermodynamically unfavourable process. Apart from the fact that �G,

and not �H, is the true guide to spontaneity, the attachment of an electron

in a chemical reaction is not an isolated event. The formation of gaseous O2�

from gaseous, atomic O is highly endothermic (see equation 8.14) but in the

formation of a metal oxide such as MgO (containing Mg2þ and O2� ions),

other factors contribute to the overall process, making the formation of

MgO from its constituent elements highly exothermic.

20.5 Metallic, covalent and ionic radii

Metallic radii

Figure 20.1 showed that the majority of elements are metals. The size of a

metal atom is characterized by its metallic radius, rmetal, and values are

plotted in Figure 20.7 as a function of atomic number up to Z ¼ 83. Several

trends emerge from Figure 20.7:

. on descending a group of the s- or p-blocks, values of rmetal increase; for

the p-block elements, series of elements are incomplete because of the

non-metal–metal divide (see Figure 20.1);

. across a row, later elements are non-metallic and, in the case of the first

two rows, trends can only be based on two or three metals. Nonetheless,

the trend of decreasing atomic size observed on going from Li to Be, can

be regarded more generally because it is repeated in the later rows;

. crossing each row of d-block metals is accompanied by a small variation

in rmetal, with the largest radii being associated with the earliest and latest

metals; Mn is an exception, and this may be traced to its unique structure

(see Section 9.11);

. metallic radii for the first row d-block metals are smaller than for second

and third row metals in the same group, but second and third row metals

in the same group have similar values of rmetal;

. the lanthanoid metals, with the exceptions of Eu and Yb, are almost of

constant atomic size.

�G and �H: see Chapter 17

Covalent, metallic and ionic
radii: see Sections 4.3, 9.12

and 8.14 respectively

"

"

Fig. 20.6 The structure
(determined by X-ray

diffraction) of [Na(crypt-
[222])]þNa�. The ligand ‘crypt-
[222]’ is a cryptand (see structure
20.1) that encapsulates the Naþ

ion [F. J. Tehan et al. (1974)
J. Am. Chem. Soc., vol. 96,
p. 7203]. Colour code: Na,
purple; C, grey; N, blue; O, red.
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Covalent radii

The gaps in Figure 20.7 correspond to the non-metallic and semi-metallic

elements in the p-block (see Figure 20.1). For a comparison of their atomic

sizes, we consider values of covalent radii, rcov, trends in which are presented

in Figure 20.8. The covalent radius of H is significantly smaller than that of

any other element. Across each row of the p-block elements (B to F, Si to Cl,

Ge to Br, Sb to I) there is a general decrease in atomic size, consistent

with an increase in Zeff . Radii tend to increase down a group, e.g. rcov for

I > Br > Cl > F.

Fig. 20.7 The variation in values of metallic radii with increasing atomic number. Gaps in the plot coincide with the positions of
non-metals or semi-metals.

Fig. 20.8 The variation in values of covalent radii with increasing atomic number for non-metallic or semi-metallic elements.
Gaps in the plot coincide with the positions of metals.
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Ionic radii

Meaningful comparisons of the sizes of ions must be made between ions of

the same charge, and so an assessment of trends throughout the periodic

table is not possible. Some metals such as Fe exhibit more than one cation

(Fe2þ and Fe3þ), and to complicate matters, the electronic configuration of

a given d-block ion may be affected by its coordination environment giving

so-called high-spin and low-spin ions with different ionic radii. Values of

rion are listed in Appendix 6. Some important trends that emerge are:

. rion for group 1 Mþ ions increases down the group (see Figure 8.22);

. rion for group 2 M2þ ions increases down the group;

. rion for group 17 X� ions increases down the group (see Figure 8.23);

. rion for group 16 X2� ions increases down the group (see Figure 8.23);

. increasing the charge on a cation leads to a reduction in rion (other factors

being constant).

20.6 Periodicity in groups 1 and 18

So far in this chapter, we have considered periodicity by looking at variations

in given physical properties. Now we take a closer look at the elements

in groups 1 and 18, and illustrate how the related valence electronic

configurations of elements within a group influence physical and chemical

properties.

Group 18: the noble gases

In Section 3.21, we introduced the noble gases as a group of elements

possessing fully occupied atomic orbitals in their outer quantum level.

Helium is the odd one out with a 1s2 configuration. Each of the heavier noble

gases has an ns2np6 ground state electronic configuration and obeys the octet

rule. The physical and chemical properties of the noble gases reflect the fact

that they are stable entities. All are stable, monatomic gases at 298K. Their

melting points are exceptionally low (Table 3.6) and the temperature ranges

over which the group 18 elements are liquids are very small (Table 3.6 and

Figure 20.2). The first ionization energy of each noble gas is extremely high

(Figure 20.4), precluding the easy formation of a positive ion. However, for

Xe, and to a lesser extent for Kr, the presence of the completed octet does not

result in a total lack of chemical reactivity. Some reactions involving Xe are

given in equations 20.5–20.7. Notice that Xe forms compounds in which it

exhibits different oxidation states. Reasons for the ability of Xe and Kr to

undergo such reactions are discussed in Section 22.13.

Xeþ F2 ��"XeF2 ð20:5Þ

3XeF4 þ 6H2O��"XeO3 þ 2Xeþ 3
2
O2 þ 12HF ð20:6Þ

XeF6 þH2O��"XeOF4 þ 2HF ð20:7Þ

Group 1: the alkali metals

The metals in group 1 are characterized by having an ns1 ground state

valence electronic configuration. Selected physical and chemical data are

High- and low-spin:
see Section 23.11

More about the noble gases
in Section 22.13

"

"
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listed in Table 20.2. All the alkali metals are solid at 298K, but their melting

points are relatively low, indicating that the interatomic forces in the solid

state are overcome quite easily. In some countries, caesium is a liquid at

ambient temperatures! The ranges of temperature over which the alkali

metals remain in the liquid state are much greater than those of the noble

gases (Tables 20.2 and 3.6 and Figure 20.2). The values of the first ionization

energies of the group 1 elements are low relative to elements in other

groups (Figure 20.4), and indicate that ionization occurs easily. However,

in a chemical reaction involving the metal at 298K, formation of the ion

formally requires input of energy to atomize the metal and then to ionize

the gaseous atoms (scheme 20.8).

MðsÞ �����"
�aH

o

MðgÞ ���"
IE1

MþðgÞ þ e� ð20:8Þ

Table 20.2 and Figure 20.3 show that the group 1 metals possess low values

of �aH
o(298K), and therefore the energetics of the steps in scheme 20.8 are

(relative to other elements) quite favourable. The formation of Mþ ions is

observed throughout the chemistry of the alkali metals, as exemplified in

reactions 20.9–20.12.

2Naþ Cl2 ��" 2NaCl ð20:9Þ

2Kþ 2H2O��" 2KOHþH2 ð20:10Þ

4NaþO2 ��" 2Na2O ð20:11Þ

Li2CO3 ����"
heat

Li2Oþ CO2 ð20:12Þ

Table 20.2 Physical and chemical data for the group 1 elements (alkali metals).

Element Symbol Melting

point / K

Boiling

point / K

Ground state

electronic

configuration

First ionization

energy / kJmol
�1

�aH
o
/

kJmol
�1

Ion

formed

Formula

of

chloride

Lithium Li 453.5 1615 [He]2s1 520.2 161 Liþ LiCl

Sodium Na 371 1154 [Ne]3s1 495.8 108 Naþ NaCl

Potassium K 336 1032 [Ar]4s1 418.8 90 Kþ KCl

Rubidium Rb 312 961 [Kr]5s1 403.0 82 Rbþ RbCl

Caesiuma Cs 301.5 978 [Xe]6s1 375.7 78 Csþ CsCl

a In the US and American-speaking countries, Cs is cesium.
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SUMMARY

In this chapter, we have looked at periodic trends in a number of physical properties of the elements, and
have also overviewed trends within two groups of elements: the noble gases and the alkali metals. Appli-
cation of periodic trends to the detailed chemistry of the elements follows in Chapters 21–23.

You should be able:

. to discuss the relationship between the ground
state electronic configuration of an element
and its position in the periodic table

. to discuss trends in melting and boiling points
and �aHo within the periodic table

. to discuss variations in the values of the first
ionization energies across rows and down
groups in the periodic table

. to illustrate how values of �EAH for elements in
the s- and p-blocks vary, and the consequences
of this variation on monoanion formation

. to discuss trends in metallic and covalent radii
within the periodic table

. to illustrate variations in the values of rion down
groups in the periodic table, and explain why
discussions of more general trends are less
meaningful

. to give summaries of trends in physical and
chemical properties for elements in groups 1
and 18

PROBLEMS

20.1 Identify the groups of the periodic table to which

the elements with the following general ground

state electronic configurations belong:

(a) ns2np4

(b) ns1

(c) ns2np6

(d) ns2

(e) ns2ðn� 1Þd10

(f ) ns2np1

20.2 An element, X, has the ground state electronic

configuration 1s22s22p63s23p64s23d5.

(a) How many valence electrons does X possess?

(b) What is the atomic number of X?

(c) To which block of elements does X belong?

(d) To which group does X belong?

(e) Is X a metal, semi-metal or non-metal?

(f ) Write out the ground state electronic

configuration of the element after X in the periodic

table.

20.3 An element, Z, has the ground state electronic

configuration 1s22s22p63s23p4.

(a) How many valence electrons does Z

possess?

(b) To which block of elements does Z belong?

(c) To which group does Z belong?

(d) Does Z readily form a cation or anion? If so,

suggest its formula.

(e) Is Z a metal, semi-metal or non-metal?

(f ) Write out the ground state electronic

configuration of the element above Z in the periodic

table.

20.4 An element, E, has an outer ground state electronic

configuration of ns2np2.

(a) How many valence electrons does E

possess?

(b) How many unpaired electrons does E possess in

the ground state?

(c) To which block of elements does E belong?

(d) To which group does E belong?

(e) Is E likely to be a metal, semi-metal or

non-metal?

(f ) What will be the likely formula of the

compound that E forms with hydrogen?

(g) Write out the outer ground state electronic

configuration of an element three places to

the right of E in the periodic table.

20.5 In terms of electronic configurations, why is He

unique among the group 18 elements?

20.6 Refer to Figure 20.2. Suggest reasons why:

(a) the group 1 metals have relatively low melting

points;

(b) Ne, Ar, Kr and Xe possess extremely low

melting and boiling points;

(c) there is a dramatic fall in melting and boiling

points on going from B and C to N, O and F.
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20.7 Although the trends in melting points in

Figure 20.2 roughly parallel those in values of

�aH
o(298K) in Figure 20.3, the processes to which

these physical quantities refer are different.

Comment on this statement.

20.8 Write equations to define the processes to which

�aH
o(298K) refers for each of the following

elements: (a) F; (b) Rb; (c) Br; (d) V; (e) Si.

20.9 Values of the first five ionization energies of an

element, A, are 737.7, 1451, 7733, 10 540 and

13 630 kJmol�1. Suggest (a) to which group A

belongs, and (b) whether A is a metal or non-metal.

20.10 Give explanations for the trends in values of IE1

(Figure 20.4) on going from (a) Xe to Cs, (b) Zn to

Ga, (c) H to He, (d) B to N, (e) Na to Al, and (f ) P

to K.

20.11 Suggest reasons why (a) Li, Na, K, Rb and Cs

appear at the lowest points in Figure 20.4, and

(b) He has the highest first ionization energy of any

element.

20.12 Refer to Figure 20.5. If �EAH refers to the

attachment of one electron to a gaseous atom,

suggest reasons why:

(a) F, Cl, Br and I have the most negative values of

�EAH;

(b) C, Si, Ge and Sn have significantly negative

values of �EAH;

(c) the formation of Ca� is highly endothermic;

(d) an endothermic electron attachment is not

necessarily an indication of unfavourable ion

formation.

20.13 Rationalize why the metallic radii of the group 1

and 2 metals increase down each group.

20.14 Give explanations for the trends in values of rmetal

(Figure 20.7) on going from: (a) K to Sc; (b) In to

Sn; (c) Al to K.

20.15 (a) Atoms of Li, Mg and Sc are essentially the

same size. What is their relationship in the periodic

table?

(b) Atoms of Fe, Co, Ni and Cu have similar

metallic radii. How are these metals related in the

periodic table?

(c) Values of rmetal for Ru, Os, Rh and Ir are

virtually identical. Find the positions of these

elements in Figure 20.7 and comment on their

periodic relationships.

20.16 How will the atomic or ionic radius change on

going from (a) Cr to Cr3þ, (b) Cl to Cl�,
(c) Cs to Csþ, (d) Naþ to Na�, and (e) Fe3þ

to Fe2þ?

20.17 How do you expect the van der Waals radii of the

group 18 elements to vary down the group?

Rationalize your answer.

20.18 Use data in Table 5.2 to discuss periodic trends in

Pauling electronegativity values.

ADDITIONAL PROBLEMS

20.19 Less is known about francium, Fr, than the other

alkali metals. Use data in this chapter to say what

you can about the expected properties of Fr.

20.20 Suggest why �EAH is more negative for Cl than

for F, but less negative for Br than for Cl (see

Figure 20.5).

20.21 Comment on the following values of rion for

vanadium:

Oxidation state Coordination number rion / pm

þ2 6 79

þ3 6 64

þ4 6 58

þ4 5 53

þ5 6 54

þ5 5 46

20.22 Why can metallic radii not be directly compared

with covalent radii (Figures 20.7 and 20.8)?

CHEMISTRY IN DAILY USE

Using your knowledge of the periodic table and periodic

trends, comment on each of the following statements.

20.23 A major application of elemental silicon is in the

electronics industry.

20.24 Liquid helium is essential for the operation of a

superconducting magnet in a highfield NMR

spectrometer.

20.25 Tungsten is used in preference to copper to make

filaments in electrical light bulbs even though the

electrical resistivity of tungsten is greater than that

of copper.

20.26 Argon is routinely used in laboratory inert

atmosphere (‘dry’ or ‘glove’) boxes for handling

air-sensitive compounds.

20.27 Although airships and balloons used to be filled

with dihydrogen, the gas of choice nowadays is

helium.

20.28 In the Downs process to manufacture sodium,

molten NaCl is electrolysed. It is essential that

the products of the electrolysis do not come into

contact.
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21
Hydrogen and the
s-block elements

1 2 13 14 15 16 17 18

H He

Li Be B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca

d-block

Ga Ge As Se Br Kr

Rb Sr In Sn Sb Te I Xe

Cs Ba Tl Pb Bi Po At Rn

Fr Ra

21.1 Introduction

Earlier, we discussed periodicity and arranged the elements into families or

groups in the periodic table in which properties are related to the ground

state atomic electronic configurations. In Chapters 21 and 22 we look at

the chemistries of hydrogen and the s- and p-block elements,§ and in addition

Topics

Hydrogen

Hydrides of the

elements

Hydrogen bonding

Group 1 (alkali) metals

Group 2 (alkaline earth)

metals

Diagonal relationships

§ For more detailed coverage see: N. N. Greenwood and A. Earnshaw (1997) Chemistry of the
Elements, 2nd edn, Butterworth-Heinemann, Oxford; C. E. Housecroft and A. G. Sharpe
(2008) Inorganic Chemistry, 3rd edn, Prentice Hall, Harlow.



 

to describing physical and chemical properties we relate some of the trends in

properties.

The title of this chapter ‘Hydrogen and the s-block elements’ emphasizes

the fact that, although hydrogen has a ground state electronic configuration

of 1s1, it is not an alkali metal. Some versions of the periodic table place

hydrogen at the head of group 1, while others do not associate it with any

particular group.

21.2 The element hydrogen

Hydrogen is the most abundant element in the universe, and the third most

abundant on Earth (after oxygen and silicon). On Earth, it occurs mainly

in the form of water or combined with carbon in organic molecules –

hydrocarbons, plant and animal material. Dihydrogen is not a major consti-

tuent of the Earth’s atmosphere (Figure 21.1), occurring to an extent of less

than one part per million by volume. Light gases such as H2 and He are

readily lost from the atmosphere.

ENVIRONMENT

Box 21.1 Inside Jupiter and Saturn

The cores of Saturn and Jupiter are probably composed

of metallic hydrogen although, until recently, the

metallic state of this element had not been observed

on the Earth. Early in 1996, researchers from the

Livermore Laboratory in the USA reported that they

had subjected a thin layer of liquid H2 to tremendous

pressure and observed changes in conductivity that

were consistent with the formation of metallic hydro-

gen. Now that more is known about the conditions

needed for the liquid–solid phase transition, it should

be possible to gain a better picture of the composition

of the cores of Saturn and Jupiter.

Computer-enhanced Voyager 2 photograph of Saturn.

Fig. 21.1 The principal
components (by percentage
volume) of Earth’s atmosphere.
Note that H2 is not among these
constituents.
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Isotopes of hydrogen

Hydrogen possesses three isotopes but 1H is by far the most abundant

(99.984%). Although the natural abundance of deuterium, 2H or D, is only

0.0156%, deuterium-labelled compounds are important, e.g. as solvents in

NMR spectroscopy. Of particular significance is their use in following what

happens to hydrogen atoms in reactions.

We have seen that the stretching frequency and vibrational wavenumber of

an IR spectroscopic absorption are related to the reduced mass of the system

(equations 12.7 and 12.9). Exchanging the hydrogen atom in an X�H bond

for a deuterium atom alters the reduced mass and shifts the position of

the absorption in the IR spectrum. Consider a C�H bond. The vibrational

wavenumber is inversely proportional to the square root of the reduced mass

(equation 21.1), and we can write a similar equation for a C�D bond.

Combining the two expressions gives equation 21.2.

��C�H /
1ffiffiffiffiffiffiffiffiffiffiffi
�C�H
p ð21:1Þ

��C�D
��C�H

¼
ffiffiffiffiffiffiffiffiffiffiffi
�C�H
�C�D

r
ð21:2Þ

The relative atomic masses of C, H and D are 12.01, 1.01 and 2.01 respec-

tively. The reduced mass of a C�H bond is calculated in equation 21.3

and similarly we find that �C�D is 2:86� 10�27 kg.

1

�C�H
¼ 1

m1

þ 1

m2

¼ 1

ð12:01� 1:66� 10�27 kgÞ
þ 1

ð1:01� 1:66� 10�27 kgÞ

¼ 6:47� 1026 kg�1

�C�H ¼
1

6:47� 1026 kg�1
¼ 1:55� 10�27 kg ð21:3Þ

An absorption at 3000 cm�1 due to a C�H vibration will shift to 2209 cm�1

(equation 21.4) upon exchanging the hydrogen for a deuterium atom. (This

assumes that the force constants of C�H and C�D bonds are the same.)

��C�D ¼ ��C�H �
ffiffiffiffiffiffiffiffiffiffiffi
�C�H
�C�D

r
¼ ð3000 cm�1Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1:55� 10�27 kgÞ
ð2:86� 10�27 kgÞ

s

¼ 2209 cm�1 ð21:4Þ

This aids the assignment of bands in the IR spectra of organic compounds. For

example, N�H, O�H and C�H bonds all absorb around 3000–3500 cm�1. If
the organic compound is shaken with D2O, usually only the OH and NH

groups undergo a deuterium exchange reaction (equation 21.5).

R�XHþD2OÐ R�XDþHOD ð21:5Þ

By seeing which IR spectroscopic bands shift (and by how much) and which

remain unchanged, it is possible to separate N�H, O�H and C�H absorp-

tions (see end-of-chapter problem 21.1).

Deuterium labelling may also be used to probe the mechanism of a

reaction. Consider the C�H bond again. Let us assume that in the rate-

determining step of a reaction a particular C�H bond is broken. If this is

the case, then labelling the compound with deuterium at that site will result

in cleavage of a C�D rather than a C�H bond. The bond dissociation

enthalpy of a C�D bond is higher than that of a C�H bond because the zero

point energy is lowered when the reduced mass of a bond is increased

Isotopes: see Section 1.7

Force constant:
see Section 12.2

Zero point energy: see
Sections 4.5 and 12.2

"

"

"
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½�ðC�DÞ > �ðC�HÞ�, as is shown in Figure 21.2. The fact that it requires

more energy to break the C�D than the C�H bond should cause the rate-

determining step to proceed more slowly. This is called a kinetic isotope effect

and is quantified by comparing the rate constants (kH and kD) for the reac-

tions that involve the non-deuterated and deuterated compounds. A value of

the ratio kH=kD greater than 1 corresponds to the observation of a kinetic

isotope effect.

Physical properties of H2

Dihydrogen is a colourless and odourless gas (mp ¼ 13:7K, bp ¼ 21:1K), of

particularly low density (0.09 g dm�3) which is almost insoluble in water.

Dihydrogen is quite unreactive at 298K largely because of the high H�H
bond dissociation enthalpy (436 kJmol�1) and many reactions of H2 require

high temperatures, high pressures or catalysts as we describe for the addition

of H2 to ethene in Section 26.4.
Each H nucleus in an H2 molecule could have a nuclear spin of þ 1

2
or � 1

2
.

The forms of H2 with the spin combinations ðþ 1
2
;þ 1

2
Þ [or ð� 1

2
;� 1

2
Þ] and

ðþ 1
2
;� 1

2
Þ are known as ortho- and para-dihydrogen respectively.

Sources of H2

Industrially, H2 is prepared by the reaction of carbon or a hydrocarbon

(e.g. CH4) with steam followed by the reaction of the carbon monoxide

so-formed with more water vapour (equation 21.6). The mixture of CO

and H2 produced in the first reaction is called synthesis gas and the sequence

of reactions is called the water–gas shift reaction.

CH4ðgÞ þH2OðgÞ ����������������"
1200K; nickel catalyst

COðgÞ þ 3H2ðgÞ

COðgÞ þH2OðgÞ �������������������"
700K; iron oxide catalyst

CO2ðgÞ þH2ðgÞ

9>=
>; ð21:6Þ

On a laboratory scale, H2 can be formed by reactions between acids and

electropositive metals. The success of a particular reaction depends upon

The electrochemical series is
quantified in Chapter 18

"

Fig. 21.2 The zero point energy
(the lowest vibrational state) of
a C�D bond is lower than that
of a C�H bond and this results
in the bond dissociation enthalpy
of the C�D bond being greater
than that of the C�H bond.
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both the thermodynamics and kinetics of the process. The electrochemical

series can be used qualitatively to predict whether the metal should be

oxidized by Hþ ions. Table 21.1 lists some reduction half-reactions. At the

top of the table, oxidation of the metal to the corresponding metal ion is

thermodynamically favourable with respect to the reduction of Hþ to H2.

Equations 21.7 and 21.8 illustrate two reactions suitable for the preparation

of H2 in the laboratory.

ð21:7Þ

ð21:8Þ
Electropositive metals

release H2 from acids.

Table 21.1 The electrochemical series: a qualitative approach to predicting reactions between Hþ and
metals, and between H2 and metal ions. See also Appendix 12.

3�������� Oxidation

Liþ þ e� Ð Li

Kþ þ e� Ð K

Ca2þ þ 2e� Ð Ca

Naþ þ e� Ð Na

Mg2þ þ 2e� ÐMg

Al3þ þ 3e� Ð Al

Mn2þ þ 2e� ÐMn

Cr2þ þ 2e� Ð Cr

Zn2þ þ 2e� Ð Zn

Cr3þ þ 3e� Ð Cr

Fe2þ þ 2e� Ð Fe

Cr3þ þ e� Ð Cr2þ

Co2þ þ 2e� Ð Co

Ni2þ þ 2e� Ð Ni

Sn2þ þ 2e� Ð Sn

Pb2þ þ 2e� Ð Pb

2Hþ þ 2e� Ð H2

Cu2þ þ 2e� Ð Cu

Cuþ þ e� Ð Cu

Fe3þ þ e� Ð Fe2þ

½Hg2�2þ þ 2e� Ð 2Hg

Agþ þ e� Ð Ag

Hg2þ þ 2e� Ð Hg

Ce4þ þ e� Ð Ce3þ

Co3þ þ e� Ð Co2þ

�������" Reduction

The effect of adding calcium (left), magnesium, zinc and copper

(right) to dilute hydrochloric acid. Copper is below hydrogen in the

electrochemical series and does not react. The relative reactivities of

calcium, magnesium and zinc (Ca>Mg> Zn) reflect their positions

in the electrochemical series.
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Some uses of H2

An important use of H2 is in the industrial fixation of dinitrogen, a process by

which N2 is removed from the atmosphere and converted into commercially

useful compounds including ammonia. The reversible reaction 21.9 is

achieved in the Haber process, and Box 21.2 illustrates the application of

Le Chatelier’s principle to this system. The Haber process is of immense

commercial importance.

3H2ðgÞ þN2ðgÞ Ð 2NH3ðgÞ ð21:9Þ

A second major use of H2 is in the manufacture of methanol (equation 21.10).

Reaction between H2 and CO takes place at high pressure (25 300 kPa), high

temperature (�600K) and in the presence of a catalyst such as Al2O3.

Methanol is industrially important as an additive in unleaded motor fuel, a

precursor to organic compounds such as methanal (HCHO) and acetic acid,

and in the synthesis of plastics and fibres.

2H2ðgÞ þ COðgÞ ��"CH3OHðgÞ ð21:10Þ

The very low density of H2 has, in the past, meant that it was used in

balloons, but the high risk of an explosive reaction with O2 means that

helium (which is approximately twice as dense as H2) is favoured nowadays.

Dihydrogen is used as a rocket fuel (see Box 21.3), but the storage of H2 is not

simple. It can be stored as a liquid but the low boiling point makes this

impractical for many purposes. In 1839, William Grove observed that when

the current was switched off in an electrolysis cell in which water was being

electrolysed to give O2 and H2 using Pt electrodes, a small current continued

to flow, but in the opposite direction to the current that had driven the elec-

trolysis cell. The observation constituted the first fuel cell in which chemical

energy produced from the reaction:

2H2 þO2 ��" 2H2O catalysed byPt

is converted into electrical energy. The combustion of H2 produces onlyH2O

and, therefore, H2 is an environmentally clean fuel. From the end of the 20th

century, the motor industry has been increasingly interested in fuel cell

development. This research is driven by environmental legislation for

pollution control. The motor industry’s current strategy is for fuel cells to

be powering millions of vehicles by 2020. Again, we come back to the

problem of hydrogen storage, something that vehicle manufacturers must

overcome if H2 is to become a viable fuel. Potential methods of storing

hydrogen include the use of some metal hydrides as ‘hydrogen storage

vessels’.

Dihydrogen is widely used as a reducing agent, and the reduction of C¼C
double bonds by H2 is the basis of the formation of saturated oils and fats for

human consumption. H2 can reduce some metal ions to lower oxidation state

ions (equation 21.11) or to the elemental state (equation 21.12), and this is

applied to the extraction of certain metals from their ores. The electrochemi-

cal series (Table 21.1) can be used to predict whether a metal ion may be

reduced by H2. At the top of the table, reduction is thermodynamically

unfavourable with respect to the oxidation of H2 to Hþ. At the bottom of

the table, reduction of the metal ion is thermodynamically favourable with

respect to the oxidation of H2 to Hþ. Thus, H2 should reduce Agþ salts to

metallic Ag, but will not reduce Mg2þ to Mg. In fact, H2 gas reduces hot

Interstitial metal hydrides:
see Section 21.4

Saturated and unsaturated
fats: see Section 35.4

"

"
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APPLICATIONS

Box 21.2 Chemical equilibria and Le Chatelier’s principle: application
to the Haber process

Fritz Haber (1868–1934).

Industrially, dinitrogen may be fixed in the following

reversible reaction:

3H2ðgÞ þN2ðgÞ Ð 2NH3ðgÞ

The forward reaction is exothermic; at 298K,

�fH
oðNH3; gÞ ¼ �45:9 kJmol�1. Unfortunately the

reaction is extremely slow at room temperature –

mixtures of N2 and H2 are indefinitely stable. We saw

in Chapter 15 that the rate of a reaction increases

with increasing temperature.

LeChatelier’s principle (Chapter 16) states thatwhen a

change (e.g. pressure or temperature) is made to a system

in equilibrium, the equilibrium will tend to change to

counteract the external change. Thus, in the Haber pro-

cess, lowering the temperature will cause the equilibrium

to shift to the right-hand side. Heat is produced and this

raises the temperature and opposes the external change.

The result can be seen by looking at the temperature

dependence of the equilibrium constant, Kp:

Kp ¼
ðPNH3

Þ2

ðPH2
Þ3ðPN2

Þ

where PNH3
, PH2

and PN2
are the numerical values of

the partial pressures of the three gases in the system.

Remember that, strictly, K should be expressed in

terms of activities (see Chapter 16).

For this reaction, Kp varies as follows:

298K Kp ¼ 5:6� 105

500K Kp ¼ 0:1

800K Kp ¼ 9:0� 10�6

9>=
>;)

NH3 production

is increased

at lower

temperature

For the process to be industrially viable, ammonia

should be formed both in good yield and at a reasonable

rate. A low temperature may favour the formation of

ammonia but the rate at which it is formed would be

enhancedbya higher temperature. These two results con-

flict: at higher temperatures, the reaction is faster but the

conversion to NH3 is low. This problem can be resolved

in part by considering Le Chatelier’s principle again.

In the gas phase reaction, four moles of reactants

produce two moles of products. If the pressure of the

system is increased, the equilibrium will counter the

change by lowering the pressure, i.e. it will tend to

move to the right-hand side and more NH3 will be

produced. Remember that the pressure of a gas mixture

depends upon the number of molecules present. Thus,

working at a higher temperature and a higher pressure

can produce favourable amounts of NH3. However, the

rate of the reaction is still rather slow, and a catalyst is

needed. The final reaction conditions are a temperature

of 723K, a pressure of 20 260 kPa, and Fe3O4 mixed

with KOH, SiO2 and Al2O3 as the catalyst.

Ammonia is manufactured on an enormous scale. In

2006, 124Mt (Mt¼megatonnes) were produced world-

wide, 56% of this total coming from the US, China,

India and Russia. In the US, 8.52Mt of NH3 were

manufactured in 2006, and almost 90% of the product

was used directly as a fertilizer or was converted into

other nitrogen-containing compounds for use on agri-

cultural land. Apart from NH3 itself, the most

common fertilizers are urea, [NH4][NO3] and

[NH4]2[HPO4]. The last provides both nitrogen and

phosphorus-based nutrients to crops.

Most of the NH3 not destined for the fertilizer industry

is used in the production of synthetic fibres (e.g. rayon,

nylon-6 and nylon-66) and in the manufacture of explo-

sives, resins and a wide range of chemicals.

Tanks of anhydrous NH3 for application on agricultural land

in central Kansas, US.
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APPLICATIONS

Box 21.3 The space shuttle

NASA’s space shuttle lifting off from the launch pad at the

Kennedy Space Center, Florida.

The photograph above illustrates the highly exothermic

reaction between H2 and O2 that is responsible for

launching the space shuttle. When it lifts off, the

space shuttle is attached to the back of a huge fuel

tank which contains liquid H2 (about 1 457 000 litres)

and liquid O2 (about 530 000 litres). The two elements

are kept in separate storage compartments inside the

tank. Liquid H2 is stored at 20K (its boiling point is

21.1K). As it is routed towards the chamber in which

it ultimately reacts with O2, the liquid H2 is passed

through a series of cooling channels which surround

the combustion chamber. This is essential because

once H2 and O2 come into contact, the resulting explo-

sive reaction causes the temperature inside the combus-

tion chamber to rise to almost 3600K. This is higher

than the melting points of the steel and other metals

that are used in the construction materials of the

chamber! The combustion reaction is:

2H2ðgÞ þ O2ðgÞ ��" 2H2OðgÞ

For the formation of gaseous H2O at 298K (clearly not

the temperature in the combustion chamber),

�Ho ¼ �242 kJ per mole of H2O, and �Go ¼
�229 kJ per mole of H2O. Once the space shuttle has

been launched, the fuel tank is jettisoned, leaving the

shuttle to fly on into space. The fuel for the booster

rockets of the shuttle is composed of ammonium

perchlorate ½NH4�½ClO4� and aluminium. The ½ClO4��
anions are the source of oxygen for the oxidation

of the aluminium. (Perchlorates are discussed in

Section 22.12.) The reaction between solid aluminium

and ammonium perchlorate is:

10Alþ 6½NH4�½ClO4� ��" 3N2 þ 4Al2O3

þ 2AlCl3 þ 12H2O

The formation of gaseous N2 and water vapour means

that the reaction is highly entropically favoured (see

end-of-chapter problem 21.26).

In January 1986, the shuttle Challenger began an ill-

fated mission. Exhaust gases escaped from a joint in

one of the solid-fuel boosters and caused a fire which

broke open the H2/O2 fuel tank. The resulting explosion

and fires destroyed Challenger and its crew. The leak is

thought to have been caused by a rubber O-ring which

failed to keep a seal in the cold January weather.

Lifting off is one thing, but returning to the Earth is

another. The space shuttle must be able to withstand

the stress and thermal shock of re-entry into the

Earth’s atmosphere. The nose-cone and leading edges

of the wings are constructed of carbon–carbon compo-

sites. These materials are constructed from a carbon

matrix which is reinforced with carbon fibres. Their

properties include high strength, rigidity, chemical

inertness, thermal stability, high resistance to thermal

shock and retention of mechanical properties at high

temperatures. Carbon–carbon composites were origin-

ally developed for use by the US Air Force and by

NASA for its Apollo space missions. Current applica-

tions include military and commercial aircraft brakes

and other friction-bearing components, turbines, heat

sinks in electronic devices, and moulds for the

high-temperature working of glass and metal.

The US Space Agency has currently scheduled the

last space shuttle flight for 2010, and plans to focus

funding on Ares rocket and Orion vehicle projects.
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silver(I) oxide and copper(II) oxide but does not reduce the ions when in

solution under ambient conditions.

Oxidation of H2

The ‘pop’ that is heard when a flame is placed into the mouth of a test tube

containing H2 is a familiar sound in a chemical teaching laboratory, and is a

qualitative test for the gas. In the reaction, H2 is oxidized to water by the

reaction with O2 in the air (equation 21.13).

When larger amounts of H2 are involved, the ‘pop’ becomes an explosion (see

Box 21.3). The mechanism is a complicated radical branched chain reaction

and we give only a simplified form. One initiation step, brought about by a

spark, is the homolytic cleavage of the H�H bond (equation 21.14) and

another occurs when H2 and O2 molecules collide (equation 21.15).

H2 ��" 2H
�

Initiation ð21:14Þ
H2 þO2 ��" 2HO

�
Initiation ð21:15Þ

Branching of the chain then takes place (see Figure 15.24), increasing the

number of radicals (equations 21.16 and 21.17). Efficient branching results

in a rapid reaction and an explosion.

H
� þO2 ��"HO

� þ �
O
�

Branching ð21:16Þ
�
O
� þH2 ��"HO

� þH
�

Branching ð21:17Þ

Water is produced (for example) in a propagation step (equation 21.18).

HO
� þH2 ��"H2OþH

�
Propagation ð21:18Þ

21.3 What does hydride imply?

The term ‘hydride’ conjures up the notion of the hydride ion, H�. For
compounds of the type MHx in which M is a metal, the hydrogen will either

be in the form of H� or will carry a �� charge.

How realistic is the term ‘hydride’ for a compound formed between hydrogen

and a p-block element? Table 21.2 lists the Pauling electronegativity values for

elements in groups 13 to 17 and highlights whether �P for the element is less

than, greater than or equal to �PðHÞ ¼ 2:2. The green boxes show those

elements that are more electronegative than hydrogen. A B�H bond is

polar in the sense B�þ–H�� but an N�H bond is polar in the opposite sense

N��–H�þ. In PH3 and AsH3, the P�H and As�H bonds are effectively non-

polar. In groups 13 to 15, with a few exceptions, the name hydride correctly

Thermodynamics of these
reactions: see Chapter 18

Radical chain reactions:
see Section 15.14

"

"
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implies that the hydrogen atom is in an oxidation state of �1, although in PH3

and AsH3 the situation is rather ambiguous.

As we move to groups 16 and 17, the H atom becomes less electronegative

than the atom, E, to which it is attached, and the term hydride (although

correct nomenclature) may appear somewhat misleading for these binary

EHx compounds. For this reason we treat the hydrides of groups 13 to 15

(Sections 21.5–21.7) separately from our discussion of those of the group

16 and 17 elements (Sections 21.9 and 21.10).

21.4 Binary hydrides of the s- and d-block metals

Many millions of compounds contain hydrogen and it is impossible to

discuss them all here. It is convenient to think about hydrogen-containing

compounds in terms of the other components of the molecules, and this is

adequately illustrated by thinking about organic compounds where C�H
bonds are major building blocks. In the next few sections, we consider binary

hydrides of a range of elements.

Hydrides of the s-block metals

The reactions of group 1 or group 2 elements with H2 at high temperatures

lead to the formation of the binary hydrides MH or MH2 respectively

(equations 21.19 and 21.20).

Group 1 2KþH2 ��"
�

2KH ð21:19Þ

Group 2 BaþH2 ��"
�

BaH2 ð21:20Þ

The electropositive s-block metals form ionic compounds, and the group 1

hydrides MþH� possess sodium chloride structures in the solid state. The

Binary compound: see
Section 1.18

"

Table 21.2 Pauling electronegativity values, �P, for elements in groups 13 to 17. A more
complete list is given in Table 5.2. For hydrogen �P ¼ 2:2. The shading in the table codes
the elements according to whether they are more electronegative than H (g), less
electronegative than H (g) or have the same value of �P (g).

13 14 15 16 17

B

2.0

C

2.6

N

3.0

O

3.4

F

4.0

Al(III)

1.6

Si

1.9

P

2.2

S

2.6

Cl

3.2

Ga(III)

1.8

Ge(IV)

2.0

As(III)

2.2

Se

2.6

Br

3.0

In(III)

1.8

Sn(IV)

2.0

Sb

2.1

Te

2.1

I

2.7

Tl(III)

2.0

Pb(IV)

2.3

Bi

2.0

Po

2.0

At

2.2
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radius of the hydride ion varies with the metal cation (Figure 21.3). This is

attributed to the relatively weak interaction between the proton and the

two 1s electrons of the H� anion and, consequently, the H� ion is easily

deformed. Extreme distortion results in a covalent interaction and the

sharing of electrons between H and M.

The hydrides of Li, Be and Mg show considerable covalent character.

Beryllium hydride, BeH2, has a polymeric structure in which each Be centre

is 4-coordinate (Figure 21.4) and is connected to the next Be atom by two

2-coordinate or bridging hydrogen atoms. Each H atom possesses only one

valence electron and each Be atom has only two valence electrons, and yet

the connectivities of H and Be in the polymeric beryllium hydride appear to

exceed the bonding capabilities of the two elements. This can be rationalized

by describing the bonding in the Be�H�Be bridges as delocalized. Each Be

atom may be considered to be sp3 hybridized. The 1s atomic orbital of each

H atom can overlap with two sp3 hybrid orbitals from different Be atoms

(Figure 21.5). The distribution of electronsmeans that each bridge is associated

with only two electrons and we have a 3-centre 2-electron (3c–2e) interaction.

Beryllium hydride is usually prepared by the thermal decomposition of

beryllium alkyls such as tBu2Be rather than by the direct reaction of Be withH2.

Reactions of the s-block metal hydrides often involve formation of H2

(equation 21.21) and in many cases the source of Hþ is a weak acid such

as H2O (equation 21.22).

H� þHþ ��"H2 ð21:21Þ
H�ðaqÞ þH2OðlÞ ��"H2ðgÞ þ ½OH��ðaqÞ ð21:22Þ

Beryllium hydride is fairly stable in water, but the other s-block metal hydrides

react rapidly, releasing H2. NaH reacts violently (equation 21.23). CaH2 reacts

more slowly and is routinely used as a drying agent for organic solvents

(hydrocarbons, ethers, amines and higher alcohols) and also as a means of

‘storing’ H2. The controlled release of H2 can be achieved by contact between

CaH2 and limited amounts of water (equation 21.24).

NaHðsÞ þH2OðlÞ ��"NaOHðaqÞ þH2ðgÞ ð21:23Þ
CaH2ðsÞ þ 2H2OðlÞ ��"CaðOHÞ2ðaqÞ þ 2H2ðgÞ ð21:24Þ

tBu = tert-butyl:
see Section 24.7

"

Fig. 21.3 The apparent ionic
radius of the H� ion is variable
and depends on the metal ion
present. The graph shows the
variation in the radius of the H�

ion in the alkali metal hydrides.

Fig. 21.4 Part of the chain structure of BeH2. Each Be�H�Be bridge is a deloca-
lized 3-centre 2-electron (3c–2e) interaction. Colour code: Be, yellow; H, white.

Fig. 21.5 The formation of two
Be�H�Be bridging interactions
by the overlap of Be sp3 and H 1s
orbitals. Each H atom has one
valence electron and each Be
atom has two. The electrons are
omitted from the diagram, but a
pair of electrons is associated with
each 3-centre Be�H�Be bridge.
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In general, the reactivity towards water increases down each group but also

depends on the purity of the metal hydride. In moist air, RbH, CsH and

BaH2 spontaneously ignite.

Hydrides of the d-block metals

The binary hydrides of the early d-block metals include ScH2, YH2, TiH2 and

HfH2. Hafnium dihydride is a lustrous metallic solid, formed according to

equation 21.25.

Hf �����"
1000K

�������������������"
cool under H2 ð300 kPaÞ

HfH2 ð21:25Þ

Non-stoichiometric compounds are also formed when titanium, zirconium,

hafnium and niobium react with H2. The unusual stoichiometry of com-

pounds such as TiH1:7, HfH1:98 and HfH2:10 arises because the hydrogen

atoms are small enough to enter the metal lattice and occupy the interstitial

holes. Niobium forms a series of non-stoichiometric hydrides of formula

NbHx (0 < x � 1) and at low hydrogen content, the body-centred cubic

structure of metallic niobium is retained. When these d-block metal hydrides

are heated, H2 is released and this property means that they are convenient

storage ‘vessels’ for dihydrogen.

A non-stoichiometric compound is one that does not have the exact stoichiometric

composition expected from the electronic structure, and this is often associated

with a defect in the crystal lattice.

Anionic d-block hydrides include ½ReH9�2�, ½TcH9�2� and ½Pt2H9�5�. A

neutron diffraction study of K2½ReH9� has shown that the ½ReH9�2� dianion

has an unusual structure in the solid state (Figure 21.6a) in which there are

two hydrogen environments – six prism-corner sites and three capping sites.

In solution, the 1H NMR spectrum shows one signal, indicating that the

dianion is stereochemically non-rigid on the NMR spectroscopic timescale.

The salt Li5½Pt2H9� contains the anion ½Pt2H9�5� (Figure 21.6b) and although

a high pressure of H2 is needed to prepare it, the compound is stable with

respect to loss of H2 at 298 K.

Interstitial holes:
see Section 9.2

Neutron diffraction:
see Section 4.2

Non-rigidity and timescales:
see Sections 6.12 and 11.3

"

"

"

Fig. 21.6 (a) The
tricapped trigonal

prismatic structure of the
½ReH9�2� anion in the
dipotassium salt; six H atoms
define a trigonal prism and each
of the three remaining H atoms
caps one square face of the prism.
The trigonal prism is defined by
the yellow lines. (b) The structure
of the ½Pt2H9�5� anion in the
pentalithium salt. Colour code:
Re, red; Pt, brown; H, white.
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21.5 Binary hydrides of group 13 elements

Boron forms a range of hydrides (boranes) including neutral compounds of

general formulae BnHnþ4 and BnHnþ6 and hydroborate dianions of formula

½BnHn�2�. These possess cage-like structures (see Box 21.4) and delocalized

bonding schemes are usually needed to describe the bonding.

Two small molecular hydrides of boron are diborane§ B2H6 (Figure 21.7a)

and the tetrahydridoborate(1�) anion ½BH4�� (Figure 21.7b).

[BH4]� is also called
borohydride

"

THEORY

Box 21.4 Boron hydride (borane) clusters

Boron forms a large group of neutral boron hydrides

(boranes) which possess 3-dimensional cluster structures.

In each, the bonding is considered to be delocalized,

since the connectivity of each boron atom is typically

between five and seven, despite the fact that a boron

atom has only three valence electrons.

A full discussion of these novel compounds is beyond

the scope of this text but further details of these and

related species may be found in: N. N. Greenwood

and A. Earnshaw (1997) Chemistry of the Elements,

2nd edn, Butterworth-Heinemann, Oxford, Ch. 6;

C. E. Housecroft (1994) Boranes and Metallaboranes:

Structure, Bonding and Reactivity, 2nd edn, Ellis

Horwood, Hemel Hempstead; C. E. Housecroft (1994)

Cluster Molecules of the p-Block Elements, OUP,

Oxford.

Fig. 21.7 The structures of (a) B2H6, (b) ½BH4�� and (c) THF:BH3. In each, the boron atom is approximately tetrahedral.
Colour code: B, blue; O, red; C, grey; H, white.

§ Strictly the name should be diborane(6) to indicate the presence of both two B atoms and six H
atoms.
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Boron has a ground state electronic configuration of [He]2s22p1 and is

expected to form a hydride of formula BH3. This compound is known in

the gas phase but is very reactive. The planar BH3 molecule possesses an

empty 2p atomic orbital which readily accepts a pair of electrons from a

Lewis base such as tetrahydrofuran, THF, and in this way boron completes

its valence octet of electrons. A Lewis base compound such as THF:BH3

(Figure 21.7c) is called an adduct and can be represented either by the valence

bond structure 21.1 or by showing a dative or coordinate bond from the donor

atom of the Lewis base to the boron atom (structure 21.2). The BH3 molecule

acts as a Lewis acid by accepting a pair of electrons.

(21.1) (21.2)

A Lewis base can donate a pair of electrons; a Lewis acid can accept a pair of

electrons.

A coordinate bond forms when a Lewis base donates a pair of electrons to a

Lewis acid and the resulting compound is an adduct.

The ½BH4�� anion can be considered to be a Lewis base–acid adduct, formed

by the donation of a pair of electrons from an H� ion to BH3. Diborane is a

dimer of BH3 and the formation of the B�H�B bridges (Figure 21.7a)

completes the octet of each boron atom as scheme 21.3 shows. Each bridge

in B2H6 consists of a delocalized 3c–2e bonding interaction and is similar

to a Be�H�Be bridge in BeH2 (Figure 21.5). Each boron atom in B2H6,

½BH4�� and THF:BH3 is tetrahedral.

(21.3)

Diborane and adducts such as THF:BH3 are used extensively as reducing

agents and hydroborating agents. THF:BH3 is a convenient reagent and is

purchased as a solution in THF. Both B2H6 and THF:BH3 are water-

sensitive and hydrolyse rapidly (equation 21.26) and the product is boric

acid, BðOHÞ3 or H3BO3 (21.4).

B2H6ðgÞ þ 6H2OðlÞ ��" 2BðOHÞ3ðaqÞ
Boric acid

þ 6H2ðgÞ ð21:26Þ

Tetrahydridoborate(1�) salts are also important reducing agents. The sodium

salt Na½BH4� is a white, reasonably air-stable crystalline solid which is

available commercially. It can be prepared from sodium hydride (equations

21.27 and 21.28) under water-free conditions. The ½BH4�� anion is kinetically

Bonding in BH3:
see Section 7.6

Donor–acceptor
compounds: see Chapter 23

3c--2e = 3-centre 2-electron

Hydroboration:
see Section 26.10

(21.4)

See end-of-chapter
problem 21.5

"

"

"

"

"
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stable towards hydrolysis, but pre-formed, cobalt-doped pellets of Na½BH4�
can be used as a convenient source of H2 – simply add to water.

4NaHþ BCl3 ��"Na½BH4� þ 3NaCl ð21:27Þ

4NaHþ BðOCH3Þ3 �����"
520K

Na½BH4� þ 3NaOCH3 ð21:28Þ

Although Na½BH4� is an ionic salt, some metal tetrahydridoborates such as

½AlðBH4Þ3� are covalent with the hydrogen atoms taking part in 3c–2e bridges

between the boron and the metal centres (Figure 21.8).

In comparison with boron, other members of group 13 form fewer

hydrides. Aluminium trihydride is a colourless solid. It is unstable if heated

above 420K, and reacts violently with water to produce H2. In the solid state,

AlH3 units are connected through Al�H�Al bridges. An aluminium analo-

gue of B2H6 has not yet been established.

Like Na½BH4�, ½AlH4�� salts are widely used as reducing agents (see

Box 21.5), and Li½AlH4� and Na½AlH4� are available commercially. Lithium

tetrahydridoaluminate(1�) (also called lithium aluminium hydride or lithal)

can be prepared from lithium hydride (equation 21.29) and is a white, crystal-

line solid. It is very reactive and must be handled in moisture-free conditions;

it is soluble in a range of ethers.

4LiHþAlCl3 ��"Li½AlH4� þ 3LiCl ð21:29Þ

Gallium hydride was first fully characterized in the early 1990s. It is prepared

from GaCl3 as shown in scheme 21.30. Digallane, Ga2H6, condenses at low

temperature as a white solid which melts at 223K to give a colourless, viscous

liquid; it decomposes above 253K (equation 21.31). Electron diffraction

studies have confirmed that the gas phase structure of Ga2H6 is like that

of B2H6 (see Figure 21.7a).

(21.30)

Ga2H6 ��" 2Gaþ 3H2 ð21:31Þ

Electron diffraction:
see Section 4.2

"

Fig. 21.8 The structure
of ½AlðBH4Þ3�. The

aluminium centre is octahedral
and is associated with six 3c–2e
Al�H�B bridges. Colour code:
Al, yellow; B, blue; H, white.
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APPLICATIONS

Box 21.5 Lithium aluminium hydride as a reducing agent and a source
of hydride

The use of Li½AlH4� as a reducing agent is widespread. Organic reductions include the following:

Starting material General reaction Product

Halogenoalkane Alkane

Aldehyde Primary alcohol

Ketone Secondary alcohol

Carboxylic acid Primary alcohol

Acid chloride Primary alcohol

Amide Primary amine

Azide Amine

Nitrile Primary amine

Hydroperoxide Alcohol

Peroxide O�O bond cleavage and formation of alcohols

Lithium aluminium hydride may be used to convert some halides to hydrides:

Metal or non-metal halide �������"
Li½AlH4�

Metal or non-metal hydride

e.g. similarly with Ge and Sn halides

similarly with As and Sb halides

Hydrides may be formed from organometallic compounds:

In some cases reduction occurs instead of hydride formation:
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Both B2H6 and Ga2H6 react with Lewis bases, and scheme 21.32 summarizes

the reactions with NH3 and NMe3. Whereas two of the small NH3 molecules

can attack the same boron or gallium centre, reaction with the more sterically

demanding NMe3 tends to follow a different pathway. Competition between

these routes (known as asymmetric and symmetric cleavage of the E2H6

molecule) may be observed.

(21.32)

Neutral, binary hydrides of indium and thallium are not known. The

compounds Li½EH4� for E ¼ Ga, In and Tl are all thermally unstable.

Li½GaH4� is prepared by reaction 21.33 and decomposes at 320K. Li½InH4�
and Li½TlH4� both decompose around 273K.

4LiHþGaCl3 ��" Li½GaH4� þ 3LiCl ð21:33Þ

21.6 Binary hydrides of group 14 elements

Hydrocarbons might be considered to be ‘carbon hydrides’ although they are

rarely described as such. The contrast between the wealth of hydrocarbons

and the small number of silicon hydrides (silanes) is dramatic. The silicon

analogue of methane is SiH4 and it is formed by reacting SiCl4 or SiF4 with

Li½AlH4�. It is an important source of pure silicon (equation 21.34) for use

in semiconductors. It is a colourless gas (bp 161K), insoluble in water

(although reaction with alkali is violent), and spontaneously inflammable

in air. Mixtures of SiH4 and O2 are explosive (equation 21.35).

SiH4 ��"
�

Siþ 2H2 ð21:34Þ
SiH4 þ 2O2 ��" SiO2 þ 2H2O ð21:35Þ

Further members of the family of saturated silanes with the general formula

SinH2nþ2 are known up to n ¼ 10 with both straight and branched chains. A

mixture of SiH4 and higher silanes is produced when magnesium silicide

(Mg2Si) reacts with aqueous acid. The structures of the SinH2nþ2 molecules

are directly related to those of their carbon (alkane) counterparts. Potassium

reacts with SiH4 (equation 21.36) to form the white, crystalline salt K½SiH3�
which is a useful synthetic reagent.

2SiH4 þ 2K��" 2K½SiH3� þH2 ð21:36Þ

The heavier members of group 14 form few binary hydrides. GeH4 as well

as several higher germanes are known. GeH4 is a colourless gas (bp 184K)

and is insoluble in water and inflammable in air. The reaction of SnCl4
with Li½AlH4� gives SnH4 (bp 221K) but at 298K it decomposes to its

constituent elements. It is unlikely that the lead analogue PbH4 has been

prepared.

Hydrocarbons:
see Chapters 25 and 26

Semiconductors:
see Section 9.13

"

"
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21.7 Binary hydrides of group 15 elements

Ammonia

Ammonia, NH3, is prepared on an industrial scale by the Haber process

(equation 21.9 and Box 21.2). The scale of production is huge, and NH3 is

used extensively for the manufacture of fertilizers, nitric acid, explosives

and synthetic fibres. It is a colourless gas (bp 239K) with a characteristic

smell and is corrosive and an irritant. The trigonal pyramidal structure

(Figure 21.9a) is consistent with VSEPR theory. Combustion in air takes

place according to equation 21.37.

Ammonia is very soluble in water and a concentrated solution (density

0.88 g cm�3) is commercially available. The high solubility is due to the

extensive hydrogen bonding that occurs between H2O and NH3 molecules.

Aqueous solutions are alkaline because of the hydroxide ions that are formed

in equilibrium 21.38, and may be neutralized by acids. In the expression for

the corresponding equilibrium constant (equation 21.39), the concentration

of water (the bulk solvent) is defined as unity.§

NH3ðaqÞ þH2OðlÞ Ð ½NH4�þðaqÞ þ ½OH��ðaqÞ ð21:38Þ

Kb ¼
½NH4

þ�½OH��
½NH3�½H2O�

¼ ½NH4
þ�½OH��
½NH3�

¼ 1:8� 10�5 ðat 298KÞ ð21:39Þ

This value of K is ‘small’ and means that the concentration of NH3 in

aqueous solution vastly exceeds the concentration of ions. Although you

may find aqueous solutions of ammonia referred to as ‘ammonium hydroxide’,

no such compound exists in the solid state.

Anhydrous liquid ammonia is self-ionizing (equation 21.40) and is

used extensively as a non-aqueous solvent. An interesting property of liquid

ammonia is the fact that it dissolves alkali metals to give electrically conducting

solutions.

2NH3ðlÞ Ð ½NH4�þðsolvÞ
Ammonium cation

þ ½NH2��ðsolvÞ
Amide anion

ð21:40Þ

Hydrogen bonding:
see Section 21.8

Alkali metals in liquid NH3:
see Section 21.11

If a pure liquid partially

dissociates into ions, it is

said to be self-ionizing.

"

"

Fig. 21.9 The structures
of (a) ammonia, NH3,

and (b) hydrazine, N2H4.
Colour code: N, blue; H, white.

§ ½H2O� ¼
Molar concentration of H2O

Molar concentration of pure water
� 1; strictly K is expressed in terms of activities

(see Section 16.3).
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Hydrazine

Hydrazine, N2H4, is a colourless liquid (mp 275K, bp 386K) which is miscible

with water and with a range of organic solvents. It is corrosive and toxic, and

its vapour forms explosive mixtures with air. Although the formation of N2H4

from its constituent elements is an endothermic process (equation 21.41),

hydrazine is kinetically stable with respect to N2 and H2.

N2ðgÞ þ 2H2ðgÞ ��"N2H4ðlÞ �fH
oð298KÞ ¼ þ50:6 kJmol�1 ð21:41Þ

Figure 21.9b shows the molecular structure of N2H4. It is related to that of

C2H6 but the presence of two lone pairs (one per N atom) increases the

number of possible conformers. The most favourable conformation for the

gas phase molecule is the gauche form, shown as a Newman projection in

structure 21.5. You might expect a staggered conformer would be preferred

but this is not the case, and this observation is not readily explained.

Hydrazine can be prepared from ammonia (equation 21.42) by the Raschig

reaction upon which its industrial synthesis is based. Hydrazine is used in the

agricultural and plastics industries, and also as a rocket fuel. It is a powerful

reducing agent, and one application is in the removal of O2 from industrial

water boilers to minimize their corrosion (equation 21.43).

2NH3 þ NaOCl
Sodium hypochlorite

��"N2H4 þNaClþH2O ð21:42Þ

ð21:43Þ

Phosphane

Phosphane, PH3, is produced by the action of water on calcium phosphide

(equation 21.44) or magnesium phosphide, or by the reaction of PCl3 with

lithium hydride (equation 21.45) or Li½AlH4�. Phosphane is a colourless

gas (bp 185K) with a garlic-like odour, and is extremely poisonous. It has

been detected in the atmospheres of Saturn, Jupiter and Uranus.

Ca3P2 þ 6H2O��" 2PH3 þ 3CaðOHÞ2 ð21:44Þ
PCl3 þ 3LiH��" PH3 þ 3LiCl ð21:45Þ

Phosphane ignites in dry air at about 420K (equation 21.46), or sponta-

neously if P2H4 (formed as a by-product in its synthesis) is present. It is a

strong reducing reagent.

PH3 þ 2O2 ��" H3PO4

Phosphoric acid

ð21:46Þ

In a number of respects, PH3 is rather different from NH3. It is less soluble

than NH3 in water, and dissolves to give neutral solutions. Like NH3, the

molecular structure of PH3 is trigonal pyramidal, but whereas the H�N�H
bond angle is 107.58, the H�P�H angle is only 938. The former is consistent

with sp3 hybridization and the latter suggests that p orbitals play a major role

in bonding. This difference has an important chemical consequence. The lone

pair in the sp3 hydridized NH3 molecule is readily available and ammonia is a

reasonably strong base. In contrast, the lone pair in PH3 is less available and

PH3 is a very weak base. Although phosphonium, ½PH4�þ, salts can be

formed, they are decomposed by water (equation 21.47).

½PH4�þðaqÞ þH2OðlÞ ��" PH3ðgÞ þ ½H3O�þðaqÞ ð21:47Þ

Conformer and Newman
projection: see Section 24.9

(21.5)

Phosphane is also called
phosphine

"

"
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Diphosphane

Diphosphane, P2H4, is a colourless liquid at room temperature (mp 174K,

bp 329K), is toxic and spontaneously inflammable. The gas phase structure

of the P2H4 molecule has a gauche conformation like N2H4 (Figure 21.9b and

structure 21.5) with bond distances of P�P ¼ 222 pm and P�H ¼ 145 pm.

Hydrides of arsenic, antimony and bismuth

Arsane, stibane and bismuthane (with the more common names of arsine,

stibine and bismuthine) are all unstable gases at 298K and are toxic. They

can be prepared by the reaction of the respective trichlorides with

Na½BH4�. Arsane, AsH3, has a particularly repulsive smell. It has been

detected in the atmospheres of Jupiter and Saturn. AsH3 and SbH3 are

readily oxidized to As2O3 and Sb2O3 respectively.

One of the old tests (theMarsh test) for the presence of arsenic or antimony

involved the production of the hydrides. The material of interest was treated

with zinc dust and acid, and the gas evolved, containing H2 and either AsH3

or SbH3, was passed through a tube that was heated at one point. The

thermal instabilities of SbH3 and AsH3 meant that they decomposed – SbH3

is less stable than AsH3 and decomposes in the warm region before the flame

(Figure 21.10). The result is that Sb-containing materials give a black deposit

(which appears as a mirror) on the wall of the glass tube in region A in

Figure 21.10 (equation 21.48) while As-containing compounds produce a

deposit of arsenic in region B (equation 21.49).

2SbH3ðgÞ ��"
�

2SbðsÞ þ 3H2ðgÞ ð21:48Þ

2AsH3ðgÞ ��"
�

2AsðsÞ þ 3H2ðgÞ ð21:49Þ

21.8 Hydrogen bonding

Before we consider the compounds formed between hydrogen and the group

16 and 17 elements, we must mention two important consequences of having

a hydrogen atom bonded to an electronegative atom.

The hydrogen bond

A hydrogen bond is an interaction between a hydrogen atom attached to an

electronegative atom, and an electronegative atom that possesses a lone pair

of electrons. The strongest hydrogen bonds involve the first row elements F,

Fig. 21.10 The differing thermal
stabilities of arsine and stibine
can be used to distinguish
between them. SbH3 is less stable
than AsH3 and decomposes in
region A while AsH3 decomposes
in region B.
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O or N, and structure 21.6 shows the formation of a hydrogen bond between

two water molecules.

A classical hydrogen bond is an interaction between a hydrogen atom attached

to an electronegative atom, and an electronegative atom that possesses a lone

pair of electrons.

The physical properties of compounds may indicate the presence of hydro-

gen bonds because such interactions result in the association of molecules. In

this section we restrict our discussion to binary hydrides but further examples

of the effects of hydrogen bonding are given in later chapters.

Boiling points and enthalpies of vaporization

Figure 21.11a shows the trend in the boiling points of the compounds EH3

where E is a group 15 element. The trend in enthalpies of vaporization

(Figure 21.11b) is the same and this is not a coincidence! Trouton’s rule

(equation 21.50) gives an approximate relationship between �vapH

(measured at the boiling point of a liquid) and the boiling point (in K) of

the liquid.

�vapH

bp
� 0:088 kJK�1 mol�1 Trouton’s rule ð21:50Þ

Figure 21.11c illustrates that similar plots are obtained for the boiling points

of hydrides of the group 16 and 17 elements. Although the general trend is an

increase down a group, NH3, H2O and HF stand out as having anomalously

high boiling points.

The transition from a liquid to a vapour involves the cleavage of some (but

not necessarily all) of the intermolecular interactions. The strength of a

normal§ hydrogen bond is �25 kJmol�1 and although this is considerably

(21.6)

Trouton’s rule:
see Section 17.10

"

Fig. 21.11 The trends in
(a) boiling points and (b) �vapH
for the group 15 hydrides, and
(c) the trends in boiling points for
the group 16 and 17 hydrides.

§ For a more detailed discussion of different types of hydrogen bond, see: C. E. Housecroft and
A. G. Sharpe (2008) Inorganic Chemistry, 3rd edn, Prentice Hall, Harlow, Chapter 10.

Hydrogen bonding 711



 

BIOLOGY AND MEDICINE

Box 21.6 Hydrogen bonding and DNA

DNA (deoxyribonucleic acid) is the key to life – when a

cell divides, the genetic information from the original

cell is passed to the new cell by the DNA molecule.

The second major role of DNA is in the synthesis of

proteins.

DNA is a nucleic acid polymer and its structure con-

sists of two helical chains which interact with one

another through hydrogen bonding to form a double

helix. The backbone of each chain consists of sugar

units (each containing a 5-membered C4O-ring)

linked by phosphate groups. Attached to each sugar

is an organic base. In DNA, there are four different

bases: adenine, guanine, cytosine and thymine. The

left-hand structure below represents part of the poly-

meric backbone of DNA and shows the positions of

attachment of the bases (shown on the right).
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The structures of adenine and thymine are exactly

matched to permit hydrogen bonding interactions

between these bases – adenine and thymine are

complementary bases. Guanine and cytosine are simi-

larly matched:

The result of this base-pairing is that the sequence of

the bases in one chain of DNA is complemented by a

sequence in a second chain, and the two hydrogen-

bonded chains combine to form a double helix.

Proteins consist of a sequence of amino acids, and

the sequence is specific to a particular protein. During

protein synthesis, DNA is able to code the sequence

correctly by transmitting information in the form of

its own base sequence. Each amino acid in the protein

chain has an associated code of three adjacent DNA

bases (a codon).

For related information in this book see: ATP

(structure 22.38), heterocyclic organic molecules

(Chapter 34), anti-cancer drugs and DNA (Box 23.4)

and nucleobases, nucleotides and nucleic acids (Sec-

tion 35.8).

Further reading: C. K. Mathews, K. E. van Holde

and K. G. Ahern (2000) Biochemistry, 3rd edn,

Benjamin/Cummings, New York, Chapter 4.

Colour code: C, grey; N, Blue; O, red; P, yellow.
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weaker than a covalent bond, it is strong enough to affect the enthalpy of

vaporization and the boiling point of a compound significantly. The

unusually high values for NH3, H2O and HF are due to the additional energy

needed to break the N:::H, O:::H or F:::H hydrogen bonds which are present

in the liquid state. Note, however, that while H2O is hydrogen bonded in the

liquid but not in the vapour state, HF is hydrogen bonded in both states.

Association in the solid state

The association of molecules through hydrogen bonding in the solid state

often leads to well-organized assemblies of molecules. In solid hydrogen

fluoride, the HF molecules are arranged in zigzag chains (Figure 21.12a) in

which each H atom is in a linear environment.

Intermolecular hydrogen bonding occurs in both water and ammonia in

the solid state. In water, the relative orientations of the two lone pairs and

the two hydrogen atoms (Figure 21.12b) are set up so that when approxi-

mately linear O�H:::O interactions occur, a 3-dimensional structure results.

In ice, each oxygen atom is in an approximately tetrahedral environment

(Figure 21.12c) with two O�H distances of 101 pm and two of 175 pm.

The network structure is a very open one and when ice melts at 273K, the

density increases as some (but not all) of the hydrogen bonds are destroyed.

The structure is similar to that of diamond (see Figure 9.23).

Hydrogen bonding and solvation

Just as H2O or NH3 molecules can associate with one another in liquid water

or ammonia, so too can H2O andNH3 molecules when ammonia dissolves in

water. Some of the ammonia ionizes in the aqueous solution (equation 21.38)

Fig. 21.12 (a) In the solid state
of HF, the molecules are
hydrogen bonded together to
form zigzag chains; (b) the
relative orientations of the
two H atoms and the two lone
pairs in a molecule of water
are perfectly set up to generate
a 3-dimensional network of
hydrogen-bonded molecules
in ice as shown in diagram
(c). Colour code: O, red; H,
white.
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but most is present as solvated NH3 molecules. Solvation is the intermolecu-

lar interaction between a solute and a solvent that leads to the solute dissol-

ving, and hydration is the specific case in which the solvent is water. Many

other liquids can be used as solvents, and non-aqueous solvents such as

NH3, HF, N2O4 and SO2 have been widely investigated as they dissolve ionic

solids.

The use of water as a solvent is widespread – think how many reactions are

carried out in aqueous solution! When water behaves as a solvent, some

hydrogen bonds between the H2O molecules must be broken, but new ion–

dipole or dipole–dipole (electrostatic) interactions are generated as the solute

is solvated. To illustrate this, we consider the solvation of potassium chloride

in water. Figure 21.13 schematically illustrates the hydrated Kþ and Cl� ions

in which ion–dipole interactions are indicated by the dotted pink lines. The

water molecules shown make up the first hydration shell and hydrogen bonds

are present between these H2O molecules and others in the bulk solvent.

21.9 Hydrides of group 16 elements

Water

Water is the most important hydride of oxygen and its properties colour our

description of many other chemical properties.When we talk about substances

being soluble or insoluble without qualification, we are usually referring to

solubility in water. Water is the commonest liquid on Earth and possesses

unique and remarkable properties. The strong hydrogen bonding network

within liquid water ensures the large liquid range (mp 273K, bp 373K), and

ultimately is responsible for the existence and maintenance of life on Earth.

The structure of gas phase H2O is shown in 21.7. The following topics

about water have been covered earlier in the book:

. structure and bonding (Sections 6.2, 6.6, 7.2, worked example 7.5);

. molecular dipole moment (Section 6.13);

. solution equilibria in aqueous solution and pH (Chapter 16).

Hydrogen peroxide

Hydrogen peroxide, H2O2, is a blue, viscous liquid (mp 272K, bp 425K) but

is usually encountered as an aqueous solution where the concentration is

Solvation is the

intermolecular interaction

between a solute and a

solvent that leads to the

solute dissolving. Hydration

is the specific case in which

the solvent is water.

Solubility of KCl:
see Section 17.11

(21.7)

"

Fig. 21.13 When solid KCl
dissolves in water, the ions are
freed from the crystal lattice and
are hydrated. Ion–dipole
interactions are responsible for
the formation of hydration shells
around each ion.
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given in terms of a ‘volume’ or percentage. A 10 vol. aqueous solution of

H2O2 means that 1 cm3 of the solution will liberate 10 cm3 of O2 upon

decomposition (see below); this corresponds to a 3% solution. Extensive

hydrogen bonding occurs both between H2O2 molecules in the pure liquid,

and between H2O2 and H2O molecules in aqueous solutions. A molecule

of H2O2 (Figure 21.14) possesses a skew conformation, with a torsion angle

(the angle between the planes as illustrated in Figure 21.14) of 908 in the solid

state. The barrier to rotation about the O�O bond is low and in the gas phase

the torsion angle increases to 1118.

Worked example 21.1 Hydrogen peroxide solutions

Hydrogen peroxide is typically sold as a 3% solution (i.e. 3.0 g H2O2 per

100 cm
3
water). Show that this corresponds to 1 cm

3
of solution liberating

10 cm
3
O2 on complete decomposition. Assume that the O2 behaves as an

ideal gas and is under standard conditions of temperature and pressure.

First find the molecular mass of H2O2 (Ar, see front cover of the book):

Mr ¼ 2ð1:008Þ þ 2ð16:00Þ ¼ 34:02 ðto 4 sig: fig:Þ
A 3% solution of H2O2 contains 3.0 g per 100 cm

3 H2O, i.e. 30 g per dm3

Number of moles per dm3 ¼ 30 g

34:02 gmol�1
¼ 0:88mol

Concentration ¼ 0:88mol dm�3

Therefore, 1 cm3 of 3% solution contains 0.88 �10�3 moles of H2O2.

H2O2 decomposes according to the equation:

2H2O2ðlÞ ��" 2H2OðlÞ þO2ðgÞ

When 0.88 � 10�3 moles of H2O2 decomposes, 0.44 � 10�3 moles of O2

are liberated. Under standard conditions, 1 mole of an ideal gas occupies

22.7 dm3.

Volume of O2 liberated ¼ ð0:44 � 10�3molesÞ � ð22:7 dm3mol�1Þ
¼ 10� 10�3 dm3

¼ 10 cm3

Fig. 21.14 The structure of
H2O2. In the gas phase, the O�O
bond distance is 147 pm, and the
angles O�O�H are 958; the angle
shown is the torsion angle. In the
solid state, the torsion angle is
908; in the gas phase it is 1118.
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Hydrogen peroxide is produced commercially by using compound 21.8

(a derivative of anthraquinone) in a two-step process involving reaction

with H2 (equation 21.51) followed by oxidation with O2 (equation 21.52,

see Box 21.7). Common uses of H2O2 are as an oxidizing agent, and include

its roles as a bleach, antiseptic and in pollution control. The use of H2O2 as a

bleach for hair has led to the expression ‘peroxide blonde’.

Hydrogen peroxide is thermodynamically unstable with respect to de-

composition to water and O2 (equation 21.53) but is kinetically stable. The

reaction is catalysed by traces of MnO2, ½OH�� or some metal surfaces.

Blood also catalyses this decomposition and this may be the basis of H2O2

being used as an antiseptic as the O2 released effectively kills anaerobic

THEORY

Box 21.7 Catalytic cycles

Equations 21.51 and 21.52 together show the conver-

sion of H2 to H2O2 in the presence of compound 21.8

which acts as a catalyst. The two-step reaction can be

represented in the catalytic cycle shown on the right.

Catalytic cycles of this type are a convenient way of

illustrating the key steps of reactions involving a

sequence of steps. They are commonly used to describe

both industrial and biological processes.
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bacteria. Reaction 21.53 is a disproportionation. The oxidation state of

oxygen in H2O2 is �1; in water, it is �2 and in O2 it is zero. In reaction

21.53 the oxygen is simultaneously oxidized and reduced.

ð21:53Þ

Hydrogen peroxide can act as an oxidizing agent in both acidic and alkaline

solutions (reactions 21.54 and 21.55). As soon as any MnO2 is formed in

reaction 21.55, it catalyses the decomposition of H2O2, and so the reaction

shown is not very efficient.

ð21:54Þ

ð21:55Þ

Hydrogen peroxide can also act as a reducing agent in both acidic and

alkaline solutions, but it will only reduce species that are themselves strong

oxidizing agents (equations 21.56 and 21.57).

ð21:56Þ

ð21:57Þ

The dissociation of aqueous H2O2 (equation 21.58) occurs to a greater extent

than does the self-ionization of water, and H2O2 is a slightly stronger acid

than H2O (equation 21.59).

H2O2ðaqÞ þH2OðlÞ Ð ½H3O�þðaqÞ þ ½HO2��ðaqÞ
HydrogenðperoxideÞð1�Þ ion

ð21:58Þ

Ka ¼
½H3O

þ�½HO2
��

½H2O2�
¼ 1:78� 10�12 pKa ¼ 11:75 ð21:59Þ

Hydrogen sulfide

The hydrides of sulfur are called sulfanes but for H2S, the name hydrogen

sulfide is usually used. Hydrogen sulfide is a colourless gas (bp 214K) with

a characteristic smell of bad eggs. It is extremely toxic. The fact that it

anaesthetizes the sense of smell means that the intensity of smell is not a

reliable measure of the amount of H2S present.

Hydrogen sulfide is a natural product of decaying sulfur-containing

matter, and it occurs in coal pits, gas wells and sulfur springs. Historically,

laboratory preparations by reaction 21.60 used a Kipp’s apparatus, which

A species disproportionates

if it undergoes simultaneous

oxidation and reduction.

The [HO2]� ion used
to be called the

hydroperoxide ion

"
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BIOLOGY AND MEDICINE

Box 21.8 H2S: Toxic or life-supporting?

Giant tubeworms and a deep ocean zoarcid fish (Thermarces

andersoni) by a hydrothermal vent in the East Pacific Rise,

at a depth of 2500 m.

Hydrothermal fluids are discharged from volcanic

vents on the ocean floor, and around these vents

there are large quantities of H2S but virtually no O2.

Deep sea hydrothermal vents are often called ‘black

smokers’. Seawater penetrates the volcanic rock

(basalt), is enriched with minerals and H2S, and

exits the vents at temperatures of around 600K. A

chimney-like structure grows up around the mouth of

the vent. Initially, the walls are composed of calcium

sulfate containing only small amounts of metal sulfide

minerals. A temperature gradient exists across the

walls of the (still growing) chimney: the inside walls

are exposed to the hot, hydrothermal fluids while the

outer walls are in contact with the much colder

seawater. Metal sulfide minerals (mainly ZnS,

(Zn/Fe)S, FeS2 and CuFeS2) are deposited on the

inner walls of the chimney and, over time, they replace

the calcium sulfate, ultimately giving rise to chimneys

composed of metal sulfides. The warm water

(�293K) around the vents is rich in hydrogen sulfide,

and is home to a unique population of invertebrates,

first discovered in 1977.

Hydrogen sulfide is normally considered too toxic to

support life, and the lack of O2 should also pose a

critical problem. Nature, however, has adapted to the

environment and many new species of animals, includ-

ing certain clams and mussels, have been discovered

only at these volcanic vent sites. Light does not pene-

trate to such ocean depths, and food chains that

depend upon photosynthesis cannot operate. Research

has shown that the vent communities use geothermal

energy (rather than solar energy), and the reaction

that starts the food chain may be represented as:

H2O þ H2S þ CO2 þO2 ��" ½CH2O� þH2SO4

carbohydrate

This method of producing carbohydrates is called

chemosynthesis to differentiate it from photosynthesis:

light
H2O þ CO2 �����" ½CH2O� þO2

carbohydrate

The photograph on the left illustrates a hydrothermal

vent colony on the East Pacific Rise, a submerged

volcanic mountain range that runs 8700 km south

from the Gulf of California. The giant vestimentiferan

tubeworms (Riftia pachyptila) are marine invertebrates

that are central to the hydrothermal vent ecosystem.

The white tubes are constructed from chitin, a polysac-

charide, the structure of which (see below) is related to

that of cellulose (see Section 35.3). Giant vestimenti-

feran tubeworms possess no digestive system, and

each tubeworm is home to a colony of chemosynthetic

bacteria. A symbiotic relationship operates between

bacteria and tubeworm. Hydrogen sulfide enters the

tubeworm through the red plumes visible in the photo-

graph and is bound by the haemoglobin that they

contain. An X-ray diffraction study of crystalline

haemoglobin from Riftia pachyptila has shown that it

contains 24 subunits, (compare this with the four

subunits in mammalian haemoglobin; see Box 5.2 and

Section 35.7). This structural study demonstrated that

12 zinc(II) ions are bound by histidine and glutamate

residues (see Table 35.2) in the protein chain and

these metal centres mediate the binding of H2S. Iron

centres in the haem units bind O2. Thus, both H2S

and O2 are transported by the tubeworm’s haemoglo-

bin and are transferred to the bacteria which then

carry out the chemosynthesis of carbohydrates for

their host.
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was designed so as to minimize the escape of gaseous H2S. The hydrolysis of

calcium sulfide (equation 21.61) produces purer H2S.

FeSðsÞ þ 2HClðaqÞ ��"H2SðgÞ þ FeCl2ðaqÞ ð21:60Þ

CaSþ 2H2O��"H2Sþ CaðOHÞ2 ð21:61Þ

The presence of H2S can be confirmed by its reaction with lead acetate. Filter

paper dipped in aqueous PbðO2CCH3Þ2, and then dried, turns black when it

comes into contact with H2S (equation 21.62).

H2SðgÞ þ PbðO2CCH3Þ2
Colourless

��" PbSðsÞ
Black

þ 2CH3CO2H ð21:62Þ

The bent structure of H2S (21.9) is consistent with VSEPR theory, but

the H�S�H bond angle is much smaller than would be predicted. In the

liquid state, hydrogen bonding is not very important as we saw from the

trends in boiling points in Figure 21.11.

Hydrogen sulfide is slightly soluble in water; a saturated solution at 298K

and atmospheric pressure has a concentration of �0.1mol dm�3. Aqueous

solutions of H2S are weakly acidic (equation 21.63) but the extremely small

value of the second dissociation constant (equation 21.64) means that this

second equilibrium lies to the left-hand side. A consequence of this is that

soluble metal sulfides (Na2S, K2S, ½NH4�2S and CaS) are readily hydrolysed

(equation 21.65).

H2SþH2OÐ ½H3O�þ þ ½SH�� pKa ¼ 7:04 ð21:63Þ

½SH�� þH2OÐ ½H3O�þ þ S2� pKa � 19 ð21:64Þ

Na2SþH2OÐ NaSHþNaOH ð21:65Þ

Hydrogen sulfide burns in air with a blue flame and is oxidized to sulfur

dioxide or sulfur depending upon the supply of O2 (equations 21.66 and

21.67).

Excess air=O2: 2H2Sþ 3O2 ��" 2SO2 þ 2H2O ð21:66Þ

Limited supply of air=O2: 2H2SþO2 ��" 2Sþ 2H2O ð21:67Þ

In acidic conditions, H2S is a mild reducing agent and may be oxidized to

sulfur(0) (equation 21.68) or to higher oxidation states.

2Fe3þ þH2S��" 2Fe2þ þ 2Hþ þ 1
8
S8 ð21:68Þ

Hydrogen selenide and hydrogen telluride

Hydrogen selenide (H2Se) and hydrogen telluride (H2Te) are colourless, foul

smelling and extremely toxic gases. H2Se is a dangerous fire hazard – on

exposure to O2 it rapidly decomposes to give red selenium. H2Te decomposes

in air or water or when heated. Molecules of H2Se and H2Te are bent but,

like H2S, have smaller bond angles than expected from VSEPR theory. Bond

parameters for the gas phase molecules are given in 21.10.

Hydrogen selenide may be prepared from its constituent elements

(equation 21.69) but the thermal instability of H2Te means that it cannot

be prepared by an analogous reaction. Both H2Se and H2Te can be

Qualitative test
for gaseous H2S:

(21.9)

Only a few metal sulfides

are soluble in water: Na2S,

K2S, ½NH4�2S, CaS.

(21.10)
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prepared by hydrolysing the appropriate aluminium chalcogenide (equa-

tion 21.70).

H2 þ Se ����"
630K

H2Se ð21:69Þ

Al2E3

E¼Se or Te

þ 6H2O��" 3H2Eþ 2AlðOHÞ3 ð21:70Þ

21.10 Binary compounds containing hydrogen and group 17
elements: hydrogen halides

Elements in group 17 form hydrogen halides of general formula HX (X ¼ F,

Cl, Br or I) which dissolve in water to give acidic solutions called hydrohalic

acids.

Hydrogen fluoride

Hydrogen fluoride, HF, is produced in an explosive radical chain reaction

when H2 and F2 are mixed (equation 21.71). Reaction 21.72 is a more

convenient method of preparation.

H2ðgÞ þ F2ðgÞ ��" 2HFðgÞ ð21:71Þ

CaF2ðsÞ þ 2H2SO4ðaqÞ
Conc

��" 2HFðgÞ þ CaðHSO4Þ2ðaqÞ ð21:72Þ

A problem of working with HF in the laboratory is its ability to etch silica

glass (equation 21.73) which corrodes glass reaction vessels. On the other

hand, the same reaction is used commercially for etching patterns on glass,

for example, for security etching of car window glass (Figure 21.15) which

allows the identification of stolen vehicles. Monel metal (a nickel alloy)

or polytetrafluoroethene (PTFE) containers are suitable for storing and

handling HF.

4HFþ SiO2 ��" SiF4 þ 2H2O

������
"

2HFðaqÞ

H2SiF6

ð21:73Þ

We have already described the role of hydrogen bonding in the solid state

structure of hydrogen fluoride (Figure 21.12). Hydrogen fluoride has a long

liquid range (mp 190K, bp 293K) and at room temperature is a colourless,

fuming and corrosive liquid or a gas depending upon the ambient conditions.

Extensive hydrogen bonding exists in the liquid and this contributes to its low

volatility; even in the vapour state, some intermolecular interactions persist,

giving species of formulae (HF)x (x � 6). Although the ability of HF to

react with glass colours our view of the compound, it is in many respects a

hydrogen-bonded liquid like H2O. For example, the protein insulin may be

recovered unchanged after dissolution in pure liquid HF.

Hydrogen fluoride is completely miscible with water but its solution

chemistry is complex. For the dissociation in equation 21.74, pKa is 3.45

Radical chain reactions: see
Section 15.14

"

Fig. 21.15 False-colour
scanning electron micrograph
(SEM) of etched glass
(magnification, � 5). The
textured area around the letter
R has been etched using
hydrofluoric acid.
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(at 298 K). This indicates that HF is a weaker acid than HCl, HBr or HI; a

contributing factor is the high bond dissociation enthalpy of the H�F bond

(Figure 21.16). Equilibrium 21.74 is complicated by the interaction of

fluoride ions and hydrogen fluoride (equation 21.75). By applying Le

Chatelier’s principle, we see that if F� produced in reaction 21.74 is removed

from the system by reaction with HF, more F� (and, necessarily, more

½H3O�þ) forms.

HFðlÞ þH2OðlÞ Ð ½H3O�þðaqÞ þ F�ðaqÞ ð21:74Þ

F�ðaqÞ þHFðaqÞ Ð ½HF2��ðaqÞ K ¼ ½HF2
��

½HF�½F�� ¼ 0:2 ð21:75Þ

The formation of ½HF2�� depends on the ability of H and F to be involved in

strong hydrogen bonding. Diffraction (X-ray and neutron) studies of K½HF2�
confirm that the ½HF2�� anion is linear (21.11) with an F:::F distance of

226 pm. Compare this with twice the H�F bond length in HF (2� 92 pm),

and we see that the hydrogen bonding in ½HF2�� is very strong. Note that

an H:::F hydrogen bond will always be weaker and longer than a 2-centre

covalent H�F bond.

Anhydrous liquid HF is self-ionizing (equation 21.76) and is used as a non-

aqueous solvent.

3HFðlÞ Ð ½H2F�þðsolvÞ þ ½HF2��ðsolvÞ ð21:76Þ

Hydrogen chloride

Hydrogen chloride, HCl, is a poisonous, colourless gas (bp 188K) and can be

detected by contact with NH3 (equation 21.77). It is conveniently prepared

by the action of concentrated H2SO4 on solid NaCl (equation 21.78).

HClðgÞ
Colourless gas

þ NH3ðgÞ
Colourless gas

��" NH4ClðsÞ
Fine; white powder

ð21:77Þ

NaClðsÞ þH2SO4

Conc

��"HClðgÞ þNaHSO4ðsÞ ð21:78Þ

Hydrogen chloride is also formed from the reaction of H2 and Cl2. This reac-

tion is by no means as vigorous as that between H2 and F2; the standard

enthalpies of formation of gaseous HF and HCl are �273 and �92kJmol�1

respectively. On a commercial scale, reaction 21.78 may be used to make

HCl, but the reaction of H2 with Cl2 is preferred. Hydrogen chloride has a

wide range of uses, not only in the chemical laboratory as a gas or an aqueous

acid (see below), but also in the manufacture of many inorganic and organic

chemicals.

In liquid HCl, the intermolecular association through hydrogen bonding is

less than in HF, and the degree of self-ionization is small. The zigzag chain

structure of solid HCl is similar to that of HF (see Figure 21.12) and is

due to hydrogen bonding.

Some reactions involving HCl (e.g. additions to unsaturated hydro-

carbons) are described in Chapter 26. Hydrogen chloride oxidizes some

metals and the electrochemical series (see Table 21.1) can be used to predict

which metal chlorides can be formed in this way (equations 21.79 and 21.80).

MgðsÞ þ 2HClðgÞ ��"�
MgCl2ðsÞ þH2ðgÞ ð21:79Þ

FeðsÞ þ 2HClðgÞ ��"�
FeCl2ðsÞ þH2ðgÞ ð21:80Þ

X-ray and neutron
diffraction: see Section 4.2

(21.11)

See Figure 1.8

"

"

Fig. 21.16 The trend in bond
dissociation enthalpies for the
group 17 hydrides.
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Hydrogen chloride fumes in moist air and dissolves in water to give a

strongly acidic solution (hydrochloric acid) in which it is fully ionized. The

chloride ion is precipitated as white AgCl when silver(I) nitrate is added

(equation 21.81) and this is a standard qualitative test for the presence of free

chloride ions in aqueous solution (equation 21.82).

AgNO3ðaqÞ þHClðaqÞ ��"AgClðsÞ þHNO3ðaqÞ ð21:81Þ
AgNO3ðaqÞ þ Cl�ðaqÞ ��" AgClðsÞ

White precipitate

þ ½NO3��ðaqÞ ð21:82Þ

Displacement of H2 from hydrochloric acid occurs with metals above

hydrogen in the electrochemical series (see Table 21.1). These reactions are

analogous to the oxidations shown in equations 21.79 and 21.80 but involve

aqueous HCl (equation 21.83).

MgðsÞ þ 2HClðaqÞ ��"MgCl2ðaqÞ þH2ðgÞ ð21:83Þ

Hydrochloric acid neutralizes bases (equations 21.84 and 21.85) and reacts

with metal carbonates (equation 21.86) – these are typical reactions of dilute

aqueous acids.

HClðaqÞ þNaOHðaqÞ ��"NaClðaqÞ þH2OðlÞ ð21:84Þ

2HClðaqÞ þ CuOðsÞ ��"CuCl2ðaqÞ þH2OðlÞ ð21:85Þ

2HClðaqÞ þMgCO3ðsÞ ��"MgCl2ðaqÞ þH2OðlÞ þ CO2ðgÞ ð21:86Þ

The above reactions all occur with dilute hydrochloric acid, typically

2mol dm�3. Concentrated hydrochloric acid is oxidized by KMnO4 or

MnO2, to produce Cl2 (equations 21.87 and 21.88) and the former is a

convenient synthesis of Cl2.

ð21:87Þ

ð21:88Þ

Worked example 21.2 Thermodynamically favourable reactions

Use data from Appendix 12 to confirm that the reaction of Zn and hydrochloric

acid (at pH 0) is thermodynamically favourable. What are the limitations of the

method you have used? [Data: F ¼ 96 485Cmol
�1
]

The following half-equations are relevant:

Zn2þðaqÞ þ 2e� Ð ZnðsÞ Eo ¼ �0:76V
2HþðaqÞ þ 2e� Ð H2ðgÞ Eo ¼ �0:00V

The Eo values refer to standard conditions of pH0, i.e. [Hþ] =

1:0 mol dm�3.

Eo
cell ¼ Eo

reduced � Eo
oxidized

¼ 0:00� ð�0:76Þ ¼ 0:76 V

Qualitative test for Cl� ions:
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�Go ¼ �zFEo
cell

¼ �2� ð96 485 C mol�1Þ � ð0:76VÞ
¼ �150 000 J mol�1 ¼ �150 kJ mol�1 ðto 2 sig: fig:Þ

The large, negative value for the change in Gibbs energy shows that the

reaction is thermodynamically favourable.

The result above only applies to standard conditions. A change in concen-

tration means that the Nernst equation must be applied to determine new

values of E (see Section 18.4).

Hydrogen bromide and hydrogen iodide

Both HBr and HI are choking colourless gases (bp 206 and 238K respec-

tively). They cannot be prepared in reactions analogous to reaction 21.78

because both HBr and HI are oxidized by H2SO4. Instead, phosphoric acid

may be used (equation 21.89) or the reaction of red phosphorus with the

respective halogen and water (equation 21.90). H2 reacts with Br2 or I2 to

give HBr or HI respectively, but high temperatures and a metal catalyst

are needed; compare this with the explosive combination of H2 and F2.

KXþH3PO4

X¼Br or I

��"�
HXþKH2PO4 ð21:89Þ

3X2 þ 2Pþ 6H2O
X¼Br or I

��" 6HXþ 2H3PO3 ð21:90Þ

Both HBr and HI are soluble in water and are fully ionized; hydrobromic

and hydroiodic acids are strong acids. The bromide or iodide ions can be

precipitated by adding silver nitrate. Solid AgBr is cream-coloured and

AgI is pale yellow. These precipitations are used in qualitative analysis for

Br� and I� ions. Both acids undergo similar reactions to hydrochloric acid;

HBr and HI are easily oxidized as exemplified by reactions 21.91–21.93.

2Cu2þ þ 4I� ��" 2CuIþ I2 ð21:91Þ
2X� þ Cl2
X¼ I or Br

��"X2 þ 2Cl� ð21:92Þ

2I� þ Br2 ��" I2 þ 2Br� ð21:93Þ

21.11 Group 1: the alkali metals

We have already discussed several aspects of the group 1 metals:

. trends in ionization energies (Section 8.4);

. NaCl structure (Sections 8.8 and 8.9);

. CsCl structure (Section 8.10);

. ionic radii (Table 8.6);

. solid state structures (Section 9.11);

. melting points (Table 9.3);

. metallic radii (Table 9.4);

. metallic bonding (Section 9.13).
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The chemistry of the group 1 metals is dominated by the formation of

singly charged cations. The ionization energies relating to equation 21.94

are given in Appendix 8.

MðgÞ ��"MþðgÞ þ e� ð21:94Þ

In many of its properties, lithium is atypical and bears a resemblance to

magnesium to which it is diagonally related in the periodic table.

Appearance, physical properties, sources and uses

Each of the elements lithium, sodium, potassium, rubidium and caesium is a

soft, silver-grey solid metal at 298K. However, the particularly low melting

point of caesium (301.5K, Table 9.3) means that at ambient temperatures, it

may be a liquid. Francium (named after France, the country in which it was

discovered in 1939) is a radioactive element and only minute quantities of it

have ever been handled. Their high reactivities mean that the group 1 metals

do not occur native, i.e. in the elemental state. Sodium and potassium are

abundant in the Earth’s crust (2.6% and 2.4%, respectively), occurring as

rock salt (almost pure NaCl), natural brines and seawater, sylvite (KCl),

sylvinite (KCl/NaCl) and carnallite (KCl�MgCl2�6H2O). The evaporation

of seawater gives NaCl as the major component of a mixture of salts, and this

method is used to produce salt commercially (Figure 21.17).

Lithium is produced by electrolysing LiCl in a manner analogous to the

Downs process (see below). It has the lowest density (0.53 g cm�3) of all

the metals in the periodic table.

Sodium is the sixth most abundant element on Earth (in the form of

compounds such as NaCl, see end-of-chapter problem 21.27) and the most

abundant of the group 1 metals. Compounds of sodium have many applica-

tions, including uses in the paper, glass, detergent, chemical and metal indus-

tries. Both sodium and potassium are biologically important. They are

involved, for example, in osmotic control and the body’s nervous system.

Sodium is manufactured in the Downs process in which molten NaCl is elec-

trolysed (Figure 21.18). CaCl2 is added to reduce the operating temperature

to about 870K; pure NaCl melts at 1073K.Molten NaCl is composed of free

Diagonal relationship: see
Section 21.13

‘Caesium’ is spelt ‘cesium’ in
the US and American-

speaking countries

"

"

Fig. 21.17 (a) Salt pans and crude salt at Salin-de-Giraud in the Camargue, France. The salt pans are shallow ponds, separated
by levees, into which seawater is pumped and then allowed to evaporate. The purple–pink coloration is due to the presence
of algae. (b) After purification, the salt from Salin-de-Giraud is sold commercially as Fleur de Sel de Camargue.
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Naþ and Cl� ions. Reduction of the Naþ ions to form Na (equation 21.95)

occurs at the cathode while Cl� ions are oxidized at the anode (equation

21.96). The net result is reaction 21.97, and the molten Na passes out of

the cell where it is cooled and solidifies. The design of the electrolysis cell

is critical; NaCl will reform if the metallic Na and gaseous Cl2 come into

contact with each other. Although the Downs process is the major manufac-

turing process for sodium, the Cl2 produced represents a minor contribution

to the global supply. Approximately 95% of world Cl2 is manufactured using

the chloralkali process (see below).

At the cathode: (21.95)Na+(l) + e– Na(l)

At the anode: (21.96)2Cl–(l) Cl2(g) + 2e–

ð21:97Þ

Potassium is almost as abundant as sodium in the Earth’s crust (2.4%

versus 2.6%). Potassium salts are widely used as fertilizers, potassium being

an essential plant nutrient. The industrial production of potassium follows

reaction 21.98. Rubidium can be prepared similarly by reducing RbCl (equa-

tion 21.99).

KClðlÞ þNaðgÞ �����"
1000K

KðgÞ þNaClðsÞ ð21:98Þ

2RbClþ Ca ��"�
2Rbþ CaCl2 ð21:99Þ

Almost all salts of the group 1 metals are soluble in water. Caesium salts have

found some applications in organic syntheses, and the large Csþ cation is

often used to give good crystals of compounds containing large anions.

Alkali metal hydroxides

Sodium hydroxide is an important industrial chemical and Figure 21.19

shows some of its uses. It is manufactured by the chloralkali process which

Almost all salts of the

group 1 metals are soluble

in water.

Fig. 21.18 A schematic
representation of the electrolysis
cell used in the Downs process to
produce sodium commercially
from NaCl. The CaCl2 is present
to lower the working temperature
from 1073K (the mp of NaCl) to
�870K. The Na and Cl2 must be
kept separate to prevent
reformation of NaCl.
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is also used to produce Cl2, with approximately 49Mt of NaOH and 45Mt

of Cl2 being produced worldwide each year. The industrial process involves

the electrolysis of aqueous NaCl (brine), in contrast to the Downs process

(see Figure 21.18) in which molten NaCl is electrolysed. The relevant half-

equations for the chloralkali process are:

At the anode : 2Cl�ðaqÞ ��"Cl2ðgÞ þ 2e�

At the cathode : 2H2OðlÞ þ 2e� ��" 2½OH��ðaqÞ þH2ðgÞ

The anode discharges Cl2 rather than O2 even though from Eo values, it

appears as though it is easier to oxidize H2O than Cl�. This observation is

a consequence of the overpotential required to release O2 (see equations

18.42 and 18.43, and associated discussion of overpotential).

The alkali metals react exothermically with water (equation 21.100) and

the reactivity increases significantly as the group is descended.

2Mþ 2H2O��" 2MOHþH2 M ¼ Li;Na;K;Rb or Cs ð21:100Þ

Lithium, sodium and potassium are less dense than water and therefore reac-

tion 21.100 takes place on the surface of the liquid. In the case of potassium,

the reaction is violent enough to ignite the H2 produced. This ignition is an

explosive radical chain process, and coupled with the fact that the aqueous

KOH formed is caustic, the reaction must be conducted with care. The

reactions of Rb and Cs with water are even more spectacular. Both these

metals are denser than water (1.53 and 1.84 g cm�3 respectively) and so the

reaction takes place within the bulk liquid. As ignition of the H2 occurs,

the energy released can cause violent explosions.

Lithium, sodium, potassium and rubidium hydroxides are white,

crystalline solids; caesium hydroxide is pale yellow. The crystals are

deliquescent: they absorb water from the surrounding air and finally become

liquid. The solubility of the group 1 hydroxides in water tends to increase as

the group is descended. The hydroxides of the metals sodium to caesium

dissociate fully (equation 21.101) and the presence of free ½OH�� ions means

that these aqueous solutions are strongly basic.

MOHðsÞ �����"
Water

MþðaqÞ þ ½OH��ðaqÞ ð21:101Þ

Alkali metal oxides, peroxides and superoxides

Alkali metals are often stored in paraffin oil to prevent reaction with atmos-

pheric O2 and water vapour. A piece of freshly cut Na or K is shiny but

quickly tarnishes as it comes into contact with the air.

The combustion of the group 1 metals in O2 leads to various oxides

depending on the metal and conditions. Lithium reacts to give lithium oxide,

Li2O (equation 21.102), but Na usually forms sodium peroxide, Na2O2,

Radical chain reaction:
see Section 15.14

A deliquescent substance

absorbs water from the

surrounding air and

eventually forms a liquid.

"

Fig. 21.19 Industrial uses of
sodium hydroxide in Western
Europe in 1995. [Data: Ullmann’s
Encyclopedia of Industrial
Chemistry (2002), Wiley-VCH,
Weinheim.]
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APPLICATIONS

Box 21.9 Lithium anodes in batteries and lithium–ion batteries

Lithium–ion batteries for mobile phone, camera and laptop

computers.

Lithium possesses a highly negative reduction potential

(Eo
Liþ=Li ¼ �3:04V), meaning that the metal is very

readily oxidized to Liþ. Lithium is therefore an ideal

metal from which to construct the anode in a battery,

i.e. a galvanic cell. The standard reduction potential

given above refers to Liþ ions in aqueous solution,

but for lithium-containing batteries, water is not suit-

able for the electrolyte because it reacts with Li metal.

An example of a commercial battery that contains a

lithium anode is the lithium/iron sulfide battery

(Ecell ¼ 1:5V). It uses an FeS2 cathode and a molten

(670K) LiCl/KCl electrolyte. The latter allows good

Liþ ion conductivity, but the disadvantage is the need

for high-temperature operation. Materials that are

solid at room temperature and which are fast Liþ ion

conductors include Li4SiO4 doped with �-Li3PO4.

While the paragraph above describes lithium metal

being used for battery anodes, the term lithium-ion

battery is perhaps more familiar to you. Since 1991,

rechargeable lithium-ion batteries have been available

commercially and these are indispensable for the

operation of small electronic devices such as mobile

phones, laptop computers, MP3 players and digital

cameras. A rechargeable lithium-ion battery relies on

the movement of lithium ions between two electrodes

and the following reversible reaction:

LiCoO2 þ 6CðgraphiteÞ �����"3�����
charge

discharge

LiC6 þ CoO2

It is important to note that at no time is lithium under-

going a redox reaction. The redox processes can be

presented as:

6Cþ e� Ð C6
�

CoIVO2 þ e� Ð ½CoIIIO2��

Solid LiCoO2 acts as the positive electrode and is sepa-

rated from a graphite electrode by a solid electrolyte

(e.g. LiPF6 in an alkyl carbonate matrix) across

which Liþ ions migrate when the cell is being charged.

Charging involves applying an electrical potential

across the electrodes. During use, the battery dis-

charges as Liþ ions migrate in the opposite direction.

The structural properties of the two electrodes are criti-

cal, since eachmust be able to accommodate and release

Liþ ions. In solid LiCoO2, the O atoms are approxi-

mately cubic close-packed, and the octahedral holes

(see Figures 9.6 and 9.7) are occupied by Liþ or Co3þ

ions. Lithium-ion batteries are manufactured in a

discharged state, but when the battery is charging,

Liþ ions migrate out of the LiCoO2 lattice, across the

electrolyte and into the spaces between the layers in

the graphite structure:

This process is called intercalation. During battery

discharge, Liþ ions migrate back to the metal oxide

lattice. The cobalt centres are redox active, and are oxi-

dized from Co(III) to Co(IV) as Liþ leaves the lattice,

and reduced from Co(IV) to Co(III) during discharge.

In turn, the graphite is reduced as Liþ ions are interca-

lated, and is oxidized during discharge. The battery has

a cell potential of 3.6 V.
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which contains the diamagnetic ½O2�2� ion (equation 21.103). By increasing

the pressure or temperature, NaO2 may be produced (equation 21.104)

and this contains the paramagnetic superoxide anion, ½O2��.
4LiþO2 ��" 2Li2O

Lithium oxide

ð21:102Þ

2NaþO2 ��" Na2O2

Sodium peroxide

ð21:103Þ

NaþO2 ��" NaO2

Sodium superoxide

ð21:104Þ

Although under varying conditions all three oxides can be prepared for each of

the fivemetals, the tendency to form the peroxide and the superoxide increases

down group 1with the ½O2�2� and ½O2�� anions being increasingly stabilized by
the larger metal cations Kþ, Rbþ and Csþ. All the superoxides are, however,

relatively unstable. The colours of the compounds vary from white to orange,

following a general trend as the group is descended: Li2O andNa2O formwhite

crystals, K2O is pale yellow, Rb2O is yellow and Cs2O is orange.

Potassium superoxide is used in breathing masks: KO2 absorbs water and

in so doing produces both O2 for respiration and KOH which absorbs

exhaled CO2. All the potassium-containing components in equations

21.105 and 21.106 remain in the solid phase and are contained effectively

in the breathing mask.

4KO2ðsÞ þ 2H2OðlÞ ��" 4KOHðsÞ þ 3O2ðgÞ ð21:105Þ

KOHðsÞ þ CO2ðgÞ ��"KHCO3ðsÞ ð21:106Þ

Alkali metal halides

Each group 1 metal reacts with X2 (X ¼ F, Cl, Br or I) when heated

(equation 21.107).

2MþX2 ��"
�

2MX ð21:107Þ

The alkali metal halides are white, crystalline high-melting solids with

ionic lattices. Sodium chloride, an industrially important chemical, occurs

naturally as rock salt and in seawater (see end-of-chapter problem 21.27).

Alkali metals as reducing agents

When an alkali metal reacts with water or O2, it is oxidized. Conversely, the

metal behaves as a reducing agent, reducing the hydrogen in H2O to H2, or

reducing the oxygen in O2 to O2�, ½O2�� or ½O2�2�. Alkali metals are powerful

reducing agents and this property is associated with the ease with which each

metal loses an electron: the more thermodynamically favourable is this loss,

themore powerful the reducing ability of themetal. Equations 21.108 to 21.111

illustrate the role of alkali metals as reducing agents, and in Chapter 26 we

describe how alkali metals can be used to reduce alkynes. The reducing power

can be increased by dissolving the alkali metal in liquid ammonia as described

below.

2Naþ Cl2 ��" 2NaCl ð21:108Þ

2Csþ F2 ��" 2CsF ð21:109Þ

Trend in ionic radii: see
Figure 8.22

"
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4Naþ ZrCl4 ��" 4NaClþ Zr ð21:110Þ

2Naþ 2C2H5OH��" 2Naþ½C2H5O��
Sodium ethoxide

þH2 ð21:111Þ

Alkali metals in liquid ammonia

Alkali metals dissolve in dry liquid ammonia to give coloured solutions. At

low concentrations, these are blue and paramagnetic and have high electrical

conductivities, but at higher concentrations, bronze coloured ‘metallic’

solutions are formed in which a variety of aggregates are present. These

properties are caused by the ionization of the metal (equation 21.112) and

a factor that contributes to this unusual phenomenon is the low value of

the first ionization potential of each group 1 metal.

NaðsÞ þNH3ðlÞ ��" Naþ ðsolvated by liquid NH3Þ

þ e�ðsolvated by liquid NH3Þ ð21:112Þ

The electron removed from the Na atom is solvated by the NH3 molecules

but can be considered to be a ‘free electron’. Hence, solutions of alkali metals

in liquid NH3 are powerful reducing agents (equations 21.113 to 21.115). The

alkali metal is oxidized to the corresponding metal ion and this becomes the

counter-ion for the reduced partner in the reaction, e.g. in reaction 21.115,

the product is isolated as Na2½FeðCOÞ4�.

O2 �������������"
M in liquid NH3 ½O2�� ð21:113Þ

½MnO4�� �������������"
M in liquid NH3 ½MnO4�2� ð21:114Þ

½FeðCOÞ5� �������������"
Na in liquid NH3 ½FeðCOÞ4�2� ð21:115Þ

Solutions of an alkali metal in ammonia are unstable with respect to the

formation of a metal amide and H2 (equation 21.116). The reaction is slow

but is catalysed by some metals (e.g. iron).

2Naþ 2NH3 ��" 2NaNH2

Sodium amide

þH2 ð21:116Þ

21.12 The group 2 metals

Each of the group 2 metals has two electrons in the valence shell and most of

their chemistry is that of the M2þ ion. Beryllium stands out from the group

because it exhibits significant covalency in its compounds. The group 2 metals

are collectively called the alkaline earth metals.

Appearance, physical properties, sources and uses

Some physical properties of the group 2 metals are listed in Table 21.3. With

the exception of barium, these metallic elements have close-packed lattices in

the solid state (see Table 9.3).

Metal lattices:
see Section 9.11

"
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Beryllium is relatively rare but it is one of the lightest metals known and

possesses one of the highest melting points. It is non-magnetic, has a high

thermal conductivity, and is resistant to both attack by concentrated nitric

acid and oxidation in air at 298K. These properties contribute to its being

of great industrial importance, and beryllium is used in the manufacture of

body-parts in high-speed aircraft and missiles, and in communication

satellites. It is also used in nuclear reactors as a moderator and a reflector.

Since each beryllium atom has only four electrons, it allows X-rays to

pass through virtually unperturbed and is used in the windows of

X-ray tubes. Beryllium is found in many natural minerals; emerald and aqua-

marine are two precious forms of the mineral beryl (the mixed oxide

3BeO�Al2O3�6SiO2) and are used in jewellery. Despite the widespread tech-

nical uses of beryllium, care must be taken when handling the metal as it is

extremely toxic. The element can be prepared by reducing BeF2 (equation

21.117) or by the electrolysis of molten BeCl2.

BeF2 þMg��"MgF2 þ Be ð21:117Þ

Magnesium is the eighth most abundant element in the Earth’s crust but it is

not present in the elemental state. Two of the major sources are the minerals

dolomite (the mixed carbonate CaCO3
:MgCO3) and magnesite (MgCO3). It

is also present in seawater as magnesium(II) salts. Figure 21.20 summarizes

the extraction of magnesium from seawater. It begins with the precipitation

of Mg2þ ions in the form of magnesium hydroxide, the hydroxide ions being

provided by adding Ca(OH)2 (slaked lime) which itself is formed from

calcium carbonate, which is widely available as limestone, sea shells and

other calcareous deposits. The Mg(OH)2 is neutralized with hydrochloric

acid (equation 21.118) and the solid MgCl2 deposited after the water has

been evaporated is melted and electrolysed (equations 21.119 and 21.120).

2HClðaqÞ þMgðOHÞ2ðsÞ ��"MgCl2ðaqÞ þ 2H2OðlÞ ð21:118Þ
At the cathode: Mg2þðlÞ þ 2e� ��"MgðlÞ ð21:119Þ
At the anode: 2Cl�ðlÞ ��"Cl2ðgÞ þ 2e� ð21:120Þ

Large-scale production of Mg is required to meet the commercial demands

of this metal. Its high reactivity is responsible for its uses in photographic

flashlights, flares and fireworks, and its low density (see Table 21.3) makes

X-rays: see Section 4.2

An alloy is an intimate

mixture of two or more

metals, or metals and non-

metals. The aim of alloying

is to improve the physical

properties and resistance to

corrosion, heat, etc. of the

material.

"

Table 21.3 Selected physical properties of the alkaline earth metals.

Element

(symbol)

Physical

appearance

Melting

point / K

Boiling

point / K

Density

/ g cm
�3

Notes

Beryllium (Be) Steel-grey metal 1560 2744 1.85 Beryllium is extremely toxic

Magnesium (Mg) Silver-white metal 923 1363 1.74

Calcium (Ca) Silver coloured metal 1115 1757 1.55

Strontium (Sr) Silver coloured metal 1050 1655 2.58

Barium (Ba) Silver-white metal 1000 2170 3.50 Soluble compounds are toxic

Radium (Ra) White metal 973 1413 5.00 Radioactive
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it invaluable as a component in alloys. The presence of Mg in anMg/Al alloy

improves the mechanical strength, welding and fabrication properties of the

material, and increases its resistance to corrosion. The properties of a parti-

cular alloy depend upon the ratio of Mg :Al and alloys have widespread uses

in aircraft body-parts, missiles and lightweight tools and containers.

Magnesium plays an important biological role: it is involved in phosphate

metabolism and is present in chlorophyll. Medical uses of magnesium salts

include indigestion powders (‘milk of magnesia’, Mg(OH)2) and medication

for constipation (‘Epsom salts’, MgSO4).

Calcium is the fifth most abundant element in the Earth’s crust and occurs

in limestone (CaCO3), gypsum (CaSO4
:2H2O) and fluorite (CaF2), but not in

the element state. The metal may be produced by electrolysing molten CaCl2
(reduction of Ca2þ occurs at the cathode) or by the reduction of CaO with Al

(equation 21.121). The uses of Ca metal are not as widespread as those of its

compounds.

3CaOþ 2Al ��"�
3CaþAl2O3 ð21:121Þ

Strontium and barium both occur as the sulfate and carbonate: SrSO4

(celestite), SrCO3 (strontianite), BaSO4 (barite) and BaCO3 (witherite).

The oxides of these elements are reduced by Al to produce Sr and Ba

respectively in reactions analogous to equation 21.121. Barium is used as a

‘getter’ in vacuum tubes; the high reactivity of the metal means that it

combines with gaseous impurities such as O2 and N2 (equations 21.122

and 21.123) and the effect is to remove residual traces of such gases to give

a good vacuum.

2BaþO2 ��" 2BaO ð21:122Þ
3BaþN2 ��"Ba3N2 ð21:123Þ

Chlorophyll: see Box 23.3

"

Fig. 21.20 A summary of the
industrial process used to extract
magnesium from seawater.
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Barium sulfate is a white compound and is insoluble in water; it is used in

paints, in X-ray diagnostic work (‘barium meals’) and in the glass industry.

The addition of barium chloride to aqueous solutions containing sulfate ions

results in the formation of a white precipitate of BaSO4 (equation 21.124).

All water- or acid-soluble compounds of barium are highly toxic and one

past use of BaCO3 was as a rat poison.

BaCl2ðaqÞ þ ½SO4�2�ðaqÞ ��" BaSO4ðsÞ
White precipitate

þ 2Cl�ðaqÞ ð21:124Þ

Group 2 metal oxides

With the exception of beryllium, the group 2 oxides (MO) are usually formed

by the thermal decomposition of the respective carbonate (MCO3) as shown

for calcium in Figure 21.20. In air, the shiny surface of a group 2 metal

quickly tarnishes due to the formation of a thin coat of metal oxide. This

protects the metal from further reaction under ambient conditions and the

metal is said to be passivated. The property is particularly noticeable for

beryllium, which is resistant to reaction with water and acids because of

the presence of the protective oxide covering.

2BeðsÞ þO2 ��" 2BeOðsÞ ð21:125Þ

The complete oxidation of beryllium takes place if the powdered metal is

ignited in O2 (equation 21.125). BeO is a white solid that crystallizes with

the wurtzite structure. When heated in air, magnesium burns with a

brilliant white flame, reacting not only with O2 but also with N2 in reactions

analogous to those for barium. The oxides MgO, CaO, SrO and BaO are

white crystalline solids with ionic structures of the sodium chloride type.

Barium oxide reacts further with O2 when heated at 900K (equation

21.126), and strontium peroxide can be similarly produced (620K and under

a high pressure of O2).

2BaOðsÞ þO2ðgÞ ����"
900K

2BaO2ðsÞ
Barium peroxide

ð21:126Þ

Calcium oxide is commonly called quicklime or lime. The addition of a molar

equivalent of water to solid CaO produces solid Ca(OH)2 (slaked lime) in a

highly exothermic reaction. In contrast, BeO does not react with water, MgO

reacts slowly, and BaO quickly; BaO is used as a drying agent for liquid

alcohols and amines. Calcium hydroxide is used as an industrial alkali and

has a vital role in the building trade as a component in mortar. Dry mixtures

of sand and CaO can be stored and transported without problem. Once water

is added, the mortar quickly sets, forming solid calcium carbonate as CO2 is

absorbed (equation 21.127). The sand from the mortar acts as a binding

agent between the particles of CaCO3.

CaOðsÞ �����"
H2OðlÞ

CaðOHÞ2ðsÞ �����"
CO2ðgÞ

CaCO3ðsÞ þH2OðlÞ ð21:127Þ

A solution of calcium hydroxide is called limewater and is used to test for

CO2. Bubbling CO2 through limewater turns the latter cloudy owing to the

precipitation of CaCO3 (equation 21.128).

CaðOHÞ2ðaqÞ
Limewater

þ CO2ðgÞ ��" CaCO3ðsÞ
White precipitate

þH2OðlÞ ð21:128Þ

Qualitative test for ½SO4�2� ions:

A metal is passivated if it

has a surface coating of the

metal oxide which protects

it from reaction with e.g.

water.

Wurtzite structure:
see Section 8.13

NaCl structure:
see Section 8.8

Qualitative test for CO2:

"

"
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APPLICATIONS

Box 21.10 Flame tests and fireworks

When the salt of an s-block metal is treated with

concentrated hydrochloric acid (to produce a volatile

metal chloride) and is heated strongly in the non-

luminous flame of a Bunsen burner, the flame appears

with a characteristic colour – this flame test is used in

qualitative analysis to determine the identity of the

metal ion (see table below).

The principal requirement of a firework (apart from

the noise!) is to produce bright, coloured lights, and the

pyrotechnics industry capitalizes on the emission of

coloured light by s-block (and other) elements. Typi-

cally, white light is the result of the oxidation of

magnesium or aluminium (e.g. in sparklers), and

yellow, red and green are due to sodium, strontium

and barium respectively. Producing fireworks that

emit a blue colour is not so easy; copper(I) chloride is

used but the intensity of colour is not particularly

good. The explosion in a firework is initiated by an

oxidizing agent such as potassium chlorate, KClO3,

or potassium perchlorate, KClO4. In rockets, an

exothermic reaction that will produce the energy to

launch the firework is also needed. Fireworks are

stored for quite long time periods and must not

absorb water – as we saw in the main discussion,

many compounds of the s-block elements are deliques-

cent or hygroscopic and thus the component com-

pounds in the fireworks must be carefully chosen.

Burning fireworks contributes towards atmospheric

pollution, although such events are usually only for

short periods of time. Sulfur dioxide, carbon dioxide,

carbon monoxide, ozone and nitrogen oxides are

released, in addition to particulate matter. The latter

typically consists of carbon and metal particles. A

number of environmental studies have been carried

out to assess the pollution resulting from festivals

such as the lantern festival in Beijing, Guy Fawkes

night in the UK, and firework displays associated

with the six day long Las Fallas in Valencia, Spain.

In the latter study§, significant increases in metal

aerosol concentrations were observed, for example K

(an increase from 500 to 5900 ng m�3), Al (as Al2O3,

from 600 to 2200 ng m�3), Mg (100 to 500 ng m�3),
Pb (17 to 379 ng m�3), Ba (39 to 322 ng m�3), Sr (3 to

112 ng m�3), Cu (12 to 71 ng m�3) and Sb (1 to

52 ng m�3). Since the metal particles are very fine,

they are readily inhaled and there is the potential for

health risks.

Metal ion Colour of flame Additional confirmatory tests

Lithium Red

Sodium Intense yellow Cobalt-blue glass completely absorbs sodium light; thus, the flame
appears colourless through a piece of blue glass.

Potassium Lilac (difficult to observe) The flame appears crimson when viewed through a piece of blue glass.

Calcium Brick-red The flame appears pale green when viewed through a piece of blue glass.

Strontium Crimson The flame appears purple when viewed through a piece of blue glass.

Barium Apple-green

A display of fireworks from a floating barge.

§ T. Moreno et al. (2007) Atmospheric Environment, vol. 41, p. 913 – ‘Recreational atmospheric pollution episodes: Inhalable
metalliferous particles from firework displays.’

734 CHAPTER 21 . Hydrogen and the s-block elements



 

Large amounts of CaO are used in the chemical industry in the manufac-

ture of Na2CO3 and NaOH. However, the importance of the Solvay process

which has been used to produce Na2CO3 and NaHCO3 is now significantly

less than it was. Calcium oxide is also used in the manufacture of calcium

carbide, CaC2 (equation 21.129), which contains the anion ½C	C�2�.

CaOðsÞ þ 3CðsÞ �����"
2200K

CaC2ðsÞ þ COðgÞ ð21:129Þ

The oxides have very high melting points (all >2000K) and BeO, MgO and

CaO are used as refractory materials; such materials are not decomposed at

high temperatures. Magnesium oxide is a good thermal conductor but is an

electrical insulator and, coupled with its thermal stability, these properties

make it suitable for use as an electrical insulator in heating and cooking

appliances.

Group 2 metal hydroxides

Beryllium does not react with water even when heated, since it is passivated.

To a certain extent magnesium is also passivated, but it reacts with steam or

when heated in water (equation 21.130). Calcium, strontium and barium

all react with water in a similar manner, with the reactivity increasing down

the group. Calcium reacts with cold water and a steady flow of H2 is

produced; with hot water the reaction is rapid. Beryllium hydroxide may

be prepared by precipitation from the reaction of BeCl2 and NaOH (but

see below).

MgðsÞ þ 2H2OðlÞ ��"
�

MgðOHÞ2ðaqÞ þH2ðgÞ ð21:130Þ

The properties of beryllium hydroxide differ from those of the later hydroxides.

In the presence of an excess of ½OH��, Be(OH)2 forms a tetrahedral complex

anion 21.12 (equation 21.131) and this exemplifies its behaviour as a Lewis acid.

BeðOHÞ2ðsÞ þ 2½OH��ðaqÞ ��" ½BeðOHÞ4�2�ðaqÞ ð21:131Þ

Beryllium hydroxide is neutralized by acid and can also function as a

Brønsted base (equation 21.132).

BeðOHÞ2ðsÞ þH2SO4ðaqÞ ��" BeSO4ðsÞ þ 2H2OðlÞ ð21:132Þ

When a compound can act as either an acid or a base, it is said to be

amphoteric. Whereas Be(OH)2 is amphoteric, the later group 2 hydroxides

act only as bases with the base strength increasing down the group.

Group 2 metal halides

Equation 21.133 shows the general reaction for a group 2 metal, M, with a

halogen X2, but this is not always a convenient route to the metal halides.

MþX2 ��"MX2 ð21:133Þ

BeOþ Cl2 þ C ���������"
900�1100K

BeCl2 þ CO ð21:134Þ

Beryllium chloride is prepared from the oxide (equation 21.134) and possesses

a polymeric structure similar to that of BeH2 (Figure 21.4). We described the

bonding in BeH2 in terms of 3c–2e Be�H�Be bridges, but in BeCl2 (21.13),

there are sufficient electrons for all the Be�Cl interactions to be localized

Complex ions:
see Chapter 23

(21.12)

A compound is amphoteric

if it can act as either an acid

or a base.

"
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2-centre 2-electron bonds. Each Cl atom has three lone pairs of electrons, and

one lone pair per Cl atom is used to form a coordinate bond.

(21.13)

The halides of the later metals form ionic lattices: MgF2 has a rutile

structure and CaF2, SrF2 and BaF2 crystallize with the fluorite structure.

Calcium fluoride occurs naturally as the mineral fluorite and is a major

source of F2. With the exception of BeF2 which forms a glass, the group 2

halides are white or colourless crystalline solids and the fluorides tend to have

considerably higher melting points than the chlorides, bromides and iodides.

There is a tendency for crystals of the chlorides, bromides and iodides to be

deliquescent, and SrBr2 crystals are hygroscopic. A hygroscopic solid absorbs

water from the surrounding air but, unlike a deliquescent crystal, does not

become a liquid. The deliquescent nature of calcium chloride renders it an

excellent drying agent, for example in desiccators.

Anomalous behaviour of beryllium

After reading about the chemistry of Be, you should have gained the

impression that beryllium is not a typical group 2 metal. Magnesium,

calcium, strontium and barium have many properties in common, although

the degree of reactivity changes as the group is descended. Beryllium (the first

member of the group) shows anomalous chemical behaviour and many of its

compounds exhibit covalent character.

The crucial property that makes beryllium distinct in group 2 is the high

charge density of the Be2þ ion. If it existed as a naked ion, it would be

extremely polarizing. The consequence is that beryllium compounds either

exhibit partial ionic character or contain solvated ions. In water, Be2þ is

hydrated, forming ½BeðOH2Þ4�2þ in which the positive charge is spread out

over the beryllium centre and the four water molecules. The ½BeðOH2Þ4�2þ
ion readily loses a proton because the Be2þ centre significantly polarizes

the already polar O�H bonds (structure 21.14).

We could envisage that loss of Hþ (as ½H3O�þ) might lead to the formation

of ½BeðOH2Þ3ðOHÞ�þ but the process does not stop here. Various solution

species are present and equation 21.135 gives one example. By applying Le

Chatelier’s principle to this equilibrium, we can understand why

½BeðOH2Þ4�2þ exists only in strongly acidic solution; the presence of

excess ½H3O�þ ions drives the equilibrium to the left-hand side. A common

structural motif is the fBe4Og6þ unit and Figure 21.21 shows this in

½Be4OðO2CMeÞ6�.

4½BeðOH2Þ4�2þðaqÞ þ 2H2OðlÞ Ð

2½ðH2OÞ3Be�O�BeðOH2Þ3�2þðaqÞ þ 4½H3O�þðaqÞ ð21:135Þ

Fluorite and rutile
structures: see Sections 8.11

and 8.12

A hygroscopic solid absorbs

water from the surrounding

air but does not become a

liquid.

Charge density:
see Section 8.18

(21.14)

"

"
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In Chapter 22, we see that aluminium behaves in a similar way to beryllium,

the two elements being diagonally related in the periodic table.

21.13 Diagonal relationships in the periodic table: lithium and
magnesium

Although lithium does not stand out so distinctly from group 1 as beryllium

does from group 2, there is no doubt that lithium is atypical of the alkali

metals in many respects. The Liþ ion is small (see Table 8.6 and Figure 8.22)

and highly polarizing, and this results in a degree of covalency in some of its

compounds. On going from Liþ to Be2þ, the ionic radius decreases, but on

going down group 2 from Be2þ to Mg2þ, the ionic radius increases. The

net result is that the sizes of Liþ and Mg2þ are similar (see Table 8.6) and

we observe similar patterns in behaviour between lithium and magnesium

despite the fact that they are in different groups. The Liþ and Mg2þ ions

are diagonally related in the periodic table, as are Be2þ and Al3þ, and the

three ions Naþ, Ca2þ and Y3þ.
Lithium and magnesium ions are more strongly hydrated in aqueous

solution than are the ions of the heavier group 1 and 2 metals. When the

nitrates of lithium and magnesium are heated, they decompose to give oxides

(equation 21.136) whereas thermal decomposition of the remaining group 1

and 2 nitrates gives a nitrite (equation 21.137) which further decomposes to

an oxide.

4LiNO3ðsÞ ��"
�

2Li2OðsÞ þO2ðgÞ þ 2N2O4ðgÞ ð21:136Þ

2MNO3ðsÞ
M¼ Na;K;Rb;Cs

��"�
2MNO2ðsÞ þO2ðgÞ ð21:137Þ

Fig. 21.21 The structure
of ½Be4OðO2CMeÞ6�

determined by X-ray diffraction;
the central fBe4Og6þ unit is a
common structural motif in
beryllium chemistry. The H
atoms of the methyl groups have
been omitted. Colour code: Be,
yellow; O, red; C, grey. [Data:
A. Tulinsky et al. (1959) Acta
Cryst., vol. 12, p. 623.]
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SUMMARY

In this chapter we have discussed some descriptive inorganic chemistry of hydrogen and the s-block
elements and have introduced hydrogen bonding.

Do you know what the following terms mean?

. kinetic isotope effect

. electropositive

. non-stoichiometric compound

. 3-centre 2-electron
interaction

. Lewis acid and base

. coordinate bond

. adduct

. non-aqueous solvent

. self-ionization

. hydrogen bond

. alkali metal

. alkaline earth metal

. solvation

. hydration

. disproportionation

. deliquescent

. hygroscopic

. amphoteric

. alloy

. diagonal relationship

You should now be able to discuss aspects of the chemistry, including sources
(or syntheses) and uses, of:

. the element hydrogen

. selected hydrides of the s-, p- and d-block
elements

. the alkali metals

. halides, oxides and hydroxides of the alkali
metals

. the group 2 metals

. halides, oxides and hydroxides of the group 2
metals

Do you know how to test qualitatively for the following?

. H2(g)

. CO2(g)

. H2S(g)

. HCl(g)

. Cl�, Br� and I� ions

. ½SO4�2� ions

PROBLEMS

21.1 An absorption in an IR spectrum of an organic

compound comes at 3100 cm�1 and is assigned to

an X�H bond where X ¼ C, O or N. Determine

the shift in this band upon deuteration of the X�H
bond for (a) X¼ 12C, (b) X¼ 16O and (c) X¼ 14N.

21.2 Why are kinetic isotope effects useful for reactions

involving C�H bonds but are not likely to be of

significant use in studying reactions involving
12C¼O and 13C¼O labelled compounds?

21.3 Which of the following metal ions might be

reduced to the respective metal by H2: (a) Cu
2þ;

(b) Zn2þ; (c) Fe2þ; (d) Ni2þ; (e) Mn2þ? Conversely,
which of the following metals would react with

dilute sulfuric acid to generate H2: (a) Mg; (b) Ag;

(c) Ca; (d) Zn; (e) Cr?

21.4 The standard enthalpies of formation (298K) of

methanol and octane are �239 and �250 kJmol�1.
Determine the enthalpy change when a mole of

each is fully combusted, and assess the relative

merits of these compounds as fuels. (�fH
o

CO2ðgÞ ¼ �394, H2OðlÞ ¼ �286 kJmol�1.)

21.5 InSection21.5we stated that ‘the tetrahydridoborate

anion is kinetically stable towards hydrolysis’.

What does this mean? How does kinetic stability

in this case differ from thermodynamic stability?

Suggest why the cobalt is present in the

‘cobalt-doped pellets of Na½BH4�’ mentioned in

Section 21.5.

21.6 Figure 21.22 shows the trends in the boiling points

for the group 14 hydrides EnH2nþ 2 (E ¼ C, Si or

Ge) for n ¼ 1, 2 and 3. Comment briefly on the

observed trends and the factors that govern the

boiling points of these compounds.

21.7 What is the oxidation state of nitrogen in (a) NH3,

(b) ½NH4�þ, (c) N2H4 and (d) ½NH2��?
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21.8 Use the data in Table 21.4 to verify Trouton’s rule.

21.9 Discuss what is meant by hydrogen bonding and

how it may influence (a) the boiling points and

(b) the solid state structures of hydrides of some of

the p-block elements.

21.10 Comment on the following data which relate to

different hydrogen bonded species:

Hydrogen bond

(:::)
Approximate enthalpy

term / kJmol
�1

F:::H:::F in ½HF2�� 163

O�H:::O in H2O:::H2O 20

S�H:::S in H2S:::H2S 5

21.11 Consider each of the following molecules EHn.

State whether the E�H bond is polar and if so,

show in which direction the dipole moment acts.

State whether the molecule is polar and if so,

indicate the direction of the resultant molecular

dipole moment: (a) CH4; (b) H2O; (c) BH3;

(d) NH3; (e) SiH4; (f ) HCl; (g) H2Se.

21.12 Suggest products for the following reactions:

(a) electrolysis of molten KBr

(b) electrolysis of aqueous NaCl

(c) BaO2 with aqueous H2SO4

(d) passage of H2 over hot PbO

(e) addition of a small amount of MnO2 to H2O2

(f ) reaction of H2O2 with acidified KI solution.

21.13 Construct an MO diagram for O2. Assuming the

same ordering of energy levels in O2, ½O2�2� and

½O2��, show that O2 and ½O2�� are paramagnetic,

but ½O2�2� is diamagnetic.

21.14 According to the electrochemical series, K is a

better reducing agent than Na, and yet in equation

21.98 we showed that Na reduces Kþ ions in the

production of K metal. Using Le Chatelier’s

principle, suggest why the following equilibrium

might lie to the right-hand side (at 1120K) rather

than to the left:

KþðlÞ þNaðgÞ Ð KðgÞ þNaþðlÞ

21.15 Suggest how lattice energy effects might be used to

explain why the stabilities of potassium, rubidium

and caesium superoxides are greater than that of

sodium superoxide, and why lithium usually forms

the oxide Li2O rather than the peroxide or

superoxide.

21.16 Suggest products for the following reactions

which are not necessarily balanced on the

left-hand side:

(a) Na2O2ðsÞ þ CO2ðgÞ ��"
(b) Na2OþH2O��"
(c) KOHðaqÞ þH2SO4ðaqÞ ��"
(d) KOHðaqÞ þHIðaqÞ ��"

(e) O2 �����������"
Na in liquid NH3

(f) Naþ Cl2 ��"
�

21.17 Suggest products for the following reactions

which are not necessarily balanced on the

left-hand side:

(a) SrCO3ðsÞ ����"
1560K

(b) CaðOHÞ2ðsÞ þH2OðlÞ ��"
(c) BeðOHÞ2ðsÞ þ excess ½OH��ðaqÞ ��"
(d) MgðOHÞ2ðsÞ þHClðaqÞ ��"
(e) CaF2ðsÞ þH2SO4ðconcÞ ��"
(f ) CaH2ðsÞ þH2OðlÞ ��"

21.18 The first members of periodic groups are often

noted for their ‘anomalous behaviour’. Discuss

some of the chemical properties of (a) lithium and

(b) beryllium that would support this statement.

21.19 Distinguish between the terms deliquescent and

hygroscopic.

Fig. 21.22 For problem 21.6.

Table 21.4 Data for problem 21.8.

Compound bp / K DvapH / kJmol
�1

PCl3 349 30.5

HI 237 19.8

CHCl3 334 29.2

C7H16 (heptane) 371 31.8
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21.20 What do you understand by the term

disproportionation? Give two examples of

disproportionation reactions.

21.21 In this chapter we have highlighted several tests

used in qualitative inorganic analysis. How

would you test for: (a) Cl�; (b) Br�; (c) I�;
(d) [SO4]

2�; (e) CO2; (f) H2; (g) gaseous HCl; and

(h) H2S?

ADDITIONAL PROBLEMS

21.22 ‘Hard water’ is a characteristic of areas where

limestone (CaCO3) is present and contains Ca2þ

ions. The following equilibrium describes how

calcium ions are freed into the tap-water:

CaCO3ðsÞ þH2OðlÞ þ CO2ðgÞ Ð

Ca2þðaqÞ þ 2½HCO3��ðaqÞ

Carbon dioxide is less soluble in hot water than

cold water. Use these data to explain why scales

of calcium carbonate form inside a kettle when the

tap-water is hard.

21.23 Discuss how hydrogen bonding affects the

properties of HF and H2O with respect to HCl

and H2S.

21.24 ‘Binary hydrides can be classified as saline

(‘‘salt-like’’), molecular, polymeric and metallic.’

Discuss this statement.

21.25 Rationalize the following observations.

(a) In liquid ammonia, NaNH2 acts as a base.

(b) Liquid water is approximately 55 molar.

(c) The superoxide ion is paramagnetic.

(d) Caesium metal has a low melting point.

(e) In the solid state, BeH2 and BeCl2 are

structurally similar but a common bonding

scheme in these compounds is not

appropriate.

(f ) The hydride ion is similar in size to F�.

CHEMISTRY IN DAILY USE

21.26 Space shuttle missions have been regular events,

although they may be terminated in 2010. The

oxidizer in the rocket boosters is ammonium

perchlorate, and the fuel is aluminium. (a) How

does NH4ClO4 function as an oxidizer? (b) Using

the data given below, determine �rH
oð298KÞ for

the following reaction:

10AlðsÞ þ 6NH4ClO4ðsÞ ��" 3N2ðgÞ þ 4Al2O3ðsÞ
þ 2AlCl3ðsÞ þ 12H2OðgÞ

(c) Why is the reaction entropically favoured? (d)

The temperature inside the rocket boosters can

reach 3450 K. Use data in Appendix 11 to

comment on the states of the products of the

reaction shown above.

[Data: �fH
oð298KÞ: NH4ClO4ðsÞ,�296; Al2O3ðsÞ,

�1676; AlCl3ðsÞ, �704; H2OðgÞ, �242 kJ mol�1]

21.27 At 298K, the solubility of NaCl is 36 g per 100 g of

water. Salt deposits in the Dead Sea (Figure 21.23)

are a commercial source of sodium chloride. What

factors contribute to the deposition of salt as

depicted in Figure 21.23?

21.28 Urea has the following structure:

‘Urea peroxide’ is used as a teeth whitener and is

sold commercially as a paste. It is formulated as

OCðNH2Þ2�nH2O2 and contains �35% hydrogen

peroxide by weight. On contact with water, H2O2 is

released from urea peroxide. (a) What is the

approximate value of n in the formula of urea

peroxide? (b) Suggest how molecules of urea and

H2O2 interact with one another in the paste. (c)

Explain why mixing the paste with water releases

H2O2. (d) Write a half-equation which shows how

H2O2 acts as an oxidant.

21.29 Fuel cells depend on chemical energy generated by

the reaction:

2H2 þO2 ��" 2H2O

The automobile industry plans for fuel cells to be

powering millions of vehicles by 2020. In terms of

the stored energy per unit mass, H2 supplies

120MJkg�1. This compares with about 45MJkg�1

for hydrocarbon-based petrol (gasoline). Write a

brief summary of advantages and disadvantages of

H2 and petrol as fuels for the motor vehicles, taking

into account supply, demand, efficiency and

environmental issues.

Fig. 21.23 Salt deposits in the Dead Sea, Israel.
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22
p-Block and high
oxidation state
d-block elements

22.1 Introduction

In this chapter, we continue some descriptive chemistry and apply the

thermodynamic principles introduced in Chapters 17 and 18 to understand

why certain reactions take place.

Groups 13 to 18 of the periodic table make up the p-block and the ‘diagonal

line’ that runs through the block approximately partitions the elements into

metals and non-metals. In group 13, only the first member, boron, is a non-

metal, but by groups 17 and 18, all the members of the group are essentially

non-metallic.

Topics

Oxidation states

Boron

Aluminium

Indium, gallium,

thallium

Carbon and silicon

Germanium, tin, lead

Nitrogen and

phosphorus

Arsenic, antimony,

bismuth

Oxygen and sulfur

Selenium and tellurium

Halogens

Noble gases

High oxidation state

d-block metals

‘Diagonal line’: see
Section 9.11

"

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

H He

Li Be B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

Fr Ra



 

The d-block is composed of 10 triads of metallic elements in groups 3 to 12.

Although lanthanum (La) is in group 3, it is also the first member of the series

of elements called the lanthanoids, which with the actinoids are known as the

f-block elements. The group number gives the total number of valence

ðnþ 1Þs and nd electrons. For Fe in group 8, the ground state, outer

electronic configuration is 4s23d6, and for Ir at the bottom of group 9, the

configuration is 6s25d7. Ground state electronic configurations for all the

elements up to Z ¼ 103 are listed in Table 20.1.

The chemistry in this chapter is arranged by group for the p-block, with

selected d-block elements described in Section 22.14. Our purpose in combining

some chemistry of the d-block elements with that of the p-block is to illustrate

the extent towhich halides, oxides and related anions of the high oxidation state

d-block elements may be considered as typical covalent species.

22.2 Oxidation states

By way of introduction, we look at the relationship between the oxidation

state of an element in a compound and the periodic group. In going from

group 13 to group 18, the number of electrons in the valence shell of an

element increases from three to eight. For a group 13 element, a maximum

oxidation state ofþ3 is expected, but on going down the group, an oxidation

state of þ1 is also observed as the thermodynamic 6s inert pair effect becomes

significant. In group 14, the maximum oxidation state is þ4, but the heavier
elements form compounds in both the þ2 and þ4 oxidation states. The

prevalence of positive oxidation states for these elements arises from the

fact that they are most likely to combine with elements that are more

electronegative than themselves (see Table 21.2).

A group 15 element has five valence electrons (ns2np3), and a range of

oxidation states from þ5 (e.g. [NO3]
�, PF5) to –3 (e.g. Li3N, NH3) is

observed. As we discussed in Chapter 7, the bonding in species such as PF5,

[PF6]
� and [NO3]

� can be described in terms of the octet rule. Thus, structure

22.1 (one of a set of three resonance structures) describes the bonding in

[NO3]
�. Structure 22.2 is incorrect because it implies an ‘expansion’ of the

octet of electrons around the N centre. The bonding in PF5 may be described

in terms of a set of resonance structures of which the charge-separated species

22.3 represents one contribution. Such charge-separated species are not

always helpful when it comes to providing 3-dimensional information about

the structure of a compound. Thus, if you are interested in illustrating the

structure of PF5 rather than describing its bonding, it is more useful to use

diagram 22.4 from which the trigonal bipyramidal structure is clear.

(22.1) (22.2) (22.3) (22.4)

A group 16 element has six valence electrons (ns2np4), and oxidation states

range from þ6 (e.g. [SO4]
2�, SO3) to �2 (e.g. H2S, H2Se). Bonding

descriptions can be formulated so that the group 16 element obeys the

octet rule. Detailed examples were given in Section 7.3.

Hydrides of the p- and
d-blocks: see Chapter 21

Example 2 in Section 7.3
provides a fuller description

of the bonding in PF5

"

"
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Each member of group 17 shows an oxidation state of �1. In addition,

positive oxidation states are observed for the heavier elements (e.g. in [ClO4]
�,

[BrO4]
� and [IO4]

�). Of the noble gases, xenon (and to a lesser extent

krypton) forms compounds, but only with very electronegative elements

(fluorine and oxygen) and oxidation states ofþ2,þ4,þ6 andþ8 are observed.
One characteristic of a d-block metal is the observation of a range of

oxidation states. This is true for most of the metals, but in group 3 (the

first triad in the d-block), the þ3 state predominates and this corresponds

to the availability of only three electrons in the valence shell. In group 12,

theþ2 oxidation state is usual for Zn and Cd. A few examples of compounds

which formally contain zinc(I) are known. However, each is dinuclear and

contains a Z�Zn bond, i.e. a {Zn2}
2þ core. This resembles the chemistry of

mercury(I) (also group 12) which is actually that of the {Hg2}
2þ unit, e.g.

Hg2Cl2. Figure 22.1 shows the range of oxidation states found for the first

row metals. The pattern in the second and third rows is similar, although

Ru and Os show higher oxidation states than Fe, as do Rh and Ir compared

with Co. Group 11 should be singled out in particular: Cu(I) and Cu(II) are

observed, in contrast to a predominance of the þ1 state for Ag, and the þ1
and þ3 states for Au.

It is important to remember that the highest oxidation states in the d-block

occur when the atom is in a covalent environment – structures 22.5 to 22.7

contain manganese(VII), iridium(VI) and gold(III).

22.3 Group 13: boron

1 2 13 14 15 16 17 18

H He

Li Be B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca

d-block

Ga Ge As Se Br Kr

Rb Sr In Sn Sb Te I Xe

Cs Ba Tl Pb Bi Po At Rn

Fr Ra

(22.5)

(22.6)

(22.7)

Fig. 22.1 The variation in
oxidation states exhibited by
the first row d-block metals. The
most common oxidation states
are marked in pink. Note the
pattern: a single oxidation state
(other than zero) is observed for
scandium (Sc) and zinc (Zn) (see
text), and the maximum number
of oxidation states is attained for
manganese (Mn) in the centre of
the row. The þ8 state is not
attained by Fe (see text).
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In Chapter 9, we discussed the complex structures of the allotropes of boron.

Among the group 13 elements, boron is unique in forming a wide variety of

hydrides, some of which were described in Section 21.5.

Boron–oxygen compounds

Boron occurs naturally in borax, Na2[B4O5(OH)4]:10H2O, and kernite,

Na2[B4O5(OH)4]:2H2O, which are mined in the Mojave Desert, California.

The borate anion present in these ores is shown in structure 22.8 and

Figure 22.2.

The oxide B2O3 is obtained by dehydrating boric acid B(OH)3 (equa-

tion 22.1), which is prepared commercially from borax by treatment with

aqueous sulfuric acid. After conversion to B2O3, boron is produced as a

brown, amorphous powder by reaction 22.2.

2BðOHÞ3ðsÞ ��"
�

B2O3ðsÞ þ 3H2OðgÞ ð22:1Þ

B2O3ðsÞ þ 3MgðsÞ ��"�
2BðsÞ þ 3MgOðsÞ ð22:2Þ

At room temperature, B2O3 is usually encountered in the form of a vitreous

(glassy) solid and is a typical non-metal oxide. It reacts slowly with water to

give B(OH)3.Molten B2O3 (>1270K) reacts rapidly with steam to give HBO2

(metaboric acid). The main use of B2O3 is in the manufacture of borosilicate

glass including Pyrex. The low thermal expansion allows the glass to be

heated and cooled rapidly, making it invaluable for laboratory and kitchen

glassware.

Boric acid has a layered structure in the solid state with B(OH)3 units linked

by hydrogen bonds (Figure 22.3) within each layer. Inter-layer interactions

are very weak and, as a consequence, boric acid crystals feel slippery and

the compound is a good lubricant. This structure-related property is remi-

niscent of graphite. Boric acid is soluble in water (63.5 g dm�3 at 303K),

and aqueous solutions are weakly acidic (pKa ¼ 9:1). In aqueous solution it

acts as a Lewis, rather than a Brønsted, acid (equation 22.3) – the protons

in solution are not directly provided by the B(OH)3 molecule, rather

B(OH)3 accepts [OH]�.

BðOHÞ3ðaqÞ þ 2H2OðlÞ Ð ½BðOHÞ4��ðaqÞ þ ½H3O�þðaqÞ ð22:3Þ

In addition to its use as a precursor to B2O3 and a range of inorganic borates

and related compounds, boric acid is used as a flame retardant, a preservative

(22.8)

The formula for boric acid,
structure 21.4, can be

written as H3BO3

Graphite: see Section 9.10

"

"

Fig. 22.2 The structures of
the anions [B4O5(OH)4]

2�

and [B5O6(OH)4]
�, determined by

X-ray diffraction studies of the salts
[H3NCH2CH2NH3][B4O5(OH)4]
and [Bu3NH][B5O6(OH)4]. [Data:
A. S. Batsanov et al. (1982) Cryst.
Struct. Commun., vol. 11, p. 1629;
K. M. Turdybekov et al. (1992)
Zh. Neorg. Khim., vol. 37, p. 1250.]
Both anions contain trigonal
planar and tetrahedral boron
centres. Colour code: B, blue; O,
red; H, white.
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for wood and leather, and as a mild antiseptic. It is also the product from the

hydrolysis of many boron-containing compounds. There are numerous borate

anions, some salts of which occur in nature. Examples are [BO3]
3� (22.9),

[B3O6]
3� (22.10), [B4O5(OH)4]

2� (22.8) (Figure 22.2) and [B5O6(OH)4]
� (22.11)

(Figure 22.2). Their structures fall into general types in which the boron is

in either a trigonal planar BO3 or a tetrahedral BO4 unit. The B�O
bond lengths are generally shorter (�136pm) in a trigonal planar unit

than in a tetrahedral one (�148 pm). This is due to the donation of

�-electrons from an oxygen lone pair to the vacant 2p atomic orbital on the

trigonal planar boron atom (Figure 22.4a). This is called ðp�pÞ�-bonding,
and can occur in all three B�O interactions, giving partial �-character to

each. In a tetrahedral geometry (sp3 hybridized), there is no vacant atomic

orbital available on the boron atom and B�O �-bonding cannot occur

(Figure 22.4b).

The cyclic structures that are characteristic of the larger borate anions are

also observed in some organic derivatives. The dehydration of boronic acids

of the general form RB(OH)2 where R is an organic substituent, leads to the

formation of cyclic trimers (RBO)3 (equation 22.4). Figure 22.5 shows the

Borane hydrolysis:
see equation 21.26

"

Fig. 22.3 Boric acid possesses a
layer structure. The diagram
shows part of one layer in which
B(OH)3 molecules are hydrogen
bonded together. The bonds
within each molecule are
highlighted in bold, and the
hydrogen bonds are shown by
the hashed lines. The hydrogen
bonds are asymmetrical with
O:::H longer than O�H.

(22.9) (22.10) (22.11)
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structure of (EtBO)3. The boron–oxygen ring is planar as a result of ðp�pÞ�
B�O interactions.

ð22:4Þ

Boron halides

The boron trihalides BF3, BCl3, BBr3 and BI3 are all monomeric and at room

temperature, BF3 is a colourless gas (bp 172K), BCl3 a fuming liquid (bp

285K), BBr3 a colourless liquid (mp 227K, bp 364K) and BI3 a colourless

solid (mp 323K). Boron trifluoride may be prepared from B2O3 by

reaction 22.5. BCl3 and BBr3 are formed by heating boron and Cl2 or Br2
together. Boron triiodide can be prepared from BCl3 by reaction 22.6.

B2O3 þ 3CaF2 þ 3H2SO4 ��" 2BF3 þ 3CaSO4 þ 3H2O ð22:5Þ

BCl3 þ 3HI ��"�
BI3 þ 3HCl ð22:6Þ

Each BX3 molecule is trigonal planar, consistent with an sp2 hybridized boron

atom. Donation of �-electrons from each halogen atom to the empty 2p orbital

on the boron atom gives partial B�X �-character and stabilizes the monomer.

The importance of B�X ðp�pÞ�-bonding decreases along the series

F > Cl > Br > I. The energy of the 2p orbital of boron is poorly matched

with that of the 4p atomic orbital of bromine, and even less well matched

with the iodine 5p orbital. As the amount of B�X ðp�pÞ�-bonding decreases,

ðp�pÞ�-Bonding arises from

the overlap of p-atomic

orbitals.

Electron diffraction data for
BCl3: see Section 4.2

"

Fig. 22.4 (a) In a trigonal planar
BO3 unit, the B atom is sp2

hybridized and the vacant 2p
orbital can accept lone pair
electrons from each oxygen atom;
only one such �-interaction is
shown. If all three oxygen atoms
are involved, there can only be a
partial �-bond along each B�O
vector. The resultant ðp�pÞ�-
interactions strengthen the B�O
bonds. (b) In a tetrahedral BO4

unit, the B atom is sp3 hybridized,
and forms four B�O �-bonds.

Fig. 22.5 The structure of
the trimer (EtBO)3

determined by X-ray diffraction
[R. Boese et al. (1987) Angew.
Chem., Int. Ed., vol. 26, p. 245].
The B3O3 ring is planar and each
B�O bonding interaction
consists of a B�O �-bond,
strengthened with partial
�-character. Colour code: B,
blue; O, red; C, grey; H, white.
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the availability of the 2p acceptor orbital on the boron centre increases and this

affects the relative Lewis acid strengths of the trihalides. Consider the

formation of a donor–acceptor complex between BX3 and a Lewis base, L.

Figure 22.6 shows the attack by the lone pair of the Lewis base on the

boron atom and the formation of a B�L bond. This causes a change from

trigonal planar to tetrahedral boron. Concomitant with this change is a loss

of the bond enthalpy associated with the B�F ðp�pÞ�-bonding, but a gain

of the bond enthalpy due to the formation of the new B�L �-bond. The

thermodynamic stability of the adduct with respect to the separate molecules

BX3 and L depends, in part, upon the difference in these two enthalpy terms.

When the Lewis base is pyridine (py), the experimentally determined order of

stabilities of the adducts 22.12 is py:BF3 < py:BCl3 < py:BBr3, in keeping

with the degree of B�X ðp�pÞ�-bonding in BX3 following the order

F > Cl > Br.

Boron trifluoride plays a part in facilitating some organic transformations

by acting as a Lewis acid. It is relatively resistant to hydrolysis, but in an

excess of water, reaction 22.7 occurs, giving boric acid and aqueous tetra-

fluoridoboric acid.

4BF3 þ 6H2O��" 3½H3O�þ þ 3½BF4��|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Aqueous tetrafluoridoboric acid

þ BðOHÞ3 ð22:7Þ

Pure tetrafluoridoboric acid, HBF4, is not isolable but is commercially

available in diethyl ether solution, or as solutions formulated as

[H3O][BF4]:4H2O. The acid is fully ionized in aqueous solution and behaves

as a strong ‘mineral’ acid. The [BF4]
� ion only coordinates (see Chapter 23)

very weakly to metal centres and is often used as an ‘innocent’ anion to preci-

pitate cationic species; [PF6]
� behaves similarly.

The halides BCl3, BBr3 and BI3 react rapidly with water (equation 22.8).

BX3 þ 3H2O��"BðOHÞ3 þ 3HX X ¼ Cl;Br; I ð22:8Þ

The reaction of BF3 with alkali metal fluorides, MF, in a non-aqueous

solvent such as HF, leads to the formation of the salts M[BF4]. The

tetrahedral anion [BF4]
� can be viewed as a donor–acceptor complex in which

the Lewis base is the F� ion. The B�F bond length increases from 130 pm

in BF3 to 145 pm in [BF4]
�, consistent with the loss of the �-contribution to

each B�Fbond. All the B�Fbonds are equivalent. The corresponding anions

[BCl4]
�, [BBr4]

� and [BI4]
� are stabilized only in the presence of large cations

such as the tetrabutylammonium ion, [NBu4]
þ.

(22.12)

Lewis acid catalysts: see
Chapter 32

Non-aqueous solvent: see
Sections 21.7 and 21.10

Bu = C4H9

"

"

"

Fig. 22.6 When a Lewis base, L,
uses a lone pair of electrons to
coordinate to the Lewis acid BX3

(X¼F, Cl, Br or I), an adduct is
formed. During the reaction, the
geometry of the boron centre
changes with the loss of B�X
ðp�pÞ�-bonding.
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A second series of boron halides has the formula B2X4. B2Cl4 can be

prepared by co-condensing BCl3 and Cu vapours on a surface cooled by

liquid N2. In the solid state, B2Cl4 is planar, but in the gas phase the most

stable conformation is a staggered one in which steric interactions between

the BCl2 units are minimized (Figure 22.7). When it reacts with SbF3,

B2Cl4 is converted to B2F4 which is planar in both the solid state and the

gas phase. The diboron tetrahalides are inflammable in air. B2Cl4 can be

reduced to B2H6 (equation 22.9).

B2Cl4 ���"
H2

B2H6 ð22:9Þ

22.4 Group 13: aluminium

1 2 13 14 15 16 17 18

H He

Li Be B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca

d-block

Ga Ge As Se Br Kr

Rb Sr In Sn Sb Te I Xe

Cs Ba Tl Pb Bi Po At Rn

Fr Ra

Aluminium is the most abundant metal in the Earth’s crust and occurs to an

extent of 8.1%. The major source is the hydrated oxide bauxite, but it is also

present in minerals such as feldspars. Bauxite is refined by the Bayer process

to give aluminium oxide Al2O3 (alumina), and the metal is then extracted

electrolytically. Whereas alumina melts at 2345K, a mixture of cryolite,

Na3[AlF6], and alumina melts at 1220K, making this mixture more conve-

nient to use than pure alumina. Electrolysis of the melt produces aluminium

at the cathode (equation 22.10).

At the cathode: Al3þðlÞ þ 3e� ��"AlðlÞ ð22:10Þ

SbF3 as a fluorinating agent:
see Section 22.9

In the US and American-
speaking areas, the element

is known as ‘aluminum’

"

"

Fig. 22.7 The solid state
structure of B2Cl4 is

planar, but in the gas phase, a
staggered conformation is
favoured. In each, the boron
atoms are trigonal planar.
Colour code: B, blue; Cl, green.
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Aluminium is a silvery-white, non-magnetic metal (mp 933K) which is both

ductile and malleable (Figure 22.8). It has a low density (2.7 g cm�3), a high

thermal conductivity and is very resistant to corrosion, being passivated by

a coating of oxide. These properties make Al industrially important. Its

strength can be increased by alloying with Cu or Mg. Thin sheets of Al are

used as household aluminium foil, confectionery wrappers and emergency

(space) blankets.

When a metal can be extruded into wires or other shapes without a reduction

in strength or the appearance of cracks, the metal is ductile. When a metal can

be beaten or rolled into sheets, it is malleable.

Oxides and hydroxides

Aluminium oxide occurs as a-alumina (corundum) and g-Al2O3. Bauxite,

from which aluminium is extracted, is a hydrated oxide. Corundum is the

only naturally occurring mineral that is harder than diamond, and is used

industrially as an abrasive. The presence of trace metals in corundum leads

to the formation of gemstones which possess characteristic colours: rubies

are red due to the presence of chromium(III), sapphires are blue because

of the presence of titanium(IV), while iron(III) impurities result in oriental

topaz being yellow (Figure 22.9). Synthetic corundum crystals are made

from bauxite by melting it in furnaces, and artificial ruby and sapphire

crystals are also manufactured. Rubies are critical components in many

lasers. Aluminium oxide can be made by burning aluminium in O2 (equa-

tion 22.11) or by heating with oxides of metals lower than Al in the electro-

chemical series (equation 22.12). There are several different structural

Passivate/alloy: see
Section 21.12

Electrochemical series:
see Tables 18.1 and 21.1

"

"

Fig. 22.8 Rolled aluminium
sheeting at the end of a
production line. The malleable
nature of aluminium allows it to
be readily manufactured in this
form.
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forms (polymorphs) of Al2O3, in addition to a large number of hydrated

species.

4Alþ 3O2 ��"
�

2Al2O3 ð22:11Þ

Fe2O3 þ 2Al ��"�
2FeþAl2O3 ð22:12Þ

The a-form of Al2O3 is unreactive. The g-form (formed by heating a-Al2O3

to 2300K) absorbs water and has amphoteric properties as illustrated in

reactions 22.13 and 22.14.

g-Al2O3ðsÞ þ 3H2OðlÞ þ 2½OH��ðaqÞ ��" 2½AlðOHÞ4�� ð22:13Þ
(22.13)

g-Al2O3ðsÞ þ 3H2OðlÞ þ 6½H3O�þðaqÞ ��" 2½AlðOH2Þ6�3þ ð22:14Þ
(22.14)

Ions 22.13 and 22.14 are also formed when aluminium metal reacts with

alkali or hot hydrochloric acid, respectively (equations 22.15 and 22.16).

2AlðsÞ þ 2KOHðaqÞ þ 6H2OðlÞ ��" 2KþðaqÞ þ 2½AlðOHÞ4��ðaqÞ þ 3H2ðgÞ
ð22:15Þ

2AlðsÞ þ 6HClðaqÞ þ 12H2OðlÞ ��"
�

2½AlðOH2Þ6�3þ þ 6Cl�ðaqÞ þ 3H2ðgÞ
ð22:16Þ

The charge density on the Al(III) centre is high, making the [Al(OH2)6]
3þ

cation acidic (equation 22.17). This behaviour resembles that of beryllium,

and exemplifies the periodic diagonal relationship between beryllium and

aluminium.

½AlðOH2Þ6�3þðaqÞ þH2OðlÞ Ð ½AlðOH2Þ5ðOHÞ�2þðaqÞ þ ½H3O�þðaqÞ

pKa ¼ 5:0 ð22:17Þ

Aluminium hydroxide, Al(OH)3, is a white solid and is insoluble in water.

It is prepared by the reaction of CO2 with [Al(OH)4]
�. Reactions 22.18

and 22.19 illustrate the amphoteric behaviour of Al(OH)3. Contrast this

with the acidic nature of B(OH)3, equation 22.3. One use of Al(OH)3 is

(22.13)

(22.14)

Diagonal relationships:
see Section 21.13

"

Fig. 22.9 The presence of metal
ion impurities (e.g. Cr3+, Fe3+)
in Al2O3 results in the formation
of corundum gemstones of
different colours.
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as a mordant – it absorbs dyes and is used to fix dyes to fabrics.

AlðOHÞ3ðsÞ þ ½OH��ðaqÞ ��" ½AlðOHÞ4��ðaqÞ ð22:18Þ

AlðOHÞ3ðsÞ þ 3½H3O�þðaqÞ ��" ½AlðOH2Þ6�3þðaqÞ ð22:19Þ

Aluminium halides

The aluminium trihalides AlX3 (X ¼ Cl, Br or I) may be prepared by

reactions between aluminium and the respective halogen, while reaction

22.20 is a route to AlF3.

Al2O3 þ 6HF��" 2AlF3 þ 3H2O ð22:20Þ

Aluminium trifluoride is a colourless solid and sublimes at 1564K, while

AlCl3 is a deliquescent, white solid (sublimation temp. 450K) which

hydrolyses rapidly in moist air, releasing HCl. The tribromide (mp 529K)

and triiodide (mp 655K) are deliquescent solids.

In the solid state, AlF3 possesses an extended structure in which each Al is

bonded to six F atoms and each F is connected to twoAl atoms. An octahedral

geometry is also observed in [AlF6]
3� in cryolite, Na3[AlF6]. In crystalline

aluminium trichloride, each Al centre is also 6-coordinate but on vaporizing,

the structure collapses to give Al2Cl6 molecules (Figure 22.10a). Each Al

atom is approximately tetrahedral, and the terminal Al�Cl bonds are

slightly shorter (206pm) than the Al�Cl bonds involved in the bridges

(220pm). Although this structure looks reminiscent of that of B2H6, the

bonding schemes in the two molecules are not the same. In B2H6, 3c–2e

bridge bonds are invoked because there are insufficient electrons for localized

2c–2e bonds. In AlCl3, each Cl atom has three lone pairs of electrons and, on

forming a dimer, each bridging Cl donates a pair of electrons into the empty

orbital on an adjacent Al atom (Figure 22.10b).

At higher temperatures in the gas phase, the dimers dissociate into trigonal

planar monomers (equation 22.21). Aluminium tribromide and triiodide are

dimeric in the solid and liquid states, and in the gas phase at lower tempera-

tures. Dissociation into monomers occurs at higher temperatures and the

associated enthalpy changes are lower than for Al2Cl6.

Al2Cl6ðgÞ Ð 2AlCl3ðgÞ ð22:21Þ

The trihalides are strong Lewis acids because the planar AlX3 molecule

possesses a vacant 3p atomic orbital on the Al atom. The trihalides form

adducts such as Cl3Al:OEt2 and [AlCl4]
� with Lewis bases. Conducting

(ionic) liquids are formed at 298K when N-butylpyridinium chloride (22.15)

reacts with AlCl3 (equation 22.22).

Al2Cl6 þ 2½pyBu�ClÐ 2½pyBu�½AlCl4� ð22:22Þ

2c–2e = 2-centre 2-electron,
3c–2e = 3-centre 2-electron

AlCl3 in Friedel–Crafts
reactions: see Section 32.8

(22.15)

"

"

Fig. 22.10 (a) The gas
phase dimeric structure of

Al2Cl6. (b) The bonding scheme
for Al2Cl6 involves Cl��"Al
coordinate bonds within the Al–
Cl–Al bridges. Colour code: Al,
grey; Cl, green.
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Ionic liquids are often seen as ‘green’ solvents, being less volatile than

common organic solvents. A wide range of ionic liquids is now available,

some commercially, and typical cations (which replace [pyBu]+ in 22.15) are:

Aluminium sulfate and alums

Aluminium sulfate forms a series of double salts with sulfates of singly

charged metal and ammonium cations. The general formula of an alum is

M2Al2(SO4)4:24H2O where Mþ is an alkali metal cation or [NH4]
þ. These

include K2Al2(SO4)4:24H2O (potash alum or ‘alum’) which is used in

water treatment and as a mordant. Alums are often beautifully crystalline

(Figure 22.11). Members of the series of compounds in which the aluminium

is replaced by another M3þ ion such as Fe3þ, Cr3þ or Co3þ are also alums,

despite the absence of aluminium. These include [NH4]2Fe2(SO4)4:24H2O

(commonly called ferric or iron(III) alum) and KCr(SO4)2:12H2O (chrome

alum), often used in the laboratory for crystal growing experiments.

Aluminium alkyls

Compounds containing Al�C bonds (organoaluminium compounds) are

important industrial chemicals and are used principally as catalysts.

Ziegler–Natta catalysts are mixtures of alkyl aluminium compounds (such

as triethylaluminium AlEt3 (22.16)) and titanium(IV) chloride and are used

to catalyse the polymerization of alkenes at low temperatures and pressures.

The catalysed processes produce stereoregular polymers (isotactic or

syndiotactic, see Box 26.3) which are characteristically high-density materials

with crystalline structures.

An alum has the general

formula MIMIII(SO4)2.

12H2O. The formula may

also be written as

(MI)2(M
III)2(SO4)4.24H2O

to emphasize that these are

double salts containing, for

example, aluminium sulfate,

Al2(SO4)3.

(22.16)

Addition polymers:
see Section 26.8

"

Fig. 22.11 A large crystal of
potash alum (KAl(SO4)2.12H2O)
alongside one growing from a
saturated aqueous solution of
the alum.
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22.5 Group 13: gallium, indium and thallium

1 2 13 14 15 16 17 18

H He

Li Be B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca

d-block

Ga Ge As Se Br Kr

Rb Sr In Sn Sb Te I Xe

Cs Ba Tl Pb Bi Po At Rn

Fr Ra

Gallium is a silvery-coloured metal (mp 303K) with an exceptionally long

liquid range (303–2477K). It is a trace element in several naturally occurring

minerals, and has important applications in the semiconductor industry and

in the manufacture of solid state devices. Indium is a soft, silvery-coloured

metal (mp 429K) and when the pure metal is bent, it emits a high-pitched

noise. It occurs naturally in association with zinc-containing minerals.

Thallium is a soft metal (mp 577K) and is found as a minor component in

some zinc- and lead-containing minerals. Soluble thallium compounds are

extremely toxic. Thallium sulfate was used to kill ants and rats, but it is

too toxic to other animals (including humans) for general use as a method

of pest control.

Oxides and hydroxides

Gallium hydroxide, Ga(OH)3, is amphoteric and behaves in a similar manner

to Al(OH)3. It forms [Ga(OH)4]
� in basic solution and [Ga(OH2)6]

3þ in the

presence of acid. The [Ga(OH2)6]
3þ ion is a stronger acid than [Al(OH2)6]

3þ

(compare equations 22.23 and 22.17).

½GaðOH2Þ6�3þðaqÞ þH2OðlÞ Ð ½GaðOH2Þ5ðOHÞ�2þðaqÞ þ ½H3O�þðaqÞ

pKa ¼ 2:6 ð22:23Þ

Indium and thallium(III) oxides and hydroxides are basic (typical of a metal).

Thallium(III) oxide loses O2 on heating (equation 22.24), thallium(III) being

reduced to thallium(I).

Tl2O3ðsÞ ����"
370K

Tl2OðsÞ þO2ðgÞ ð22:24Þ

Halides

Gallium and indium trifluorides are similar to AlF3 and have high melting

points. GaF3 and InF3 are prepared by the thermal decomposition of
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[NH4]3[MF6] (M¼Ga or In). GaCl3, GaBr3 and GaI3 and their indium

analogues are formed by reactions of the appropriate metal and halogen.

Each gallium compound is a low-melting, deliquescent solid at room

temperature. In the solid and liquid states, dimers exist and in the gas

phase, dissociation to monomers occurs at higher temperature.

The thallium(III) halides are less stable than those of the earlier group 13

elements. Thallium(III) chloride and bromide are thermally unstable

with respect to conversion to the respective thallium(I) compounds

(equation 22.25).

TlBr3 ��"TlBrþ Br2 ð22:25Þ

In the case of TlI3, the formula is deceptive. It is not a thallium(III) compound

but contains thallium(I) and the [I3]
� anion (22.17). In the presence of a large

excess of iodide ion, the thallium(III) anion [TlI4]
� (22.18) is formed.

The Lewis acidity of the MX3 molecules permits the formation of the ions

[MCl6]
3�, [MBr6]

3�, [MCl5]
2�, [MCl4]

� and [MBr4]
� (M¼Ga or In) and

[TlCl5]
2�. Reactions occur with neutral Lewis bases, L, to yield adducts of

the type L:GaX3 or L:InX3.

WhenGaCl3 is heatedwith galliummetal, the product appears to be ‘GaCl2’.

However, crystallographic and magnetic data (the compound is diamagnetic)

show that it should be formulated as GaI[GaIIICl4], i.e. a mixed Ga(I)�Ga(III)

compound.

22.6 Group 14: carbon and silicon

1 2 13 14 15 16 17 18

H He

Li Be B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca

d-block

Ga Ge As Se Br Kr

Rb Sr In Sn Sb Te I Xe

Cs Ba Tl Pb Bi Po At Rn

Fr Ra

The allotropes of carbon were described in Chapter 9. Silicon does not occur

naturally in the elemental state, but is still the second most abundant element

on Earth. Silicon-based minerals include quartz, feldspars, micas, amphi-

boles and pyroxenes. Silicon may be produced by reducing silica (SiO2) in

an electric furnace. The Czochralski process (Figure 22.12) is used to draw

single crystals of silicon from melts of the element for use (after appropriate

fabrication) in solid state devices or the semiconductor industry.

(22.17)

(22.18)

See end-of-chapter
problem 22.5

For further chemistry of
carbon: see Chapters 24 to 35

"

"
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Oxides

Carbondioxide is aminor component of the atmosphere ofEarth (Figure 21.1),

but the increased emissions caused by man are a major contributor to global

warming (see Box 22.1). It is a product of respiration, but is removed from

the atmosphere during photosynthesis. When carbon is burned in an excess

of O2, CO2 forms, but when less O2 is present, carbon monoxide can also

be produced (equations 22.26 and 22.27). Carbon monoxide and carbon

dioxide are also produced in the water–gas shift reaction (Section 21.2) and

we have already seen the importance of carbon as a reducing agent for metal

oxides (Section 17.7). Carbon monoxide is also used industrially to reduce

metal and non-metal oxides and is oxidized to CO2 during the process.

With an excess of O2: CðsÞ þO2ðgÞ ��"
�

CO2ðgÞ ð22:26Þ

With limited O2: 2CðsÞ þO2ðgÞ ��"
�

2COðgÞ ð22:27Þ

Both CO (bp 82K) and CO2 are colourless, odourless gases at 298 K.

Carbon monoxide is almost insoluble in water. It is a very poisonous gas,

and its toxicity arises because, acting as a Lewis base, it binds more strongly

to the iron centres in haemoglobin than does O2 and prevents the uptake and

transport of O2 in the bloodstream.

The reaction of CO and Cl2 in the presence of an activated carbon catalyst

produces carbonyl dichloride (or phosgene), COCl2 (22.19). This is a very

toxic, colourless gas (bp 281K) with a choking smell, and was used in the

First World War in chemical warfare.

When CO2 dissolves in water, equilibrium 22.28, which lies to the left-hand

side, is established. When we refer to ‘carbonic acid’, we actually mean a

solution of CO2 in water. Pure carbonic acid, H2CO3, is not isolable under

ambient conditions.

CO2ðaqÞ þH2OðlÞ Ð H2CO3ðaqÞ K � 1:7� 10�3 ð22:28Þ

Carbonic acid is a weak acid, although carbonate and hydrogencarbonate

salts are commonly encountered in the laboratory. The pKa values for

equilibria 22.29 and 22.30 indicate that the [HCO3]
� ion is the dominant

species in aqueous solutions of CO2, and that the [CO3]
2� ion will form

Carbon cycle: see Box 24.1

Haemoglobin: see Box 5.2

(22.19)

"

"

(a) (b)

Fig. 22.12 (a) In the Czochralski process, a seed crystal of silicon is first lowered into molten silicon. It is withdrawn in a
specifically controlled manner, and a single crystal of silicon grows. The same technique is used to grow other single crystals,
such as gallium arsenide for semiconductor use. (b) A photograph of a single crystal of silicon produced from the Czochralski
process. (The film case indicates size.) Photo courtesy Professor Lothar Beyer, University of Leipzig.
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ENVIRONMENT

Box 22.1 The ‘greenhouse effect’

The level of carbon dioxide in the Earth’s atmosphere is

steadily rising owing to the combustion of fossil fuels in

industry and the burning of forests (e.g. tropical

rainforests) when land is being cleared. Not only does

the latter produce more CO2, but it removes from the

Earth vegetation that would otherwise be undergoing

photosynthesis and removing CO2 from the atmosphere.

The second major source of CO2 emissions is from the

cement industry as calcium carbonate is converted to

calcium oxide (the process of calcining):

CaCO3(s) ���"
heat

CaO(s) + CO2(g)

The increased amount of CO2 may lead to a rise in

the atmospheric temperature. Short-wave radiation

from the Sun heats the Earth, but energy that is

radiated back from the Earth into the atmosphere has

a longer wavelength. This is coincident with the range

of the electromagnetic spectrum in which CO2

absorbs, and the result would be an increase in the

temperature of the atmosphere around the Earth.

The phenomenon is known as the ‘enhanced green-

house effect’. Consequences of a rise in the Earth’s

temperature include partial melting of the polar ice

caps and of glaciers, and general changes in climate.

The term ‘enhanced greenhouse effect’ is used to

distinguish the effects of emissions originating from

human activities (industrial and agricultural) from

the ‘natural greenhouse effect’. The main greenhouse

gases are water vapour (which is largely responsible

for a natural greenhouse effect), carbon dioxide,

methane (CH4, see Box 25.1), ozone (O3) and dinitro-

gen oxide (nitrous oxide, N2O). The concentrations of

these gases in the atmosphere have increased signifi-

cantly since pre-industrial times (e.g. the concentration

of CO2 has increased by about 30%). Once emitted,

greenhouse gases typically stay in the atmosphere for

many years. While CH4 has an atmospheric lifetime

of about 12 years, CO2 remains in the atmosphere for

much longer, having a lifetime of �100 years. A less

publicized greenhouse gas is SF6 (used as an electrical

insulator). Although its emission levels are relatively

low and it is an extremely unreactive compound, the

lifetime of SF6 in the atmosphere is �3200 years. This

leads to a global warming potential for SF6 that is

much higher than that of CO2.

The need for stringent control of CO2 emissions is

internationally recognized, and industrialized nations

that signed the internationally agreed 1997 Kyoto

Protocol are committed to reducing their emissions

of CO2, CH4, N2O, SF6, hydrofluorocarbons and

perfluorocarbons (see Box 25.3). With respect to 1990

emission levels, a target of �5% reduction must be

achieved by 2008–2012. In addition to these legislations,

individuals can make voluntary contributions to CO2

emission control. The term ‘carbon footprint’ has

entered our daily language in the past few years and

refers to schemes for offsetting CO2 emissions. For a

person in the industrialized world, the major sources

of CO2 emissions arise from manufacturing processes

involved with daily living, domestic fuel consumption

and all modes of transport dependent on fossil fuels.

Some of these emissions can be offset by, for example,

installing solar panels, using energy-efficient lightbulbs

in the home and planting trees to compensate (at least

in part) for the effects of deforestation. Fossil-fuel

dependent transport can be separated into road, rail,

marine and air traffic. If we ignore CO2 output asso-

ciated with electricity generation for, for example, elec-

trically powered trains, the major source of CO2

emissions is road transport (about 76%). Approximately

7%, 10% and 2% of global CO2 emissions arise from

air, shipping and rail transport, respectively. It is now

common for airlines to ask customers if they wish

to pay a surcharge to offset the CO2 emissions

calculated per passenger per flight. The payment is

then directed to schemes designed to reduce global

CO2 emissions or related research. Your carbon foot-

print can be reduced if you are able to substitute

renewable energy sources for fossil fuels. Renewable

energy sources include electricity generated by photo-

voltaic cells (see Box 18.1), wind- or water-powered

sources, solar panels used as heat exchange units (see

Box 18.1) and biofuels (see Boxes 30.4 and 33.5).

CO2 Offset sticker on the windscreen of a Land Rover

Defender. The scheme offsets CO2 emissions during the

production of the vehicle and during the first 45,000 miles

of use.
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only in basic solution. The rate of forward reaction 22.28 is very slow, and

fresh solutions contain significant amounts of CO2(aq). You should

consider how this affects equilibria 22.29 and 22.30. (See also Box 16.2.)

H2CO3ðaqÞ þH2OðlÞ Ð ½H3O�þðaqÞ þ ½HCO3��ðaqÞ pKað1Þ ¼ 6:4 ð22:29Þ

½HCO3��ðaqÞ þH2OðlÞ Ð ½H3O�þðaqÞ þ ½CO3�2�ðaqÞ pKað2Þ ¼ 10:3 ð22:30Þ

In the laboratory, reactions may have to be carried out at constant, low

temperatures. Solid CO2, or dry ice, can be used with an organic solvent to

produce baths that cover a range of low temperatures (Table 22.1). Dry ice

is manufactured by liquefying CO2 at a pressure of 6MPa, and then cooling

the liquid CO2 under pressure to its freezing point of 195K.When making up

a dry ice–solvent bath, small pieces of dry ice must be carefully added to the

solvent, initially at room temperature. At first, the solid CO2 sublimes, but

the temperature of the bath gradually decreases to a point at which solid dry

ice remains. A constant low temperature is retained by periodically adding

small pieces of dry ice to the bath.

There are remarkable differences between the oxides of carbon and silicon.

Silicon monoxide can be prepared by reducing SiO2 but it is the dioxide that

is by far the more important. Silica, SiO2, is typically a crystalline solid with

an extended structure. Biogenic silica, which is used to construct the exoske-

letons of marine organisms such as diatoms, is amorphous (see Box 22.2).

There are many different structural forms of crystalline SiO2, and the most

thermodynamically stable is a-quartz (equation 22.31).

a-quartz����*)����
845K

b-quartz����*)����
1145K

b-tridymite����*)����
1745K

b-cristobalite ð22:31Þ

a-Quartz is present in granite and sandstone and occurs as rock crystal and as a

range of coloured, crystalline forms such as purple amethyst. The structural

building block is an SiO4 unit (22.20), which is often represented as a

tetrahedron (22.21). Such units are interconnected through the oxygen atoms

to form a 3-dimensional structure, and the zeolite structure described later

(see Figure 22.18b) is represented in the form of connected tetrahedra.

In the various structural modifications of silica, the SiO4 units are

connected in different ways and the simplest to visualize is cristobalite. Its

structure is related to the diamond-type lattice (Figure 9.23) of elemental

See also Table 22.2

(22.20)

(22.21)

"

Table 22.1 Examples of low temperature dry ice–solvent baths used in the laboratory.

Bath contents Temperature / K

Dry ice + ethane-1,2-diola 258

Dry ice + heptan-3-one 235

Dry ice + acetonitrile 231

Dry ice + ethanol 201

Dry ice + acetone 195

Dry ice + diethyl ether 173

a Ethane-1,2-diol is also called ethylene glycol.
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Box 22.2 Biogenic silica

The process of biomineralization was introduced in

Box 17.6. After oxygen, silicon is the most abundant

element in the Earth’s crust, and silica (SiO2), silicate

minerals and aluminosilicate minerals are hugely

important as we describe in the main text. Weathering

of rocks results in dissolution of silica and silicates:

2SiO2+4CO2+12H2O �������"
very slow
reaction

2H4SiO4

quartz +4[H3O]++4[HCO3]
�

2KAlSi3O8+2CO2+11H2O ������"
slow

reaction
4H4SiO4

+Al2Si2O5(OH)4+2K++2[HCO3]
�

2KAlSi3O8+H2SO4 + 4H2O ������"
fast

reaction
2H4SiO4

+Al2Si4O10(OH)2 + 2K++ [SO4]
�

On average, river water on the Earth contains

150mmoldm�3 of silicic acid (H4SiO4). Rivers ultimately

feed into oceans, and the amount of silicon entering

them per year is � 7 � 1012 moles. The total dissolved

silicon content of the oceans is� 7� 1016 moles. The dif-

ference between the average concentration and the influx

from rivers gives an indication of the rate at which silicic

acid is removed from the water for the construction of

biogenic silica. Silicic acid undergoes condensation reac-

tions, depending upon the pH, for example:

Further condensation leads to hydrated amorphous

silica which can be formulated as [SiOn/2(OH)4�n]m.

This material (sometimes called opaline silica) is used

by certain marine organisms to construct exoskeletons.

The silica exoskeletons of diatoms (photosynthetic,

unicellular algae) are called frustules and are assembled

within a timescale of days from silicic acid in the sea.

Marine sponges (porifera) are supported by needles of

opaline silica called spicules, the diameters of which

range from several mm to several mm. Hydrated silica

assembles in concentric layers around a central, organic

core, resulting in a strong, flexible needle which can

grow up to a couple of metres in length. The photo-

graph above illustrates the spicules of the sponge

Tethya minuta. When siliceous marine organisms die,

their skeletons fall to the seabed. The condensation

reactions are reversed, releasing H4SiO4 back into the

water. The rate of skeletal destruction is slower than

its original assembly.

Biogenic silica is important for stiffening stems and

leaves of some plants, notably those of the equisetum

family, commonly called horsetails. These plants

possess an unmistakable habit as illustrated below.

Equisetum arvense (field or common horsetail) is a ubi-

quitous example. Biogenic silica is taken up by the plant

from water in the soil and undergoes condensation to

give the amorphous hydrated silica described above.

If the soft cell tissues of the stem are removed by treat-

ment with acid, a fragile silicaceous structure can be

isolated. Horsetails are sometimes called scouring

rushes because of the abrasive properties of their stems.

Part of the fibrous stem and branches of common horsetail.

Coloured scanning electron micrograph (SEM) of the spicules

of the sponge Tethya minuta (magnification �8000).
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silicon but with an oxygen atom bonded between each pair of adjacent silicon

atoms giving Si�O�Si bridges.
The critical difference between carbon�oxygen and silicon�oxygen bond

formation lies in their relative bond enthalpies. The bond dissociation

enthalpy of the C�O triple bond in CO is 1076kJmol�1, and in CO2, each

C¼O bond has a dissociation enthalpy of 532kJmol�1. In both molecules,

the �-contributions to the carbon�oxygen bond are significant. However, if

we look at the difference in bond enthalpies between two Si¼O bonds in a

hypothetical SiO2 molecule, O¼Si¼O, and four Si�O bonds in an extended

structure, then the latter are energetically favourable. The opposite is true for

carbon. However, in 1999, an extended solid phase form of CO2 with a

quartz-like structure was made under the extreme conditions of 1800K and

40gigaPa pressure.

Silica is resistant to attack by acids, with the exception of HF.

SiO2 þ 2Na2CO3 �����"
1770K

Na4½SiO4�
Sodium silicate

þ 2CO2 ð22:32Þ

Silica reacts slowly with molten Na2CO3 (equation 22.32), and after purifi-

cation, sodium silicate (commonly known as ‘water glass’) is obtained; it is

used commercially in detergents, where it maintains a constant pH and can

degrade fats by hydrolysis. Silicon dioxide (and glass) react with concen-

trated aqueous MOH (M¼Na or K) and rapidly with molten hydroxides.

Silica gel is an amorphous form of SiO2, produced by treating aqueous

sodium silicate with acid. After careful dehydration, silica gel is used as a

drying agent. Small sachets of silica gel are placed in the cases of optical

equipment (e.g. cameras) to keep them moisture-free. The structure of

silica gel is an open network into which water penetrates and is trapped.

Self-indicating silica gel is doped with cobalt(II) chloride which turns from

blue to pink as water is absorbed. Silica gel is used as a stationary phase in

chromatography and as a solid state (heterogeneous) catalyst.

Sodium silicate, Na4[SiO4], is an example of a large family of silicates, the

simplest of which (the orthosilicates) contain tetrahedral [SiO4]
4� ions.

Members of another group of silicates contain cyclic silicate anions, such

as [Si3O9]
6� (22.22) and [Si6O18]

12� (22.23), which occurs in the mineral

beryl, Be3Al2Si6O18. Three-dimensional representations of these silicate

anions are shown in Figure 22.13.

Etching of silica glass:
see Section 21.10

Heterogeneous catalysts:
see Section 15.8

"

"

Fig. 22.13 Three-
dimensional

representations of the silicate
anions [Si3O9]

6� (22.22) and
[Si6O18]

12� (22.23). Colour code:
Si, pale grey; O, red.
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The pyroxenes are a group of rock-forming silicate minerals in which the

silicon and oxygen atoms are arranged in chain structures with a repeat

unit of formula {Si2O6}n (22.24). In the mineral diopside CaMgSi2O6, the

silicate chains lie parallel to one another and the cations lie between the

chains. In the amphibole family of minerals alternate pairs of adjacent

silicate chains are linked together by Si�O�Si bridges so as to form

double chains (Figure 22.14). The basic building block is a [Si4O11]
6� unit.

Amphiboles include tremolite, chrysotile, actinolite, amosite, anthophylite

and crocidolite which are collectively often referred to as asbestos.

Asbestos has a fibrous nature. The fibres possess a high tensile strength

and are heat resistant. These properties have led to the use of asbestos in

brake linings and in the construction industry in fire-proofing materials,

prefabricated boards, roofing tiles and insulating materials. Commercial

applications of asbestos peaked in the 1970s, and the recognition of the

severe health risks associated with asbestos fibres inhaled into the lungs

has resulted in strict legislation and the removal of asbestos from old

buildings.

Silicate minerals with sheet structures (the phyllosilicates) are produced

when SiO4 units are linked together by Si�O�Si bridges to give a layer of

fused Si4O4 rings (Figure 22.15a). These silicates tend to be flaky, and an

(22.22) (22.23) (22.24)

Fig. 22.14 Part of two
double chains in the

amphibole mineral tremolite,
shown in a stick representation.
The repeat unit in each chain is
an [Si4O11]

6� unit. The molecular
formula of tremolite is
Ca2Mg5[Si8O8](OH)2, and the
Ca2+ and Mg2+ cations occupy
the cavities between the chains
and are bound by the terminal
oxygen atoms. Colour code: Si,
silver; O, red.
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example is talc, Mg3(OH)2Si4O10. Micas constitute a related mineral group

(22.15b) in which one in four of the Si atoms is replaced by Al; muscovite

mica has the formula KAl2(OH)2[AlSi3O10]. The replacement of Si by Al

to give aluminosilicates also occurs in some discrete anions and two related

species are shown in Figure 22.16. Since Si4þ and Al3þ are about the same

Fig. 22.15 (a) Part of the layer structure of a sheet silicate. The diagram does not show a single repeat unit of the layer. Each
Si atom is tetrahedrally sited, and is attached to one terminal and three bridging oxygen atoms. In the 3-dimensional structure,
the environment at each bridging O atom is bent. (b) Sheets of muscovite mica from Ruggles Mine, US.

Fig. 22.16 The structures of the silicate anion [Si8O20]
8� and of the alumino-silicate anion [Al4Si4O12(OH)8]

4�. The
[Si8O20]

8� anion contains a cubic arrangement of silicon atoms supported by bridging oxygen atoms; each Si atom also
has a terminal oxygen atom attached to it. Replacement of a tetrahedral Si by Al causes little structural perturbation. Colour
code: Si, pale grey; O, red; Al, blue; H, white.
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size, the substitution of one for the other results in little perturbation of the

structural unit. Note that although we can consider the aluminosilicate in

terms of possessing Si4þ ions, this is a formalism; an Si4þ ion is unlikely to

exist on ionization energy grounds.

Members of another group of silicate minerals including quartz possess

3-dimensional lattices in which each Si is connected to another Si atom by

an Si�O�Si bridge (Figure 22.17). The Si :O ratio in these compounds is 1 : 2.

Zeolites represent a large group of natural and synthetic compounds based

on aluminosilicates and have a number of unique and useful properties. They

contain structured channels (Figure 22.18) of various sizes which small

molecules can enter. As different zeolites contain different sized channels, it

follows that different sizes of molecules can enter them. This is the basis for

Fig. 22.17 (a) Part of the
3-dimensional structure

of quartz (SiO2). Colour code:
Si, silver; O, red. (b) Crystal of
quartz.

Fig. 22.18 Two representations of part of the structure of the zeolite ZK5 showing one of the large cavities within the lattice.
(a) A conventional ‘chemical’ representation of the structure. (b) A representation in which the SiO4 or AlO3(OH) units are
represented by tetrahedra (see structures 22.20 and 22.21). The small spheres represent Naþ ions in the lattice.
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the use of zeolites as catalysts in many industrial processes. An example is the

zeolite ZSM-5 with a composition Nan[AlnSi96�nO192
: �16H2O (n < 27)

which is used as a catalyst in benzene alkylation, xylene isomerization and

methanol to hydrocarbon (for motor fuels) conversions. Another important

property of zeolites is related to the OH groups on the aluminium centres;

these are strongly acidic and the protons may be replaced by a variety of

other cations. In practice, this means that the zeolites are excellent ion-

exchange materials and find widespread uses in water purification, washing

powder manufacture and other applications. In the laboratory, zeolites are

used as drying agents in the form of molecular sieves.

Halides

In Chapter 25 we look at the halogenation of alkanes, which ultimately gives

compounds of the type CnX2nþ2 where X¼F, Cl, Br or I. In this section we

focus on CX4 molecules and their silicon analogues.

Tetrafluoromethane (or carbon tetrafluoride) CF4 is a stable gas (bp

145K) which may be prepared from silicon carbide (SiC) and F2, or by

reactions 22.33. CF4 is extremely resistant to chemical attack by acids,

alkalis and oxidizing and reducing agents.

CO���"
SF4

CF4

CO2 ���"
SF4

CF4

9>=
>; ð22:33Þ

Although each C�F bond is polar, the tetrahedral CF4 molecule is non-polar

and CF4 dissolves only in non-polar organic solvents. Fluorocarbons and

chlorofluorocarbons (CFCs) have had widespread applications as high-

temperature lubricants and as refrigerants, but they are not ‘environmentally

friendly’ and their use is being phased out.

Tetrachloromethane is a colourless liquid at 298K with a characteristic

odour. The trend in melting points of the carbon halides CX4 is shown in

Figure 22.19 and as expected, the melting point rises with increasing

molecular weight. CCl4 is prepared by the chlorination of CH4 or by

reaction 22.34. It is non-polar, immiscible with water and kinetically stable

with respect to hydrolysis.

CS2 þ 3Cl2 ��������"
Fe catalyst

CCl4 þ S2Cl2 ð22:34Þ

Tetrachloromethane was widely used as a solvent in the past (e.g. for dry

cleaning) but its potential carcinogenic properties mean that its use is now

severely restricted.

The pale yellow CBr4 is a solid at 298K, and is insoluble in water but

soluble in non-polar organic solvents. It is less stable with respect to decom-

position than CF4 and CCl4, and is usually prepared from CCl4 (reaction

22.35), or from CH4 and Br2.

3CCl4 þ 2Al2Br6 ����"
373K

3CBr4 þ 2Al2Cl6 ð22:35Þ

The C�X bond enthalpy decreases in the order D(C�F) > D(C�Cl) >
D(C�Br) > D(C�I), and CI4 is even less stable than CBr4. Red crystals of

CI4 may be prepared from CCl4 by reaction 22.36 in which AlCl3 acts as a

Lewis acid catalyst. CI4 decomposes in the presence of light or when

heated (equation 22.37).

Benzene and xylene:
see Chapter 32

�PðCÞ ¼ 2:6; �PðFÞ = 4:0

The Montreal Protocol:
see Box 25.3

Fig. 22.19 As the molecular
weight of the tetrahalomethane
molecules increases, the melting
point increases.

"

"

"
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CCl4 þ 4C2H5I����"
AlCl3

CI4 þ 4C2H5Cl ð22:36Þ

2CI4 ������"
h� or �

C2I4 þ 2I2 ð22:37Þ

The molecular silicon tetrahalides SiX4 (X¼F, Cl, Br or I) can be prepared

from their constituent elements (equation 22.38). Whereas the reaction

between silicon and F2 is spontaneous, heat is needed for the other three

halogens.

Siþ 2X2 ��" SiX4 X ¼ F;Cl;Br or I ð22:38Þ

The halides are colourless, and at 298K, SiF4 is a gas, SiCl4 and SiBr4 are

fuming liquids and SiI4 is a solid. The fuming of the liquids is due to rapid

hydrolysis by moisture in the air and the formation of HCl or HBr

(equation 22.39).

SiX4 þ 2H2O��" SiO2 þ 4HX X ¼ Cl or Br ð22:39Þ

The ease of hydrolysis of the silicon halides is in marked contrast to the

behaviour of the carbon analogues and has traditionally been attributed to

the availability of low-lying 3d atomic orbitals on Si which may stabilize a

5-coordinate transition state. However, such arguments are no longer

favoured (see Section 7.3). The difference in reactivities is better rationalized

in terms of steric effects: the smaller size of C versus Si means that the four

Cl atoms in CCl4 are closer together than in SiCl4, and this protects the C

atom from attack by H2O. SiF4 undergoes a more complex hydrolysis

reaction than SiCl4 and SiBr4, and forms the hexafluoridosilicate ion in

addition to silica (equation 22.40). Aqueous H2SiF6 is a strong acid and

is commercially available as an aqueous solution – pure H2SiF6 is not

isolable.

2SiF4 þ 4H2O��" SiO2 þ 2HFþ 2½H3O�þ þ ½SiF6�2�|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Fluoridosilicic acid

ð22:40Þ

Silicon tetrachloride and related organosilicon halides such as RSiCl3
(R¼ alkyl) are used widely as synthetic reagents, e.g. in the formation of

silicon alkoxides Si(OR)4 (R¼ alkyl) and siloxanes (equation 22.41). In the

siloxane cage produced in this reaction, each silicon atom is tetrahedral,

being bonded to one terminal R group and three Si�O�Si bridges.

Compare this structure with that of the [Si8O20]
4� anion in Figure 22.16.

More generally, hydrolysis of MenSiCl4�n (n= 1 to 3) leads to the formation

of siloxane polymers, which are typically referred to commercially as

silicones. These materials have widespread applications as illustrated in

Box 22.3.

8RSiCl3 þ 24H2O������"
�24HCl

�
8RSiðOHÞ3

�
�������"
dehydrate

Colour code: Si, pale grey; O, red; R group, dark grey ð22:41Þ
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22.7 Group 14: germanium, tin and lead
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APPLICATIONS

Box 22.3 Silicones (siloxane polymers) in personal care products

The manufacture of personal care products (shampoos,

conditioners, toothpastes, antiperspirants, cosmetics,

etc.) is a large component of the chemical industry,

and siliconeproducts play an important role as the ingre-

dients in shampoos and conditioners which improve

the softness and silkiness of hair, making it more

manageable and easy to style. Silicones are polymeric

organosilicon compounds containing Si�O�Si bridges
and have many uses other than in the personal care

industry – e.g. silicone grease, sealants, varnishes,

synthetic rubbers and hydraulic fluids. In the personal

product industry in particular, there are manufacturing

challenges to overcome – silicones tend to be viscous oils

andare immisciblewithwater. Siliconesmaybeproduced

by one company for use by another in themanufacture of

shampoos and other products – the secondmanufacturer

may require that the silicone product is in a form that is

easy to combine with the basic shampoo which is

water-based. One way of overcoming the immiscibility

problem is for the silicone to be dispersed in water to

give an emulsion. In this form, the silicone and water

layers do not separate out from each other, and the

silicone can be readily incorporated into a shampoo or

conditioner.

[Data from Chemical & Engineering News (1995), p. 34.]
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Germanium is a grey-white semi-metal which does not tarnish in air. It occurs

naturally as the mineral argyrodite (a mixed germanium–silver sulfide) and is

also obtained from smelters used in processing zinc ores. Crystals of

germanium are used in the semiconductor industry and, when doped with

gallium or arsenic, act as transistors for use in electronic equipment.

Tin occurs naturally as cassiterite (SnO2) from which the metal is extracted

by reduction with carbon (equation 22.42).

SnO2 þ C ��"�
Snþ CO2 ð22:42Þ

One use of tin is in tin-plating metal cans, but because tin is so soft, many

applications require that it is alloyed with other elements; alloys include

pewter, soldering metal, bronze and die-casting alloy. High-quality window

glass is generally manufactured by the Pilkington process which involves

floating molten glass on molten tin to generate a flat surface.

The mineral galena (PbS) is a major source of lead (Box 22.4), and the

metal is extracted by converting the sulfide to the oxide, followed by

reduction (equation 22.43).

PbS�����"
O2; �

PbO���������"
C or CO; �

Pb ð22:43Þ

Lead is a very soft, malleable and ductile, blue-white metal. Its resistance

to corrosion leads to its use for storing corrosive liquids such as sulfuric

acid.

Oxides and hydroxides

Germanium(IV) oxide can be prepared by hydrolysing GeCl4 and is stable in

hot water. It resembles silica, possessing several crystalline forms with similar

structures to those of SiO2. The commercially available form has a b-quartz
structure. When heated with germanium, GeO2 is reduced to GeO which

is stable in air and water at 298K. At high temperatures, GeO is oxidized

in air back to GeO2. There are several oxoanions of germanium(IV)

(germanates) but, structurally, they do not resemble analogous silicates.

Crystalline SnO2 has a rutile structure. The 6-coordinate Sn atoms in the

structure illustrate a geometry that is quite common for Sn(IV). Tin(IV)

oxide is amphoteric and dissolves in acidic and basic solutions. In aqueous

hydrochloric acid, the solution species is octahedral [SnCl6]
2� (equation

22.44). In contrast, lead(IV) oxide does not dissolve in acids. In strongly

alkaline solution, [Sn(OH)6]
2� forms (equation 22.45), but in less basic

media, [SnO3]
2� is present.

SnO2ðsÞ þ 6HClðaqÞ ��" 2½H3O�þðaqÞ þ ½SnCl6�2�ðaqÞ ð22:44Þ

SnO2ðsÞ þ 2KOHðaqÞ þ 2H2OðlÞ ��" 2KþðaqÞ þ ½SnðOHÞ6�2�ðaqÞ ð22:45Þ

Tin(II) oxide, SnO, is prepared by the reaction of any tin(II) salt with dilute

alkali. The oxide is amphoteric, dissolving in both acids and alkalis. In

strongly alkaline solution, the anion [Sn(OH)3]
� is formed but more

complex species may exist, depending upon the pH.

Elemental structures:
see Sections 9.10 and 9.11

Rutile structure:
see Section 8.12

"

"
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ENVIRONMENT

Box 22.4 Lead: a metal of changing fortunes

Galena (lead sulfide) occurs with ‘gange minerals’ such as

calcite and fluorite.

Galena (PbS) is the most important lead-bearing

mineral for the extraction of the metal and is

obtained by underground or open-pit mining. Since

Roman times, lead mining has been carried out in

parts of Britain. This brings lead to the surface –

spoil heaps containing lead-bearing materials are

open and may be a health risk. But sometimes,

evolution can provide startling solutions. Researchers

have found that snails from populations in areas

where lead mining has been carried out for many

centuries have been able to concentrate lead into their

shells where it cannot harm them. Snails from other

populations are not able to do this and suffer lead

accumulation in body tissue.

In 2007, China produced almost one third of

the world’s supply of lead, although Australia is

currently ranked as the world leader in terms of

reserves of the metal. Lead reserves occur in conjunction

with zinc, silver and copper deposits in a number of

countries, including Australia, China, Mexico, Peru

and the United States.

Major uses of lead include storage batteries, radiation

protection (sheet lead), plumbing materials and solder

(but see below). Applications for household pipes, once

important, are now strictly controlled owing to the

toxicity of the metal. Plastic components have largely

replaced lead in the building industry. In the US, the

lead�acid battery industry (see Box 22.5) consumed

89% of the lead used during 2007. The recycling of lead

has become extremely important, protecting the envir-

onment from waste lead products. For example, of the

1560 kilotonnes of lead consumed in the US in 2006,

76% of it was recycled. The use of leaded automobile

fuels was, at one time, a major contributor to lead

pollution in the environment. The introduction of non-

leaded fuels (now mandatory in most countries) has

improved this situation dramatically. The graph below

shows the decrease in use of motor fuel lead-based

additives in the US between 1975 and 1995, since when

leaded fuels have no longer been in use. (See also Box 25.2.)

The connection of metal joints, including those in the

electronics industry, has traditionally been carried

out using SnPb solders. This particular alloy is low

melting, easily worked and inexpensive, making it ideal

for commercial applications. However, since 2006, the

inclusion of lead, cadmium, mercury, hexavalent

chromium and polybrominated flame retardants in new

electronic and electrical goods has been banned within

the European Union under environmental legislation

(see Section 36.10). New soldering materials that are

entering the market include those based on Sn with Ag,

Bi, Cu or Zn, but it not easy to find alloys with properties

which equal those of SnPb solders.
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The red form of lead(II) oxide is called litharge, but above 760K, a yellow

form exists. Lead(II) oxide has wide application in lead–acid batteries (see

Box 22.5). It is prepared by heating lead and O2, and further reaction in

air at 730K yields Pb3O4 (red lead). This diamagnetic oxide is a mixed

lead(II)–lead(IV) compound (2PbO:PbO2), and is used as a pigment and a

corrosion-resistant coating for steel and iron. Lead oxides have important

uses in the manufacture of ‘lead crystal’ glass. Strong oxidizing agents

are needed to prepare lead(IV) oxide because PbO2 is readily reduced as

the standard reduction potential for half-equation 22.46 indicates.

PbO2ðsÞ þ 4HþðaqÞ þ 2e� Ð Pb2þðaqÞ þ 2H2OðlÞ Eo ¼ þ1:46V ð22:46Þ

PbO2 reacts with concentrated hydrochloric acid to give solutions of lead(IV)

halo-compounds which evolve Cl2.

Halides

Both metal(IV) and metal(II) halides are known, with the þ2 oxidation

state becoming more stable towards the bottom of group 14. Thus PbX2

compounds are more stable than PbX4, but GeX4 compounds are more

stable than GeX2.

Compounds in the series GeX4 (X¼F, Cl, Br or I) can all be prepared

from Ge and the relevant halogen. Under ambient conditions, GeF4 is a

colourless gas, GeCl4 a colourless liquid, while GeBr4 melts at 299K. GeI4
is a red-orange solid (mp 417K). The tetrahalides are tetrahedral

monomers. Hydrolysis occurs with the formation of HX. The Lewis

APPLICATIONS

Box 22.5 Lead storage batteries

A lead–acid battery in a motor vehicle consists of a

series of electrochemical cells. Each cell contains

several lead–antimony electrodes in the form of grid-

like plates, the design of which ensures a large surface

area. Alternate electrode-plates possess a coating of

lead(IV) oxide or lead(II) sulfate which renders them

as either a cathode or an anode respectively. Each

electrochemical cell is filled with sulfuric acid which

functions as the electrolyte.

The two half reactions that are involved in the

lead–acid cell are:

PbSO4ðsÞ þ 2e� Ð PbðsÞ þ ½SO4�2�ðaqÞ
Eo ¼ �0:36V

PbO2ðsÞ þ 4HþðaqÞ þ ½SO4�2�ðaqÞ þ 2e� Ð

PbSO4ðsÞ þ 2H2OðlÞ Eo ¼ þ1:69V

giving (under standard conditions) a value of Eo
cell of

þ2.05V.
A normal automobile battery runs at 12V and

contains six cells connected in series; when cells are

connected in series, the overall cell potential equals

the sum of the separate cell potentials.

By combining the two half-cells above (as detailed

in Chapter 18), the overall cell reaction can be written

as:

PbO2ðsÞ þ 4HþðaqÞ þ 2½SO4�2�ðaqÞ þ PbðsÞ Ð

2PbSO4ðsÞ þ 2H2OðlÞ

Sulfuric acid is constantly consumed by the electrolysis

cell. Recharging a cell drives the cell-reaction in the

opposite direction to its spontaneous route, thereby

regenerating aqueous H2SO4.
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acidity of the compounds is illustrated by their ability to form ions such as

[GeCl6]
2� (from GeCl4 and Cl�) and adducts such as trans-[Ge(py)2Cl4]

(22.25) (from GeCl4 and pyridine).

Germanium reduces GeF4 in a conproportionation reaction (equation

22.47) to GeF2 (a white solid), and GeCl2 can be prepared similarly. The

reduction of GeBr4 with zinc gives GeBr2. Heating GeX2 (X¼Cl, Br)

causes disproportionation (equation 22.48).

ð22:47Þ

2GeX2 ��"
�

GeX4 þGe
X ¼ Cl;T ¼ 1270K in a vacuum

X ¼ Br;T ¼ 420K
ð22:48Þ

The Lewis acidity of GeF2 is illustrated in its reaction with F� to give

[GeF3]
� (equation 22.49), and a similar reaction occurs between GeCl2

and Cl�. The solid state structure of the products may contain discrete

pyramidal [GeX3]
� anions (as in Rb[GeCl3]), but the nature of the cation

has a significant influence on the structure and the presence of separated

[GeX3]
� anions cannot be assumed.

GeF2
Lewis acid

þ CsF��" Cs½GeF3�
Fluoride ion donor

ð22:49Þ

Tin(IV) fluoride may be prepared from SnCl4 and HF. Crystals of SnF4

are hygroscopic, and SnF4 sublimes at 978K to give a vapour containing

tetrahedral molecules. At 298K, SnF4 is a white solid and possesses an

extended structure consisting of sheets containing 6-coordinate Sn atoms

(Figure 22.20). These physical and structural properties contrast greatly

with those of CF4, SiF4 and GeF4.

Tin(IV) chloride, bromide and iodide are prepared from the constituent

elements and resemble their silicon and germanium analogues. Hydrolysis

occurs with loss of HX, but hydrates can also be isolated, for example

SnCl4:4H2O which forms opaque crystals. The tin(IV) halides are Lewis

acids. SnCl4 reacts with chloride ion to give [SnCl6]
2� (22.26) (equation

22.50) or [SnCl5]
� (22.27), and adducts with other Lewis bases include

THF:SnF4 and cis-[Sn(MeCN)2Cl4] (22.28). The Lewis acid strengths of

the SnX4 molecules decrease in the order SnF4 > SnCl4 > SnBr4 > SnI4.

(22.25)

In a conproportionation

reaction, oxidation and

reduction occur to give the

same species. It is the reverse

of a disproportionation

reaction.

Hygroscopic:
see Section 21.12

"

Fig. 22.20 In SnF4,
bridging fluorine atoms

between tin centres results in the
formation of a ‘sheet’ structure in
the solid state. The tin atom is 6-
coordinate but the stoichiometry
remains Sn : F¼ 1 : 4. Colour
code: Sn, brown; F, green.
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2KClþ SnCl4 �����������������"
In presence of HClðaqÞ

K2½SnCl6� ð22:50Þ

(22.26) (22.27) (22.28)

The reaction of tin and hydrogen chloride gives tin(II) chloride, a white

solid at room temperature. SnCl2 reacts slowly in alkaline solutions to give

a range of oxido and hydroxido species, but the white hydrate SnCl2:2H2O,

used as a reducing agent, can be isolated and is commercially available.

SnCl2 is a Lewis acid and reacts with chloride ion to give [SnCl3]
� (22.29).

The lead(IV)halides are far less stable than the lead(II) compounds.These are

crystalline solids at 298K, and can be precipitated bymixing aqueous solutions

of a soluble halide salt and a soluble lead(II) salt (equation 22.51). The choice of

lead(II) salt is critical since few lead(II) compounds are very soluble in water.

PbðNO3Þ2ðaqÞ þ 2NaClðaqÞ ��" PbCl2ðsÞ þ 2NaNO3ðaqÞ ð22:51Þ

Lead(II) chloride is sparingly soluble in water (Ksp ¼ 1:2� 10�5) but the

solubility in hydrochloric acid is greater because PbCl2 acts as a Lewis

acid and forms [PbCl4]
2� (22.30).

22.8 Group 15: nitrogen and phosphorus

1 2 13 14 15 16 17 18

H He

Li Be B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca

d-block

Ga Ge As Se Br Kr

Rb Sr In Sn Sb Te I Xe

Cs Ba Tl Pb Bi Po At Rn

Fr Ra

The group 15 elements are called the pnictogens. Dinitrogen makes up 78%

of the Earth’s atmosphere (Figure 21.1) and can be obtained by liquefaction

(22.29)

(22.30)
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and fractional distillation of air. Reaction 22.52 is a convenient laboratory

synthesis, but since ammonium nitrite is potentially explosive, N2 is better

prepared as required by mixing aqueous solutions of sodium nitrite and an

ammonium salt. N2 is also formed when NH4NO3 is heated strongly

(equation 22.53) but this can be explosive. Ammonium nitrate is a power-

ful oxidizing agent and a component of amatol (a mixture of TNT and

NH4NO3).

NH4NO2ðaqÞ
Ammonium nitrite

��"�
N2ðgÞ þ 2H2OðlÞ ð22:52Þ

2NH4NO3ðsÞ
Ammonium nitrate

������"
>570K

2N2ðgÞ þO2ðgÞ þ 4H2OðgÞ ð22:53Þ

Dinitrogen is a colourless, odourless gas, and is generally unreactive. The

N�N bond is strong (bond dissociation enthalpy ¼ 945 kJmol�1) due to

the effective overlap of nitrogen 2p atomic orbitals. Nitrogen is the only

member of group 15 to be able to form effective �-interactions in a homo-

nuclear bond; for the heavier elements, the np atomic orbitals are more

diffuse. The lack of reactivity means that N2 is used to provide inert

atmospheres in the laboratory. In the electronics industry, it is used as a

‘blanket gas’ during the production of transistors and other components.

Liquid N2 (bp 77K) is used widely as a coolant for example, along with

liquid helium in highfield NMR spectrometers (see Box 9.2). Laboratory

reactions carried out at constant, low temperatures may use dry ice–solvent

baths (see Table 22.1) or liquid N2–solvent baths (Table 22.2). Liquid N2 is

poured from a Dewar flask into a solvent that is constantly stirred. As the

two are mixed, a slush is formed, the temperature of which can be maintained

by occasionally adding more liquid N2.

When heated with Li,Mg orCa,N2 reacts to give a nitride (equation 22.54).

N2ðgÞ þ 3MgðsÞ ��"�
Mg3N2ðsÞ ð22:54Þ

In contrast to nitrogen, phosphorus does not occur in the elemental state, but is

found in minerals such as apatites (Ca5X(PO4)3, X¼OH, F, Cl) and

phosphate rock (Ca3(PO4)2). One method of extraction involves heating

phosphate rock with silica and carbon in a furnace (equation 22.55).

TNT: see Box 30.2

Sizes of orbitals:
see Section 3.11

Reaction of N2 with H2:
see Section 21.2

"

"

"

Table 22.2 Examples of low temperature liquid N2�solvent baths used in the laboratory.

Bath contents Temperature / K

Liquid N2 þ cyclohexane 279

Liquid N2 þ cycloheptane 261

Liquid N2 þ acetonitrile 232

Liquid N2 þ octane 217

Liquid N2 þ heptane 182

Liquid N2 þ hexa-1,5-diene 132
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Box 22.6 The nitrogen cycle

[Adapted from: D.S. Powlson et al. (2004) Encyclopedia of Soils in the Environment, ed. D. Hillel, Elsevier, Oxford, vol. 3, p. 21.]

The global nitrogen cycle illustrates how N2 is removed

from the atmosphere and converted to useful chemical

derivatives. It includes both chemical changes that inter-

convert nitrogen into different forms, and nitrogen trans-

port between oceans, land and atmosphere. The cycle

shown above is simplified, and focuses on processes relat-

ing to agriculture. Organic and inorganic nitrogen are

interconverted by processes called ammonification and

assimulation. Ammonification involves the hydrolysis

of organic, nitrogen-containing compounds such as

amino acids and urea to form NH3. The reverse process,

assimulation, is the conversion of inorganic species to

organic compounds present in biomass.

The fixation of N2 from the Earth’s atmosphere (i.e.

conversion of N2 into nitrogen-containing compounds)

is carried out by prokaryotic bacteria (a prokaryotic

cell has no nucleus, in contrast to a eukaryotic cell).

These form symbiotic relationships with certain

plants, or organisms such as termites. Most nitrogen-

fixing plants belong to the legume family (e.g. peas,

clover), the root nodules of which are home to prokar-

yotic bacteria called rhizobia. These bacteria use the

enzyme nitrogenase to catalyse the reaction:

N2 þ 8Hþþ 8e���" 2NH3 þ H2

Concomitant with this process is the hydrolysis of

adenosine triphosphate (ATP) which is an energy-

releasing process (see equation 22.96 and discussion).

Thus, planting clovers as part of a crop rotation

scheme regenerates the nitrogen content of the soil,

reducing the need for the addition of fertilizers.

The simplified nitrogen cycle above illustrates that

anaerobic bacteria (i.e. those that do not require O2 for

metabolism) can convert inorganic nitrates to N2, thus

returning nitrogen to the atmosphere. The reduction

can be represented by the half-equation:

2[NO3]
� þ 12Hþ þ 10e���"N2 þ 6H2O

Anaerobic bacteria achieve this transformation, not in

one, but in a series of reduction steps:

The reverse process can take place as follows. The

action of lightning during thunderstorms converts

atmospheric N2 to NO, and this may react with O2:

N2(g) þ O2(g) ��" 2NO(g) ��"O2 2NO2(g)

Dissolution of NO2 produces nitric acid which falls as

natural acid rain and gives rise to soluble nitrate salts:

4NO2(g) þ 2H2O(l) þ O2(g) ��" 4HNO3(aq)

2HNO3(aq) þ CaCO3(s) ��" Ca(NO3)2(aq) þ
H2O(l) þ CO2(g)
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Phosphorus is formed as a vapour and can be collected in water or oxidized to

phosphoric acid which is used for the manufacture of fertilizers.

2Ca3ðPO4Þ2 þ 10Cþ 6SiO2 ��"
�

P4 þ 6CaSiO3 þ 10CO ð22:55Þ

In addition to its vital role in the fertilizer industry, phosphorus finds

application in the production of steels and phosphor-bronze. The salt

Na3PO4 is used as a water softener (see later).

In sharp contrast to the inactivity of N2 at 298K, P4 is stored under water

because it ignites spontaneously in air (equation 22.56). The product, P4O10

and other oxides of phosphorus are described later in the chapter.

P4ðwhiteÞ þ 5O2ðgÞ ��"
�

P4O10ðsÞ ð22:56Þ

Oxides of nitrogen

Some common oxides of nitrogen are listed in Table 22.3. In N2O and NO,

the nitrogen atom is in a formal oxidation state of þ1 and þ2 respectively.

N2O is linear and structure 22.31 gives a valence bond representation of

the molecule. Nitrogen monoxide is a radical, and although the valence

bond structure 22.32 shows the odd electron on nitrogen, a molecular

orbital description places the electron in an NO �� orbital (see Section 5.16).

Dinitrogen oxide N2O is a colourless gas at 298K, and is quite unreactive.

It is prepared by the potentially explosive conproportionation reaction 22.57

but the conditions must be carefully controlled – relatively mild heating is

required (compare reactions 22.53 and 22.57).

ð22:57Þ

Dinitrogen oxide was once widely used as a general anaesthetic (laughing

gas), but the risks of side effects have led to a significant decline in its use

as alternative anaesthetics have become available. Nitrous oxide remains

in use as a propellant in whipped cream dispensers. It is also used

commercially in the synthesis of sodium azide (equation 22.58), and as a

Allotropes of phosphorus:
see Sections 9.8 and 9.10

(22.31)

(22.32)

"

Table 22.3 Oxides of nitrogen.

Formula Name

N2O Dinitrogen oxide; nitrous oxide

NO Nitrogen oxide; nitric oxide

N2O3 Dinitrogen trioxide

N2O4 Dinitrogen tetraoxide

NO2 Nitrogen dioxide

N2O5 Dinitrogen pentaoxide
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precursor to other azides such as Pb(N3)2 (equation 22.59) which is used as

a detonator.

N2OþNaNH2 ����"
470K

NaN3
Sodium azide

þH2O ð22:58Þ

2NaN3 þ PbðNO3Þ2 ��" PbðN3Þ2 þ 2NaNO3 ð22:59Þ

Nitrogen monoxide NO is prepared on an industrial scale from NH3

(equation 22.60). It is also one of several oxides formed when N2 is oxidized;

generally, these combustion products are written as NOx (pronounced ‘NOX’).

4NH3 þ 5O2 ��������������"
1300K; Pt catalyst

4NOþ 6H2O ð22:60Þ
1
2
N2ðgÞ þ 1

2
O2ðgÞ Ð NOðgÞ �Ho ¼ þ91 kJ per mole of NO ð22:61Þ

Equilibrium 22.61 shows the formation of gaseous NO, and Figure 22.21

illustrates how this endothermic reaction shifts to the right-hand side as the

temperature is raised – a situation relevant to the combustion of motor and

aircraft fuels. Catalytic converters in motor vehicles decrease NOx, CO and

hydrocarbon emissions (see Box 22.7). NOx contributes to the formation of

smogs over major cities, notably in Los Angeles, but its role as a pollutant

is in sharp contrast to the essential role of NO in biological systems.

Even though NO is a radical, it does not dimerize unless it is cooled to low

temperatures. The reactions of NO with halogens lead to FNO, ClNO and

BrNO (equation 22.62). With respect to decomposition into NO and

halogen, FNO is the most stable of the three compounds. The halides

FNO and ClNO are used widely as sources of the nitrosyl cation, [NO]þ,
and reactions with suitable Lewis acids yield nitrosyl salts (equations 22.63

and 22.64).

2NOþ Cl2 ����"
190K

2ClNO ð22:62Þ

ClNO����"
AlCl3 ½NO�þ½AlCl4�� ð22:63Þ

FNO��"
PF5 ½NO�þ½PF6�� ð22:64Þ

Oxidation of NO with O2 gives NO2 (equation 22.65), and NO2, like NO, has

an unpaired electron.

2NOðgÞ
Colourless gas

þ O2ðgÞ Ð 2NO2ðgÞ
Brown gas

ð22:65Þ

2NO2ðgÞ Ð N2O4ðgÞ ð22:66Þ

Nitrogen dioxide (Figure 22.22) readily dimerizes and exists in the gas phase

in equilibrium with N2O4 (equation 22.66), although above 420K the system

essentially contains only NO2. In the liquid phase, the equilibrium lies well

over to the right-hand side, and in the solid state (mp 262K), only N2O4

molecules are present. The N2O4 molecule is planar (Figure 22.22) with a

particularly long N�N bond (175 pm). The N�O bond distances in NO2

and N2O4 are consistent with the presence of a degree of nitrogen–oxygen

ðp�pÞ�-bonding (Figure 22.23).

A convenient synthesis of NO2 or N2O4 is the thermal decomposition

of dry lead(II) nitrate (equation 22.67). In the presence of water, NO2 is

hydrolysed to nitrous and nitric acids (see below). By cooling the brown

Fig. 22.21 A graph showing
the temperature-dependence
of lnKp for the equilibrium:
1
2N2ðgÞ þ 1

2O2ðgÞ Ð NOðgÞ.
At the high temperatures of fuel
combustion in aviation and
motor engines, the equilibrium
is shifted towards the formation
of NO. Nitrogen oxides (NOx)
are major pollutants.

NO in biology: see Box 5.3

FNO, ClNO and BrNO are
bent molecules: see
Figures 6.4 and 6.5

See worked example 17.7

"

"

"
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Box 22.7 Catalytic converters

A catalytic converter consists of a honeycomb ceramic

structure coated in finely divided aluminium oxide in

which particles of catalytically active metals including

platinum, palladium and rhodium are dispersed. The

assembly is enclosed in a stainless steel vessel. Exhaust

gases from a motor vehicle pass through the heated

catalytic chamber in which CO and hydrocarbons

(e.g. C3H8) are oxidized and NOx is reduced:

2COþO2 ��" 2CO2

C3H8 þ 5O2 ��" 3CO2 þ 4H2O

2NOþ 2CO��"N2 þ 2CO2

2NOþ 2H2 ��"N2 þ 2H2O

C3H8 þ 10NO��" 3CO2 þ 4H2Oþ 5N2

Originally, catalytic converters concentrated on the

oxidation processes, but they are now designed to

catalyse both oxidation and reduction reactions, so

enhancing their environmental impact. Under legislation,

CO2, N2 and H2O are the only acceptable emission gases.

The design of the converter provides a large surface area

and facilitates the efficient conversion of the toxic gases

into non-pollutants.

Since 2005, more stringent controls of diesel engine

particulate matter and NOx emissions have been in

force in Europe, and legislated emission limits are reg-

ularly updated � currently, legislations Euro 4, 5 and 6

for introduction in 2005, 2009 and 2014, respectively.

The emission levels allowed as of 2007 for diesel vehi-

cles were 500mg km�1 of CO, 180mg km�1 of NOx,

5mgkm�1 of particulate matter, and 230mg km�1

combined hydrocarbons and NOx emissions. Although

concerned with all diesel vehicles, Euro 4, 5 and 6 target

diesel-powered buses and heavy goods vehicles in parti-

cular, and newly manufactured vehicles must comply

with these emission standards. Particulate matter can

be controlled by use of filters. In response to the

lower permitted levels of NOx, new designs of catalytic

converters are being manufactured. At present, two

design options are in use. The first is exhaust gas

recirculation in which the exhaust gases are cooled

and then recirculated through the engine. The preferred

technology is selective catalytic reduction and involves

the use of urea and a V2O5–WO3–TiO2 catalyst. The

exhaust gases from the engine first pass over an oxida-

tion catalyst bed in the catalytic converter, where CO

and hydrocarbons are oxidized to CO2 and H2O, and

NO is partially converted to NO2. AdBlue� is an

aqueous solution of urea (32.5%) that is stored in a

separate tank (i.e. it is not a fuel additive) and is

injected into the stream of exhaust gases after they

have passed over the oxidation catalysts. The urea is

hydrolysed to NH3 and CO2, forming isocyanic acid

(HNCO) as an intermediate. Overall:

The ammonia so-formed acts as a reducing agent,

converting NO and NO2 to N2. Although NH3 reacts

with NO and NO2 directly to give N2 and H2O, the

following reactions are most relevant to the situation

in which the NO has been partly converted to NO2

before AdBlue� is added to the system:

4NH3 þ 4NO þ O2 ��" 4N2 þ 6H2O

4NH3 þ 2NO þ 2NO2 ��" 4N2 þ 6H2O

Urea is supplied in the secondary tank rather than NH3

for matters of convenience. Mercedes-Benz, for

example, have coined the term BlueTec� for their new

selective catalytic reduction technology and the

photograph illustrates a low-emissions diesel engine

equipped with AdBlue� injection system, exhibited at

the 2007 Geneva Motor Show.

A catalytic converter must be hot (�600K) before it

becomes effective, and this precludes its being effective

during the starting of a car engine and its initial

cold-running. Electrically heated converters have been

designed but they can drain car-battery resources.

Mercedes-Benz BlueTec� diesel engine, on show at the 2007

Geneva Motor Show.
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gaseous NO2 to about 273K, the equilibrium in equation 22.67 is shifted

towards the dimer and N2O4 condenses as a yellow liquid.

ð22:67Þ

Dinitrogen tetraoxide is a powerful oxidizing agent and the reaction with

hydrazine has been used to fuel rockets. Pure liquid N2O4 is self-ionizing

(equation 22.68) and is used as a non-aqueous solvent. The equilibrium lies

towards the left-hand side but can be pushed to the right if nitromethane

(MeNO2) or dimethyl sulfoxide (Me2SO) is added as a co-solvent.

N2O4ðlÞ Ð ½NO�þðsolvÞ þ ½NO3��ðsolvÞ ð22:68Þ

Dry liquid N2O4 is used to prepare anhydrous metal nitrates such as

Cu(NO3)2 which cannot be obtained by the evaporation of an aqueous

solution or by heating hydrated copper(II) nitrate. NaNO3 and Zn(NO3)2
may be prepared by reactions 22.69 and 22.70. As Na is oxidized in

reaction 22.69, [NO]þ undergoes a 1-electron reduction.

NaþN2O4 �����������"
N2O4 solvent

NaNO3 þNO ð22:69Þ

ZnCl2 þ 2N2O4 �����������"
N2O4 solvent

ZnðNO3Þ2 þ 2ClNO ð22:70Þ

Hydrazine: see Section 21.7

"

Fig. 22.23 In NO2, the nitrogen
atom can be considered to be sp2

hybridized with a lone pair of
electrons occupying one hybrid
orbital. Overlap can occur
between the nitrogen 2p orbital
(which is singly occupied) and the
two oxygen 2p atomic orbitals,
giving partial �-character to each
N�O bond.

Fig. 22.22 The molecular
structures of NO2, N2O4,

N2O3 and N2O5, and resonance
structures for N2O3 indicating
that two of the N�O bonds have
partial �-character. Colour code:
N, blue; O, red.
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The reaction of NO2 or N2O4 with water gives a 1 : 1 mixture of nitrous and

nitric acids (equation 22.71), although nitrous acid disproportionates to give

NO and HNO3 (equation 22.72). Because of the formation of these acids,

atmospheric NO2 is corrosive and contributes to the pollution problem

called ‘acid rain’. Limited levels of acid rain are part of the Earth’s

nitrogen cycle.

2NO2ðgÞ þH2OðlÞ ��"HNO3ðaqÞ
Nitric acid

þ HNO2ðaqÞ
Nitrous acid

ð22:71Þ

ð22:72Þ

When equal molar amounts of NO andNO2 are mixed at low temperature,

N2O3 forms as a blue solid. The molecule is planar (Figure 22.22) with a

long N�N single bond. The different N�O bond lengths suggest that the

unique bond is of bond order 2, but the other two nitrogen–oxygen

interactions possess partial �-character. Above its melting point (173K),

N2O3 dissociates into NO and NO2. N2O3 dissolves in water to give

nitrous acid (equation 22.73) which may then disproportionate as shown

above.

N2O3 þH2O��" 2HNO2 ð22:73Þ

Dinitrogen pentaoxide is prepared by dehydrating nitric acid (equation

22.74) and forms colourless deliquescent crystals.

2HNO3���������������"
P4O10

ðdehydrating agentÞ
N2O5 þH2O ð22:74Þ

In the solid state, crystalline N2O5 is composed of [NO2]
þ and [NO3]

� ions,

but it sublimes at 305K to give a vapour containing planar molecules

(Figure 22.22). N2O5 is a powerful oxidizing agent (e.g. reaction 22.75).

N2O5 þ I2 ��" I2O5 þN2 ð22:75Þ

Oxoacids of nitrogen

The two most important oxoacids of nitrogen are HNO3 (nitric acid) and

HNO2 (nitrous acid). Nitric acid is a strong acid, but for HNO2,

pKa ¼ 3:37. The conjugate bases are the nitrate and nitrite ions respectively.

In the gas phase, molecules of HNO2 (22.33) are planar with a trans-

configuration.

Pure HNO2 is unstable, but dilute aqueous solutions can be prepared from

s-block metal nitrites (equation 22.76). On standing in aqueous solution,

HNO2 disproportionates (equation 22.72).

NaNO2ðaqÞ þHClðaqÞ þH2OðlÞ ������"
<273K

NaClðaqÞ þ ½H3O�þðaqÞ þ ½NO2��ðaqÞ ð22:76Þ

Reaction 22.76 is used to prepare HNO2 in situ for the formation of

diazonium salts.

Most nitrite salts are water-soluble. Although slightly toxic, nitrites are

used in the curing of meat because they inhibit the oxidation of blood and

Acid rain: see Box 22.12;
Nitrogen cycle: see Box 22.6

Deliquescent:
see Section 21.11

An oxoacid is a compound

that contains oxygen, and at

least one hydrogen atom

attached to oxygen, and

which produces a conjugate

base by proton loss.

(22.33)

Diazonium salts:
Section 32.13

"

"

"
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prevent the meat from turning brown. Levels of nitrites and nitrates in

drinking water are strictly controlled by the Environmental Protection

Agency (EPA) in the US and the World Health Organization (WHO).

Nitric acid is manufactured on a large scale by the Ostwald process

(equations 22.77 and 22.78). This is closely connected industrially to the

Haber–Bosch process for the production of NH3.

4NH3ðgÞ þ 5O2ðgÞ��������������������"
1120K; 500 kPa

Platinum=rhodium catalyst
4NOðgÞ þ 6H2OðgÞ ð22:77Þ

2NOðgÞ ���"
O2

2NO2ðgÞ ����"
H2O

HNO3ðaqÞ þNOðgÞ ð22:78Þ

Pure nitric acid is a colourless liquid (bp 356K) and the brown-yellow

coloration that concentrated aqueous solutions often develop is due to the

decomposition reaction 22.79.

4HNO3ðaqÞ
Colourless

Ð 4NO2ðaqÞ
Brown

þ 2H2OðlÞ þO2ðgÞ ð22:79Þ

In the gas phase, HNO3 is monomeric with a planar NO3 framework

(Figure 22.24a). The resonance structures shown account for the observed

equivalence of two of the N�O bonds (121 pm) and the distance of 141 pm

for the third N�O bond indicates a bond order of 1. In the planar nitrate

ion, all the N�O bond distances are equal (Figure 22.24b). One of three

contributing resonance structures is shown in the figure, but the bonding

can also be described in terms of three N�O �-bonds and additional

ðp�pÞ�-bonding delocalized over the NO3 framework.

As well as being a strong acid, HNO3 is a good oxidizing agent and some

half-equations involving HNO2, [NO2]
�, HNO3 and [NO3]

� are listed in

Table 22.4 along with the corresponding Eo values. By combining these

data with those in Appendix 12, you should be able to suggest redox

reactions in which HNO2, [NO2]
�, HNO3 and [NO3]

� are involved. Nitric

acid oxidizes most metals, but gold, rhodium, platinum and iridium are

exceptions. With very dilute acid, the oxidations may proceed as in

Fig. 22.24 (a) The
molecular and resonance

structures of HNO3. (b) The
molecular structure of the
planar [NO3]

� anion; the
equivalence of the three N�O
bonds can be rationalized by
valence bond theory (one of three
resonance structures is shown) or
by MO theory (partial �-bonds
are formed by overlap of N and
O 2p atomic orbitals and the
�-bonding is delocalized over the
NO3 framework). Colour code:
N, blue; O, red; H, white.
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reaction 22.80, but at higher concentrations, the reactions become more

complex (equations 22.81 and 22.82).

MgðsÞ þ 2HNO3ðaqÞ
Very dilute

��"MgðNO3Þ2ðaqÞ þH2ðgÞ ð22:80Þ

3CuðsÞ þ 8HNO3ðaqÞ
Dilute

��" 3CuðNO3Þ2ðaqÞ þ 4H2OðlÞ þ 2NOðgÞ ð22:81Þ

CuðsÞ þ 4HNO3ðaqÞ
Conc

��"CuðNO3Þ2ðaqÞ þ 2H2OðlÞ þ 2NO2ðgÞ ð22:82Þ

Some metals such as aluminium, iron and chromium are passivated when

placed in concentrated HNO3. Although concentrated HNO3 does not

attack gold, a 3 : 1 (by volume) combination of concentrated HCl and HNO3

solutions oxidizes gold to gold(III), the latter being formed as [AuCl4]
�. This

mixture of acids is called aqua regia and is used in cleaning baths for laboratory

glassware.

A mixture of concentrated sulfuric and nitric acids produces the nitryl ion,

[NO2]
þ (equation 22.83), and is used widely as a nitrating agent in organic

chemistry. In reaction 22.83, HNO3 acts as a Brønsted base, since H2SO4 is

a stronger acid than HNO3.

2H2SO4ðaqÞ
Conc

þHNO3ðaqÞ
Conc

��" 2½HSO4��ðaqÞ þ ½NO2�þðaqÞ þ ½H3O�þðaqÞ

ð22:83Þ

Most nitrate salts are water-soluble and a qualitative test for the [NO3]
� ion

is the brown ring test. This is carried out by acidifying the test solution with a

few drops of dilute sulfuric acid, boiling the solution and allowing it to cool.

After the addition of an equal volume of aqueous iron(II) sulfate solution,

cold, concentrated sulfuric acid is added carefully (Figure 22.25). If [NO3]
�

is present, a brown ring forms at the interface of the concentrated acid

Passivate: see Section 21.12

Nitryl ion = nitronium ion;
Nitration: see equations

32.16–32.17 and discussion

"

"

Table 22.4 Standard reduction potentials involving the nitrate and nitrite ions. Some
reactions occur in acidic solution, and some in basic medium. For acidic solution, Eo refers
to pH 0; for alkaline solution, Eo

½OH��¼ 1 refers to pH 14.

Half-equation Eo
or Eo

½OH��¼ 1 =V

2½NO3��ðaqÞ þ 2H2OðlÞ þ 2e� Ð N2O4ðgÞ þ 4½OH��ðaqÞ �0.85

½NO2��ðaqÞ þH2OðlÞ þ e� Ð NOðgÞ þ 2½OH��ðaqÞ �0.46

½NO3��ðaqÞ þH2OðlÞ þ 2e� Ð ½NO2��ðaqÞ þ 2½OH��ðaqÞ þ0.01

2½NO2��ðaqÞ þ 3H2OðlÞ þ 4e� Ð N2OðgÞ þ 6½OH��ðaqÞ þ0.15

2HNO2ðaqÞ þ 4HþðaqÞ þ 4e� Ð H2N2O2ðaqÞ þ 2H2OðlÞ þ0.86

½NO3��ðaqÞ þ 3HþðaqÞ þ 2e� Ð HNO2ðaqÞ þH2OðlÞ þ0.93

½NO3��ðaqÞ þ 4HþðaqÞ þ 3e� Ð NOðgÞ þ 2H2OðlÞ þ0.96

HNO2ðaqÞ þHþðaqÞ þ e� Ð NOðgÞ þH2OðlÞ þ0.98

2HNO2ðaqÞ þ 4HþðaqÞ þ 4e� Ð N2OðgÞ þ 3H2OðlÞ þ1.30
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and aqueous layers. The origin of the brown colour is the formation of an

octahedral ion containing iron and a nitrosyl ligand (equation 22.84).

Fe2þðaqÞ þ ½NO3��ðaqÞ ����������"
Conc H2SO4 ½FeðNOÞðOH2Þ5�2þðaqÞ ð22:84Þ

We conclude this section on oxoacids of nitrogen by comparing the results of

heating some nitrite and nitrate salts (equations 22.85 and 22.86).

2LiNO2 ��"
�

Li2OþNOþNO2

4LiNO3 ��"
�

2Li2Oþ 4NO2 þO2

9=
; ð22:85Þ

PbðNO2Þ2 ��"
�

PbOþNOþNO2

2PbðNO3Þ2 ��"
�

2PbOþ 4NO2 þO2

9=
; ð22:86Þ

Oxides of phosphorus

When white phosphorus is exposed to air, it burns spontaneously to give

phosphorus(V) oxide P4O10, but if the supply of O2 is limited, phosphorus(III)

oxide, P4O6 (22.34) can be isolated. It is often convenient to represent the

structure of P4O10 as in diagram 22.35. However, structure 22.36 is more

realistic; it shows a charge-separated species in which all the atoms obey

the octet rule.

(22.35) (22.36)

Figure 22.26 illustrates the relationship between the structures of P4, P4O6

and P4O10. The bonding in P4 is described in terms of six localized P�P
single bonds. In the first step of oxidation, each P�P bond is converted

into a P�O�P unit; P�O bond distances of 165 pm are consistent with

single bonds. Although a tetrahedral arrangement of P atoms is retained in

P4O6, the P�P distances increase from 221 pm (bonding) in P4 to 295 pm

in P4O6 (non-bonding). Further oxidation occurs to give P4O10. The

molecular units are retained in the gas phase.

Hydrolysis of P4O6 yields H3PO3, while P4O10 gives H3PO4 (see next

page). P4O10 is available commercially as a white powder but is extremely

hygroscopic. Phosphorus(V) oxide also exists in polymeric forms, ‘P2O5’.

Complex ions:
see Chapter 23

(22.34)

"

Fig. 22.25 The ‘brown ring’ test
is used in qualitative analysis to
confirm the presence of nitrate
ions.
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The oxide is used as a drying and dehydrating agent. If a dish containing

phosphorus(V) oxide is exposed to moist air, a brown, viscous layer forms

on the surface of the white powder preventing it from absorbing more water.

Oxoacids of phosphorus

Phosphorus possesses far more oxoacids than does nitrogen, and Table 22.5

lists selected oxoacids and gives their structures. Each phosphorus atom

is tetrahedrally bonded. The basicity of each acid corresponds to the

number of OH groups, and not simply to the number of hydrogen atoms.

Phosphinic acid, H3PO2, is monobasic (equation 22.87) because the two

hydrogen atoms which are bonded directly to the phosphorus atom are not

lost as protons.

H3PO2ðaqÞ þH2OðlÞ Ð ½H3O�þðaqÞ þ ½H2PO2��ðaqÞ ð22:87Þ

Phosphoric acid, H3PO4, is formed by reaction 22.88 – the oxide is the

anhydride of the acid – or when calcium phosphate (‘phosphate rock’)

reacts with concentrated sulfuric acid (equation 22.89). In its pure state,

H3PO4 forms deliquescent, colourless crystals (mp 315K) which quickly

turn into a viscous liquid. The acid is available commercially as an 85%

aqueous solution; even this is viscous, owing to extensive hydrogen bonding.

P4O10ðsÞ þ 6H2OðlÞ ��" 4H3PO4ðaqÞ ð22:88Þ

Ca3ðPO4Þ2 þ 3H2SO4
Conc

��" 2H3PO4 þ 3CaSO4 ð22:89Þ

Industrially, phosphoric acid is very important and is used on a large scale in

the production of fertilizers, detergents and food additives; it is responsible

for the sharp taste of many soft drinks. It is also used to remove oxide and

scale from the surfaces of iron and steel.

Aqueous H3PO4 is a tribasic acid, but the values of pKa for equilibria 22.90

to 22.92 show that only the first proton is readily lost. With NaOH, H3PO4

can react to give three salts NaH2PO4, Na2HPO4 and Na3PO4.

H3PO4ðaqÞ þH2OðlÞ Ð ½H3O�þðaqÞ þ ½H2PO4��ðaqÞ pKa ¼ 2:12 ð22:90Þ

½H2PO4��ðaqÞ þH2OðlÞ Ð ½H3O�þðaqÞ þ ½HPO4�2�ðaqÞ pKa ¼ 7:21 ð22:91Þ

½HPO4�2�ðaqÞ þH2OðlÞ Ð ½H3O�þðaqÞ þ ½PO4�3�ðaqÞ pKa ¼ 12:67 ð22:92Þ

An acid anhydride is formed

when one or more

molecules of acid lose one

or more molecules of water.

Fig. 22.26 The molecular
structures of (a) P4, (b)

P4O6 and (c) P4O10. The four
P atoms in P4O6 and P4O10 are
still in a tetrahedral shape but are
not within bonding distance of
one another. Colour code: P,
brown; O, red.
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Phosphoric acid is not a strong oxidizing agent, as indicated by the value of

Eo for half-equation 22.93. Compare this with the values listed in Table 22.2

for nitric and nitrous acids.

H3PO4ðaqÞ þ 2HþðaqÞ þ 2e� Ð H3PO3ðaqÞ þH2OðlÞ

Eo ¼ �0:28V ð22:93Þ

Table 22.5 Selected oxoacids of phosphorus. The names in parentheses are older names,
still in use. The number of OH groups determines the basicity of the acid; this is not
necessarily the same as the total number of hydrogen atoms, e.g. H3PO3.

Formula Name Structure

H3PO4 Phosphoric acid
(orthophosphoric acid)

H3PO3 or
HPO(OH)2

Phosphonic acid
(phosphorous acid)

H3PO2 or
H2PO(OH)

Phosphinic acid

H4P2O7 Diphosphoric acid

H4P2O5 Diphosphonic acid
(diphosphorous acid)

H5P3O10 Triphosphoric acid

H4P2O6 Hypophosphoric acid
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When H3PO4 is heated above 480K, it is dehydrated to diphosphoric acid

(equation 22.94).

ð22:94Þ

Further heating results in further H2O elimination and the formation of

polyphosphoric acids such as triphosphoric acid. The sodium salt of this

pentabasic acid (Table 22.5), Na5P3O10, is used in detergents where it acts

as a water softener. ‘Hard water’ is due to the presence of Ca2þ and Mg2þ

ions, and the [P3O10]
5� anion (22.37) is a sequestering agent which forms

stable water-soluble complexes with the group 2 metal ions, preventing

them from forming insoluble complexes with the stearate ion in soaps.

Such precipitates appear as ‘scum’ in household sinks and baths.

(22.37)

Stearic acid and soap:
see Section 33.9

"

ENVIRONMENT

Box 22.8 Phosphates in lakes: friend or foe?

Phosphates from detergents and fertilizers are a factor

in the increase of algae in lakes – excessive growth of

algae is called eutrophication and its presence depletes

the lakes of a supply of O2 and affects fish and other

water-life. The algae population can increase as

zooplankton (algae are their natural food) are killed

off. But the phosphate problem is not clear cut.

Eutrophic lake in Lithuania.

Firstly, it has been shown that phosphates are not the

only pollutant to blame for this upset in the natural

balance – zooplankton are also affected by heavy

metal wastes, oil and insecticides.

Secondly, the presence of phosphates in a lake may

be able to offset some of the problems caused by acid

rain (see Box 22.12). Acid rain lowers the pH of lakes

(i.e. the water becomes more acidic). Although neutra-

lization can be achieved by adding lime, this leads to

higher levels of Ca2þ ions which in turn affect the

variety of life supported by the lake’s waters. A study

carried out in the Lake District of Britain has shown

the presence of phosphates encourages water-plant

growth (i.e. the phosphate acts as a fertilizer) and the

plants absorb nitrates (a natural part of the nitrogen

cycle, Box 22.6). Hydroxide ions are produced as

nitrate ions are taken up, and neutralization of the

lake’s water can occur. The report of this research

(Nature (1994), vol. 377, p. 504) brings into question

whether phosphates are as bad for our water-courses as

other reports may suggest.
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Phosphates are biologically important, and the structural material of bones

and teeth is apatite Ca5(OH)(PO4)3. Tooth decay involves acid attack on the

phosphate, but reaction with fluoride ion (which is commonly added to

water supplies and toothpastes) can lead to the formation of fluoroapatite

as a coating on teeth (equation 22.95), making them more resistant to decay.

Ca5ðOHÞðPO4Þ3
Apatite

þ F� ��" Ca5FðPO4Þ3
Fluoroapatite

þ ½OH�� ð22:95Þ

All living cells contain adenosine triphosphate (ATP, 22.38), and its conversion

to adenosine diphosphate (ADP) by the cleavage of one phosphate group

during hydrolysis (equation 22.96) releases energy used for functions such as

cell growth and muscle movement. The conversion of ATP to ADP occurs at

pH 7.4 (biological pH) and �G for reaction 22.96 (which is an over-simplifi-

cation of this essential biological process) is approximately �40kJ per mole

of reaction. ATP is continually being reformed using energy from the

burning of organic compounds, so that there is a constant supply of stored

energy. The role of ATP in bioluminescence is highlighted in Box 22.9.

(22.38)

½ATP�4� þ 2H2O��" ½ADP�3� þ ½HPO4�2� þ ½H3O�þ ð22:96Þ

Phosphonic acid is formed when P4O6 or PCl3 is hydrolysed (equations 22.97

and 22.98) and the latter method is used industrially.

P4O6ðsÞ þ 6H2OðlÞ ��" 4H3PO3ðaqÞ ð22:97Þ

PCl3ðlÞ þ 3H2OðlÞ ��"H3PO3ðaqÞ þ 3HClðaqÞ ð22:98Þ

Pure H3PO3 forms colourless, deliquescent crystals (mp 343K). It contains

two OH groups (Table 22.5) and in aqueous solution acts as a dibasic acid

(equations 22.99 and 22.100), forming salts such as NaH2PO3 andNa2HPO3.

H3PO3ðaqÞ þH2OðlÞ Ð ½H3O�þðaqÞ þ ½H2PO3��ðaqÞ pKa ¼ 2:00 ð22:99Þ

½H2PO3��ðaqÞ þH2OðlÞ Ð ½H3O�þðaqÞ þ ½HPO3�2�ðaqÞ

pKa ¼ 6:59 ð22:100Þ

Salts containing the [HPO3]
2� ion are called phosphonates but the name

‘phosphite’ is still commonly used. This can cause confusion since ‘phosphite’

is also used for organic compounds of formula P(OR)3, e.g. P(OMe)3 (22.39)

is trimethylphosphite. There is no inorganic acid of formula P(OH)3. It is a

common mistake to think that the formula H3PO3 (see Table 22.5) refers

to a tribasic acid of this structural type.

Pure phosphinic acid H3PO2 is difficult to isolate as it readily decomposes

(reaction 22.101). It forms deliquescent, white crystals which rapidly absorb

See also Box 18.3

(22.39)

"
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BIOLOGY AND MEDICINE

Box 22.9 ATP and fireflies: bioluminescence

Bioluminescence of the fireflyPhotinus pyrinus.

The firefly (Photinus pyralis) is a common sight on

summer evenings in North America. This insect attracts

its mate by emitting flashes of light from the rear of its

body. This is an example of bioluminescence in which

chemical energy is converted into light. Similarly, the

female European glow-worm (Lampyris noctiluca)

emits light from some of its abdominal segments. The

luminescence can be spontaneous or triggered by the

glow-wormwhen it is disturbed. In addition to attracting

a mate, bioluminescence in glow-worms appears to be

used as a protection against predators. The chemical

reaction that leads to this phenomenon is the enzyme-

catalysed oxidation of luciferin:

The enzyme is a luciferase and each organism that

exhibits bioluminescence possesses a characteristic

enzyme. The crystal structures of some of these

enzymes have been determined, and that of firefly

luciferase is shown in the next diagram. The protein is

folded into two domains which are separated by a

wide cleft. Other luciferases that have been structurally

studied exhibit similar open conformations when the

enzyme has no substrate bound to it. It is proposed

that changes in the conformation of the protein chain

allow the cleft to close and open as a substrate is

bound and lost, respectively.

The oxidation of luciferin occurs in the presence of

adenosine triphosphate (ATP) and Mg2þ ions. The

reaction sequence is summarized below, where E

stands for the enzyme luciferase, and AMP is adenosine

monophosphate. Initially, a complex between luciferin,

[Data: E. Conti et al. (1996) Structure, vol. 4, p. 287.]

AMP and luciferase is formed, followed by the

generation of an excited state oxyluciferin complex,

which emits light when it relaxes to the ground state:

luciferin þ E þ [ATP]4� þ H2O ���*)���
Mg2þ

E.(luciferin�[AMP]2�) þ [H2P2O7]
2�

E.(luciferin�[AMP]2�) þ O2��"
E.([AMP]2�).(oxyluciferin*) þ CO2

E.([AMP]2�).(oxyluciferin*)��" E þ
oxyluciferin þ [AMP]2� þ hv

This reaction scheme is common to all luciferin-based

bioluminescent processes, although the wavelength of

the emitted light varies. Fireflies of different species

emit light in the range lmax ¼ 536�638 nm. This vari-

ation arises because oxyluciferin exists in several

forms, depending upon the pH.

Firefly bioluminescence has a high quantum yield,

i.e. the light is efficiently produced. In 2008, results

reported by Japanese researchers showed that for the

firefly Photinus pyralis, the quantum yield is 0.41 at

pH 8.5 and �0.05 at pH 5.8. These values are much

lower than had previously been thought but, even so,

fireflies are still more efficient light-emitters than are

most other bioluminescent organisms.
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water to give an oily liquid. In aqueous solution, the acid is monobasic

(pKa ¼ 1:24) (equation 22.102).

2H3PO2 ��" PH3
Phosphine

þ H3PO4 ð22:101Þ

H3PO2ðaqÞ þH2OðlÞ Ð ½H3O�þðaqÞ þ ½H2PO2��ðaqÞ
Phosphinate ion

ð22:102Þ

Phosphinate salts are produced when white phosphorus reacts with aqueous

alkali (equation 22.103).

P4 þ 4½OH�� þ 4H2O��" 4½H2PO2�� þ 2H2 ð22:103Þ

Halides of nitrogen and phosphorus

Nitrogen forms the trihalides NF3 and NCl3 (22.40). Although NBr3 and

NI3 exist, they are less well characterized than NF3 and NCl3. At room

temperature, NCl3 is an explosive liquid. It hydrolyses rapidly in water

(equation 22.104).

NCl3 þ 3H2O��"NH3 þ 3HOCl
Hypochlorous acid

ð22:104Þ

Nitrogen trifluoride can be produced by reaction 22.105. It is a colourless gas

at 298K and is thermodynamically more stable than NCl3. NF3 resists attack

by water and dilute acids and alkalis, but is an effective fluorinating agent,

converting some elements into their respective fluorides.

4NH3 þ 3F2 �����������"
copper catalyst

NF3 þ 3NH4F ð22:105Þ

When NF3 is heated with copper (equation 22.106), dinitrogen tetrafluoride

is formed. This colourless gas exists in equilibrium with NF2 radicals

(equation 22.107).

2NF3 þ Cu ��"�
N2F4 þ CuF2 ð22:106Þ

N2F4ðgÞ
Colourless

Ð 2NF2ðgÞ
Blue

K ð420KÞ ¼ 0:03 ð22:107Þ

Dinitrogen tetrafluoride (Figure 22.27) adopts both staggered and gauche

conformers at 298K; compare this with hydrazine (21.5). N2F4 is very

reactive and is a powerful fluorinating agent (reactions 22.108 and 22.109).

It reacts with fluoride acceptors such as AsF5 to give salts (equation 22.110).

N2F4 þ 10Li ��"�
4LiFþ 2Li3N ð22:108Þ

N2F4 þ SiH4 ��" SiF4 þN2 þ 2H2 ð22:109Þ

N2F4 þAsF5 ��" ½N2F3�þ½AsF6�� ð22:110Þ

ThedifluorideN2F2 is planar and exists as both the cis-and trans-isomers (22.41

and 22.42), cis-N2F2 being more thermodynamically stable, but also more

reactive.§ The trans-isomer can be selectively prepared by reaction 22.111, but

PH3 is also called phosphane

Dipole moment of NX3:
see Section 6.13

Hypochlorous acid:
see Section 22.12

(22.40)

(22.41)

(22.42)

"

"

"

§ Inorganic nomenclature generally retains cis- and trans- rather than (Z)- and (E)-isomers; see
Chapter 26.
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on heating to 370K, it isomerizes to give an equilibrium mixture of isomers in

which cis-N2F2 predominates.

2N2F4 þ 2AlCl3 ����"
200K

trans-N2F2 þN2 þ 3Cl2 þ 2AlF3 ð22:111Þ

In comparing the halides of nitrogen with those of phosphorus, we must bear

in mind that:

. N�N 2p–2p �-interactions are stronger than P�P 3p–3p �-interactions,

and as a consequence, there is no phosphorus analogue of N2F2;
. phosphorus forms halides of the type PX5 (see also Section 7.3).

The phosphorus trihalides PX3 (X¼F, Cl, Br or I) have trigonal pyramidal

structures. At 298K, PF3 is a colourless gas, PCl3 and PBr3 are colourless

liquids and PI3 is a red crystalline solid. PF3 is highly toxic and, like CO,

reacts with the iron centre in haemoglobin. In contrast to the later trihalides,

PF3 hydrolyses slowly in moist air (equation 22.112).

PF3 þ 3H2O��" 3HFþH3PO3 ð22:112Þ

The compounds PCl3, PBr3 and PI3 may be prepared from their respective

elements. PF3 is made from PCl3 using CaF2 as the fluorinating agent. PCl3 is

manufactured on a large scale, and is a precursor to many organophosphorus

compounds used as flame retardants and fuel additives, and in the formation

of insecticides and nerve gases for chemical warfare (see Box 22.10).

The reaction between water and PCl3 is vigorous (equation 22.113).

Oxidation with O2 gives the oxychloride POCl3 (22.43) (equation 22.114).

PCl3 þ 3H2O��" 3HClþH3PO3 ð22:113Þ
2PCl3 þO2 ��" 2POCl3 ð22:114Þ

All four P2X4 compounds (X¼F, Cl, Br or I) are known, but P2I4 is the most

stable member of the series. It can be prepared by heating red phosphorus

with I2, and is a red crystalline solid at 298K. It consists of P2I4 molecules

with a staggered conformation (as in Figure 22.27).

The phosphorus(V) halides exist as trigonal bipyramidal molecules in the

gas phase, consistent with the VSEPR model, but only PF5 is a gas at

298K. PCl5, PBr5 and PI5 are ionic crystalline solids. For PCl5, chloride

transfer occurs to give a solid consisting of tetrahedral [PCl4]
þ cations and

octahedral [PCl6]
� anions. In the solid bromide and iodide, free halide ions

are present and the compounds are formulated as [PBr4]
þBr� and [PI4]

þI�.
The molecular structure of PF5 (22.44) possesses two fluorine environments

(axial and equatorial). However, the 19F NMR spectrum of a solution of

PF5 shows only one signal, because PF5 is stereochemically non-rigid and

the fluorine nuclei are equivalent on the NMR spectroscopic timescale.

Haemoglobin: see Box 5.2

(22.43)

(22.44)

Stereochemically non-rigid:
see Section 6.12

"

"

Fig. 22.27 N2F4 exists in
both the staggered and

gauche conformers, shown here
as molecular structures and
Newman projections (see Section
24.9). Colour code: N, blue; F,
green.
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APPLICATIONS

Box 22.10 Chemical weapons

In the First and SecondWorldWars, chemical weapons

based on simple toxic chemicals such as phosgene and

mustard gas were available for active use and also as

a deterrent. During and after the Second World War,

the development of chemical weapons moved to nerve

agents, for example Sarin, Soman and VX. These

agents work by enzyme inhibition in the nervous

system and inhalation of as little as 1mg is fatal.

Sarin was the nerve agent used in the attacks in Japan

that brought chaos to commuters in March 1995.

Waysmust be found to destroy chemical weapons that

are stockpiled, since current policy in most countries is

towards chemical weapon disarmament. For example,

Sarin may be chemically destroyed by hydrolysis:

and if aqueous sodium hydroxide is used for the

reaction, effectively harmless sodium salts are formed.

The Sarin gas attack carried out on the Tokyo subway in

March 1995.
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Of the phosphorus(V) halides, PCl5 is the most important, and its synthetic

use is widespread. It is made industrially from PCl3 (equation 22.115) and

may be converted to PF5 by reaction with a fluorinating agent such as

CaF2. However, PF5 itself is a good fluoride acceptor and fluorination of

PCl5 with KF gives K[PF6] containing the [PF6]
� ion (22.45). PF5 and

PCl5 are moisture-sensitive (equation 22.116), but if the conditions of PCl5
hydrolysis are controlled, POCl3 can be produced (equation 22.117).

PCl3 þ Cl2 ��" PCl5 ð22:115Þ
PCl5 þ 4H2O��"H3PO4 þ 5HCl ð22:116Þ
PCl5 þH2O��" POCl3 þ 2HCl ð22:117Þ

22.9 Group 15: arsenic, antimony and bismuth

1 2 13 14 15 16 17 18

H He

Li Be B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca

d-block

Ga Ge As Se Br Kr

Rb Sr In Sn Sb Te I Xe

Cs Ba Tl Pb Bi Po At Rn

Fr Ra

Arsenic is a steel-grey, brittle semi-metal and occurs in the elemental state and

in the sulfide ores arsenopyrite (FeAsS), realgar (As4S4) and orpiment (As2S3).

When arsenopyrite is heated, it decomposes to give arsenic and FeS.

Compounds of arsenic are toxic (see Box 22.11) and much beloved by

crime-writers! Gallium arsenide has widespread uses in solid state devices

and semiconductors.

Antimony is not an abundant element and is found in various minerals, of

which stibnite Sb2S3 is the most important. Antimony can be extracted by

reduction using scrap iron (equation 22.118).

ð22:118Þ

Antimony is a toxic, brittle, blue-white metal, which is a poor electrical

and thermal conductor. It resists oxidation in air at 298K, but is converted

to oxides at higher temperatures (see below). Some of its uses are in the

semiconductor industry, in alloys (e.g. it increases the strength of lead) and

in batteries.

Bismuth is a soft, grey metal, occurring in its elemental state and in bismite

(Bi2O3), bismuthinite (Bi2S3) and in some copper-, lead- and silver-containing

(22.45)
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ENVIRONMENT

Box 22.11 Arsenic in groundwater

Deep-bore well head in Bangladesh.

In West Bengal and Bangladesh, the provision in the

1970s of clean drinking water by drilling deep-bore

(or tube) wells reduced the number of deaths arising

from cholera and outbreaks of other diseases arising

from bacteria in water. In 2008, approximately a

third of the world’s population used deep-bore wells

to access groundwater for drinking supplies. In

Bangladesh, 95% of the �130 million population

relies on water from deep-bore wells. However, in

South East Asia, after three decades of drinking

water from tube wells, the number of cases of people

suffering from chronic arsenic poisoning has reached

alarming levels. Long-term exposure to arsenic results

in cancer of the skin, lungs, bladder and kidneys, and

causes discoloration and lesions of the skin. By 2000,

the situation was well recognized, but the World

Health Organization§ concluded that there were few

reliable options: finding low arsenic-containing ground-

water supplies, increasing the collections of rainwater,

chemical treatment of drinking water, filtration of pond

water, and piping water from other sources. The

maximum recommended, safe concentration of arsenic

in drinking water has been given by WHO as

10mgdm�3, but in 2007, 100 million people worldwide

were using drinking water with 	100 times this level.

Arsenic occurs naturally in a number of minerals

and, over time, the element is leached from the rock.

Rocks originating from the Himalayan mountain range

and eroded thousands of years ago were naturally rich

in arsenic ores. Following weathering, arsenic-containing

material has been buried at depths of about 50–75m

below the Earth’s surface. In natural waters, arsenic

occurs mainly as arsenite, [AsO3]
3�, and arsenate,

[AsO4]
3�, salts. Overall, arsenic (V) species predominate

over arsenic(III)-containing arsenites. However, in redu-

cing, anaerobic environments including groundwater,

arsenites are the more common, and their mobility

within groundwater results in their ready distribution.

In test bore wells, the concentrations of dissolved arsenic

are at a maximum at a depth of about 30–40m. Below

about 110 m, only solid phase arsenic compounds are

present. Thus, the depth of well bores is important:

[Data: C. F. Harvey et al. (2002) Science, vol. 298, p. 1602.]

The scale of the problem of arsenic in drinking water

has resulted in a wide range of targeted research

projects. Solid phase adsorbents such as activated

carbon, clays, silica and sand have been tested for

their ability to adsorb arsenic-containing species, but

have not proved to be sufficiently effective. The appli-

cation of plants to remove pollutants from the envir-

onment is called phytoremediation or phytofiltration

(from water). The dried roots of water hyacinth

plants (Eichhornis crassipes) remove arsenic com-

pounds from water, decreasing the levels to within the

WHO recommended limits. Living water hyacinth

plants are also effective, taking up arsenic compounds

and storing them in their leaves. However, a disadvan-

tage of this aquatic plant is that it spreads rapidly,

forming dense mats on the surface of the water.

§WHO Factsheet ‘Arsenic in drinking water’: http://

www.who.int/mediacentre/factsheets/fs210/en/index.html,

accessed 18 August 2008.
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ores. It is a component of alloys (e.g. with tin) and compounds of bismuth

are used in the cosmetics industry, as oxidation catalysts and in high-

temperature superconductors.

Oxides

When heated with O2, arsenic forms the highly toxic As2O3 (equation 22.119)

which has a smell resembling garlic. This oxide is an important precursor to

many arsenic compounds and is manufactured by several routes, including

roasting the sulfide ores realgar or orpiment in air.

4Asþ 3O2 ��" 2As2O3 ð22:119Þ

At 298K, As2O3 is a crystalline solid containing As4O6 units, and in the

vapour state, As4O6 molecules, similar to P4O6 (Figure 22.26), are present.

Unlike P4O6, As4O6 does not readily oxidize to arsenic(V) oxide. Instead,

As4O10 can be formed by first making H3AsO4 (equation 22.120). As this

reaction suggests, As4O10 dissolves in water to give arsenic acid, H3AsO4.

2As2O3 ���������"
Conc HNO3

4H3AsO4 ����������"
Dehydration

As4O10 þ 6H2O ð22:120Þ

Antimony(III) oxide, Sb2O3, forms when antimony burns in O2 and, struc-

turally, it is similar to As2O3. It is used as a flame retardant and in paints,

adhesives and plastics. Oxidation to antimony(V) oxide occurs when

Sb2O3 reacts with high pressures of O2 at elevated temperatures. Neither

arsenic(V) nor antimony(V) oxide resembles P4O10 in structure. Bismuth(III)

oxide (the mineral bismite) has many uses in the glass and ceramic industry,

and for catalysts and magnets. Bismuth(V) oxide is very unstable.

The properties of the group 15 oxides are summarized as follows:

. each element, E, from P to Bi forms two oxides containing E(III) or E(V);

. the stabilities of the E(V) oxides decrease down the group;

. the E(V) oxides and P4O6 are acidic;

. the As(III) and Sb(III) oxides are amphoteric;

. Bi2O3 is basic.

Oxoacids and related salts

The later members of group 15 form fewer oxoacids than phosphorus.

Arsenic acid, H3AsO4 is tribasic (equations 22.121–22.123).

H3AsO4ðaqÞ þH2OðlÞ Ð ½H3O�þðaqÞ þ ½H2AsO4��ðaqÞ

pKa ¼ 2:25 ð22:121Þ

½H2AsO4��ðaqÞ þH2OðlÞ Ð ½H3O�þðaqÞ þ ½HAsO4�2�ðaqÞ

pKa ¼ 6:77 ð22:122Þ

½HAsO4�2�ðaqÞ þH2OðlÞ Ð ½H3O�þðaqÞ þ ½AsO4�3�ðaqÞ

pKa ¼ 11:60 ð22:123Þ

In contrast to H3PO4, arsenic acid is a good oxidizing agent as the Eo value

for half-reaction 22.124 indicates.

H3AsO4ðaqÞ þ 2HþðaqÞ þ 2e� Ð HAsO2ðaqÞ þ 2H2OðlÞ

Eo ¼ þ0:56V ð22:124Þ
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The pure acid ‘H3AsO3’ has not been isolated, but arsenite salts containing

[AsO3]
3� are known. Although antimonites are well-characterized salts,

oxoacids of antimony(III) are not stable. The trend continues for bismuth,

and no oxoacids are known, although some bismuthate salts are. Sodium

bismuthate is an orange solid which is insoluble in water and is a powerful

oxidizing agent.

Halides

Each of arsenic, antimony and bismuth forms a halide EX3 (X¼F, Cl, Br

or I). We focus here on the fluorides and chlorides. Arsenic(III) fluoride is

a colourless liquid (mp 267K, bp 330K) and may be prepared from

arsenic and F2, but glass containers should be avoided for storage,

because, in the presence of moisture, AsF3 reacts with silica. The trichloride

can be prepared by the reaction of As2O3 with HCl (equation 22.125) and

AsCl3 is a colourless liquid at 298K. Both AsF3 and AsCl3 have molecular

structures (22.46) in the solid, liquid and gas phases. Each of the arsenic

trihalides is hydrolysed by water, liberating HX.

As2O3 þ 6HCl��" 2AsCl3 þ 3H2O ð22:125Þ

Arsenic(V) fluoride is the only halide of arsenic to be stable in the þ5
oxidation state. It is a colourless gas at 298K, with a trigonal bipyramidal

structure (22.47). It can be made by reaction 22.126 in which Br2 acts as

an oxidizing agent. AsF5 is an excellent fluoride acceptor as we discuss below.

AsF3 þ 2SbF5 þ Br2 ��"AsF5 þ 2SbBrF4 ð22:126Þ

In contrast to gaseous AsF3, SbF3 is a colourless crystalline solid (mp 563K).

Trigonal pyramidal molecular units are present in the solid, but each Sb atom

also has three long Sb�F contacts so that it is 6- (rather than 3-) coordinate.

SbF3 is prepared by reacting Sb2O3 with HF, and is widely used as a fluor-

inating agent (e.g. reaction 22.127).

SiCl4 �����"
SbF3

SiCl3Fþ SiCl2F2 þ SiClF3 þ SiF4 ð22:127Þ

The reaction of Sb2O3 with HCl gives SbCl3. This is a solid at 298K, forming

white, deliquescent crystals.

Difluorine oxidizes SbF3 to SbF5 (equation 22.128). This is a viscous liquid

(mp 281K) due to the formation of Sb�F�Sb bridges between SbF5 units. In

the solid state, SbF5 is tetrameric (Figure 22.28a). The oxidation of SbCl3

(22.46)

(22.47)

Fig. 22.28 (a) Solid
antimony(V) fluoride

contains tetrameric molecules.
Each Sb atom is
6-coordinate, but the
stoichiometry is Sb : F¼ 1 : 5.
(b) Solid antimony(V) chloride
consists of dimers, Sb2Cl10; the
coordination number of Sb is 6
but the stoichiometry
Sb : Cl¼ 1 : 5. Colour code: Sb,
orange; F and Cl, green.
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with Cl2 gives SbCl5. In the liquid, trigonal bipyramidal molecules are

present, but the solid (mp 276K) consists of dimers with Sb�Cl�Sb
bridges (Figure 22.28b).

SbF3 þ F2 ��" SbF5 ð22:128Þ

The Lewis acidity of arsenic and antimony halides

An important property of arsenic and antimony trihalides and pentahalides

is their Lewis acidity. The solid state structures of SbF5 and SbCl5 illustrate

the tendency of Sb to accept a lone pair of electrons from a halide with the

formation of {SbF5}4 and {SbCl5}2 (Figure 22.28). Halide bridge formation

involves the donation of a lone pair of electrons, but not the complete

transfer of a halide ion. When complete halide transfer occurs, ionic

products are obtained as in reactions 22.129 and 22.130. SbCl5 is a particu-

larly strong chloride acceptor.

SbCl5
Chloride acceptor

þ AlCl3
Chloride donor

��" ½AlCl2�þ½SbCl6�� ð22:129Þ

SbCl5
Chloride acceptor

þ PCl5
Chloride donor

��" ½PCl4�þ½SbCl6�� ð22:130Þ

In anhydrous hydrogen fluoride, SbF5 acts as a Lewis acid and accepts F� as

shown in equation 22.131.

2HFþ SbF5 Ð ½H2F�þ þ ½SbF6�� ð22:131Þ

Antimony(V) and arsenic(V) fluorides react with alkali metal fluorides or

with FNO to give salts (scheme 22.132).

ð22:132Þ

The [AsF6]
� anion is octahedral, but [SbF6]

� shows a tendency to associate

with Lewis bases; for example, with SbF5, F��"Sb coordinate bond

formation leads to the formation of [Sb2F11]
� (Figure 22.29).

Coordinate bond formation is not restricted to halides, and adducts with

oxygen and nitrogen donors are known. When SbF5 reacts with anhydrous

HSO3F (equation 22.133), the product is a super-acid because it is capable

of protonating exceptionally weak bases.

2HSO3Fþ SbF5 Ð ½H2SO3F�þ þ ½SbF5OSO2F�� ð22:133Þ
(22.48)

(22.48)

HSO3F: see Section 22.10

"

Fig. 22.29 (a) The
structure of the [Sb2F11]

�

anion and (b) a representation of
the structure indicating
coordinate bond formation
between [SbF6]

� and [SbF5].
Colour code: Sb, orange; F,
green.
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22.10 Group 16: oxygen and sulfur
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The group 16 elements are called the chalcogens. Dioxygen makes up 21% of

the Earth’s atmosphere (see Figure 21.1). Oxygen-containing compounds –

which include water, sand (SiO2), limestone, silicates, bauxite and haematite

(Fe2O3) – make up 49% of the Earth’s crust. It is a component of many

hundreds of thousands of compounds and is essential to life, being taken

in and converted to CO2 during respiration. Reactions 22.134 and 22.135

are convenient laboratory preparations of O2, and a mixture of KClO3

and MnO2 used to be sold as ‘oxygen mixture’. It can be produced by the

electrolysis of water (equation 22.136), and on an industrial scale, O2 is

obtained by the liquefaction and fractional distillation of air.

2H2O2 ���������������"
MnO2 or Pt catalyst

O2 þ 2H2O ð22:134Þ

2KClO3
Potassium chlorate

�������������"
�;MnO2 catalyst

3O2 þ 2KCl ð22:135Þ

At the anode :

At the cathode :

4½OH��ðaqÞ ��"O2ðgÞ þ 2H2OðlÞ þ 4e�

2½H3O�þðaqÞ þ 2e� ��"H2ðgÞ þ 2H2OðlÞ

�
ð22:136Þ

Dioxygen is a colourless, odourless gas (bp 90K), but liquid O2 is blue. It is

paramagnetic owing to the presence of two unpaired electrons and is very

reactive. Most elements combine with O2 to form oxides. Electric discharges

(for example in thunderstorms) or UV light convert O2 into ozone (equation

22.137). Ozone is a perceptibly blue, toxic gas with a characteristic ‘electric’

smell. Molecules of O3 are bent (Figure 22.30) with an O�O bond distance

(128 pm) longer than in O2 (121 pm) consistent with a lower bond order.

Caution! Chlorates are
potentially explosive

The diradical O2:
see Section 4.18

"

"

Fig. 22.30 The structure of the ozone molecule O3, and valence bond representations of the molecule. The contribution
made by the cyclic resonance structure is consistent with the average O�O bond order being less than 1.5.
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The layer of ozone in the Earth’s atmosphere is essential in preventing

harmful UV radiation reaching the planet.

3O2���������������"
Electrical discharge

or h�
2O3
Ozone

ð22:137Þ

Elemental sulfur (Figure 22.31a) occurs in deposits around volcanoes and hot

springs, as well as in minerals including pyrite (FeS2, Figure 22.31b, also called

fool’s gold, and which contains the [S2]
2� anion), galena (PbS), sphalerite (or

zinc blende ZnS), cinnabar (HgS), realgar (As4S4) and stibnite (Sb2S3). Sulfur

was traditionally produced using the Frasch process, in which superheated

water (440K under pressure) was used to melt sulfur deposits, and compressed

air forced it to the surface. For environmental reasons, the Frasch process has

been replaced by methods that recover sulfur from crude petroleum refining

and natural gas production. In natural gas, the source of sulfur is H2S.

It occurs in concentrations of up to 30%, and sulfur is recovered using

reaction 22.138.

2H2SþO2 �����������������������������"
Activated carbon or alumina catalyst

2Sþ 2H2O ð22:138Þ

Amajor use of sulfur is in the production of sulfuric acid, rankednumber one in

manufactured chemical products in the US. On an industrial level, it is also

incorporated into a wide range of sulfur-containing organic compounds and

inorganic compounds. These include CaSO4, [NH4]2SO4, CS2, H2S and SO2.

Oxides of sulfur

The two most important oxides of sulfur are sulfur dioxide and sulfur

trioxide. SO2 is formed when sulfur burns in air or O2 (equation 22.139),

or by roasting sulfide ores with O2 (equation 22.140). This is the first step

in the manufacture of sulfuric acid (see below).§

SðsÞ þO2ðgÞ ��"
�

SO2ðgÞ ð22:139Þ

4FeS2 þ 11O2 ��"
�

2Fe2O3 þ 8SO2 ð22:140Þ

The ozone layer:
see Box 25.3

Allotropes of sulfur:
see Section 9.8

"

"

Fig. 22.31 Crystalline (a)
orthorhombic sulfur (a-sulfur)
and (b) pyrite (FeS2). See also
Figure 9.10.

§ In equations, we represent elemental sulfur simply as ‘S’ and do not specify whether S8 rings or
other allotropes are present.
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Reactions 22.141 or 22.142 are convenient laboratory preparations of SO2

and the gas is best dried by passage through concentrated sulfuric acid.

Na2SO3ðsÞ þ 2HClðaqÞ
Conc

��" SO2ðgÞ þ 2NaClðaqÞ þH2OðlÞ ð22:141Þ

CuðsÞ þ 2H2SO4ðaqÞ
Conc

��" SO2ðgÞ þ CuSO4ðaqÞ þ 2H2OðlÞ ð22:142Þ

Sulfur dioxide is a colourless, dense and toxic gas with a choking smell. It is

easily liquefied (bp 263K) and liquid SO2 is widely used as a non-aqueous

solvent. It dissolves in water to give sulfurous acid, but equilibrium 22.143

lies well to the left-hand side. Hence, solutions contain significant amounts

of dissolved SO2. This situation parallels that of CO2 in water.

SO2ðaqÞ þH2OðlÞ Ð H2SO3ðaqÞ K < 10�9 ð22:143Þ

The SO2 molecule is bent (22.49). Although structure 22.49 is a convenient

representation of the SO2 molecule, the pair of resonance structures 22.50

gives a more realistic picture of the bonding in the molecule. In each contri-

buting resonance structure, each atom obeys the octet rule.

Sulfur dioxide reacts with COCl2 to give thionyl dichloride (equation

22.144) and it is prepared industrially by reaction 22.145. It is used commer-

cially in the synthesis of anhydrous metal chlorides and for the conversion of

organic �OH to �Cl groups. It is a colourless liquid at 298K, consisting of

trigonal pyramidal molecules (22.51), and is rapidly hydrolysed by water

(equation 22.146).

SO2 þ COCl2 ��" SOCl2 þ CO2 ð22:144Þ
2SO2 þ S2Cl2 þ 3Cl2 ��" 4SOCl2 ð22:145Þ
SOCl2 þH2O��" SO2 þ 2HCl ð22:146Þ

Sulfur dioxide is oxidized to SO3 by O2 in the presence of a catalyst such as

vanadium(V) oxide. Figure 22.32 shows that equilibrium 22.147 shifts

further towards the left-hand side as the temperature is raised, and industrial

processes in which SO3 is produced use a relatively low operating tem-

perature (�700K). The importance of this equilibrium lies in its role in the

formation of sulfuric acid (see below).

2SO2ðgÞ þO2ðgÞ Ð 2SO3ðgÞ ð22:147Þ

Sulfur dioxide is a weak reducing agent in acidic solution, and a rather

stronger one in basic aqueous solution (when [SO3]
2� and [HSO3]

� ions are

formed) as indicated by the Eo values for half-equations 22.148 and 22.149.

The oxidation product in each case is the sulfate ion. Although we are consid-

ering the reactivity of SO2, these equations show the presence of H2SO3 or

[SO3]
2� in acidic or alkaline aqueous conditions rather than indicating a

(22.49)

(22.50)

Use of SOCl2:
see Section 28.2

(22.51)

"

Fig. 22.32 A graph illustrating
the temperature-dependence of
the equilibrium:

2SO2ðgÞ þO2ðgÞ Ð 2SO3ðgÞ
As the temperature is raised, lnK
decreases, meaning that there is
less SO3 in the equilibrium
mixture. In industrial processes
in which SO3 is produced, a
temperature of about 700K is
used.
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Box 22.12 Acid rain

Sulfur dioxide is produced naturally when volcanoes

erupt. Water vapour makes up more than 70% of the

escaping gases, with SO2, CO2 and smaller amounts

of CO, Cl2 and sulfur vapour contributing to the emis-

sions. Since SO2 absorbs radiation at around 300 nm,

UV spectroscopy (see Chapter 13) can be used to moni-

tor its presence in the atmosphere. Many volcanoes

erupt once in a while, but some are classed as being

‘continuously degassing’. Sulfur dioxide emissions

from a given volcano vary over periods of time, but

typical quantities of SO2 escaping into the atmosphere

from the ten most potent, continuously degassing emit-

ters are listed below (1Tg, teragram¼ 1012 g). For com-

parison, the estimated man-made SO2 emissions in the

US in 2001 was about 14.5Tg.

Volcano SO2 flux/Tg y
�1

Etna, Italy 1.5

Bagana, Papua New Guinea 1.2

Láscar, Chile 0.88

Ruı́z, Colombia 0.69

Sakurajima, Japan 0.69

Manam, Papua New Guinea 0.34

Yasur, Vanuatu 0.33

Kilauea East Rift, Hawaii 0.29

Masaya, Nicaragua 0.29

Stromboli, Italy 0.27

[Data: C. Oppenheimer (2004) in Treatise on Geochemistry, eds

H.D. Holland and K.K. Turekian, Elsevier, Oxford, vol. 3,

p. 123.]

Volcanic SO2 emissions lead to the formation of aero-

sols of sulfuric acid which persist in the atmosphere

for long periods of time after an eruption and contri-

bute to the environmental problem of acid rain.

While we have no control over natural phenomena,

man is responsible for the combustion of fossil fuels

(e.g. coal and oil) which releases large quantities of

SO2 into the atmosphere and these emissions are con-

centrated in the industrial regions of the world. The

SO2 dissolves in atmospheric water vapour and forms

H2SO3 and H2SO4. The formation of the acids takes

time – the reactions leading to the formation of

H2SO4 involve radicals:

SO2 þO2 þOH

 ��" SO3 þHO2




SO3 þH2OÐ H2SO4

The acids are transported in the atmosphere in directions

that are dictated by the prevailing winds. In Europe, SO2

from the industrialized areas of the United Kingdom,

France and Germany finds its way to Scandinavia and

is deposited on the landscape as acid rain. One of the

consequences of acid rain is that trees die, and when

the acid rain enters natural water courses, fish die and

this in turn affects other wildlife which depend upon

the fish for food. Acid rain falling on stone buildings

causes corrosion – the ever-disappearing faces of

gargoyles on ancient churches, cathedrals and abbeys

are reminders of the problems of pollution. The photo-

graph below shows one of the stone lions outside Leeds

Town Hall in the north of England. The loss of clearly

defined features on the lion is a consequence of acid

rain damage.

Increasing efforts to control environmental pollution

have led to the development of methods to ‘scrub’

industrial waste gases. In desulfurization processes,

SO2 is removed from emissions into the atmosphere.

This can be achieved by neutralizing H2SO4 using

Ca(OH)2, CaCO3 or NH3:

H2SO4 þ Ca(OH)2 ��" CaSO4 þ 2H2O

H2SO4 þ CaCO3 ��" CaSO4 þ H2O þ CO2

H2SO4 þ 2NH3 ��" (NH4)2SO4

NOx emissions, discussed in Section 22.8 and Box 22.7,

also contribute to the problem of acid rain.

The effects of acid rain damage.
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direct involvement by SO2. This is because aqueous solutions of SO2 behave as

though they contain these species as we discuss later in this section.

½SO4�2�ðaqÞ þ 4HþðaqÞ þ 2e� Ð H2SO3ðaqÞ þH2OðlÞ

Eo ¼ þ0:17V ð22:148Þ

½SO4�2�ðaqÞ þH2OðlÞ þ 2e� Ð ½SO3�2�ðaqÞ þ 2½OH��ðaqÞ

Eo ¼ �0:93V ð22:149Þ

At 298K, SO3 is a volatile white solid which is usually stored in sealed

vessels. There are three polymorphs of which a-SO3 (mp 290K) and b-SO3

(mp 335K) crystallize as silky, fibrous needles. Both a- and b-SO3 possess

extended structures. In the gas phase, trigonal planar SO3 molecules

(22.52) exist. In the liquid state, monomers and some trimers (Figure 22.33)

are present. The bonding in monomeric SO3 is best described in terms of a

set of resonance structures 22.53. Structure 22.52 is, however, a convenient

way of representing the molecule.

(22.53)

SO3 reacts extremely vigorously with water (equation 22.150) but con-

centrated H2SO4 dissolves SO3 to give oleum, consisting of a mixture of

polysulfuric acids (see below). The reaction of oleum with water gives

concentrated H2SO4 in a less vigorous reaction.

SO3ðgÞ þH2OðlÞ ��"H2SO4ðaqÞ ð22:150Þ

With HF and HCl, SO3 reacts to give fluoro- or chlorosulfuric acid (equation

22.151). Anhydrous HSO3F undergoes self-ionization (equation 22.152) –

the equilibrium lies well over to the left-hand side, but is pushed towards

the right in the presence of SbF5 (equation 22.133). The combination of

HSO3F and SbF5 generates one of the strongest acids known (magic acid).

SO3 þHF��"HSO3F ð22:151Þ
(22.54)

2HSO3FÐ ½H2SO3F�þ þ ½SO3F�� K � 10�8 ð22:152Þ

Oxoacids of sulfur and their salts

Selected oxoacids of sulfur, of which sulfuric acid is by far the most

important, are listed in Table 22.6. Sulfuric acid is manufactured from SO2

by the Contact process. SO2 is first converted to SO3 (equilibrium 22.147),

the SO3 is dissolved in concentrated H2SO4 to give oleum, dilution of

which with water yields H2SO4. Uses of sulfur and sulfuric acid are

summarized in Figure 22.34.

Pure H2SO4 is a viscous liquid due to extensive intermolecular hydrogen

bonding. Self-ionization occurs (equation 22.153), but is complicated by

dehydration steps such as that in equation 22.154.

2H2SO4ðlÞ
Pure acid

Ð ½H3SO4�þðsolvÞ þ ½HSO4��ðsolvÞ K � 1:7� 10�4 ð22:153Þ

H2SO4 þ ½HSO4�� Ð H2Oþ ½HS2O7�� ð22:154Þ

Fig. 22.33 The structure
of the trimer S3O9, present

(along with monomeric SO3)
in liquid sulfur trioxide. In the
monomer, each sulfur atom is
in a trigonal planar environment,
but in the trimer, each is
tetrahedrally sited. Colour code:
S, yellow; O, red.

(22.52)

(22.54)
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 Concentrated H2SO4 is a powerful dehydrating agent. If it is poured

carefully onto a pile of sugar crystals, hydrogen and oxygen are removed

from the sugar as water (equation 22.155) and a sticky, black deposit of

carbon is left. The black product appears to ‘grow’ rather like a volcano

Table 22.6 Selected oxoacids of sulfur. The number of OH groups determines the basicity
of the acid; notice that unlike the case for phosphorus where some acids contain direct
P�H bonds (Table 22.5), there are no oxoacids of sulfur containing direct S�H bonds.

Formula Name Structure

H2SO4 Sulfuric acid

H2S2O3 Thiosulfuric acid

H2S2O7 Disulfuric acid

H2S2O8 Peroxydisulfuric acid

H2SO3 Sulfurous acid

Fig. 22.34 Uses of sulfur and
sulfuric acid (by sulfur content)
in the US in 2006. [Data: US
Geological Survey.]
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erupting as gaseous CO and CO2 are produced by oxidation processes that

accompany the reaction.

C12H22O11ðsÞ
Sucrose

����������"
Conc H2SO4

11H2OðlÞ þ 12CðsÞ ð22:155Þ

In aqueous solution, H2SO4 acts as a strong acid (equation 22.156) but the

[HSO4]
� ion is a fairly weak acid (equation 22.157).

H2SO4ðaqÞ þH2OðlÞ ��" ½H3O�þðaqÞ þ ½HSO4��ðaqÞ
Hydrogensulfate ion

fully dissociated ð22:156Þ

½HSO4��ðaqÞ þH2OðlÞ Ð ½H3O�þðaqÞ þ ½SO4�2�ðaqÞ
Sulfate ion

pKa ¼ 1:92 ð22:157Þ

Two series of salts are formed, for example NaHSO4 and Na2SO4. Dilute

aqueous sulfuric acid (typically 2M) neutralizes bases (equations 22.158 and

22.159), and reacts with metal carbonates (equation 22.160) and some metals

(equation 22.161). By looking at the standard reduction potentials in

Table 18.1, you should be able to predict which metals will react with 0.5M

H2SO4. Remember that the standard conditions for the redox cells is

[Hþ]¼ 1mol dm�3, and one mole of sulfuric acid provides two moles of Hþ

ions.

H2SO4ðaqÞ þNaOHðaqÞ ��"NaHSO4ðaqÞ þH2OðlÞ ð22:158Þ

H2SO4ðaqÞ þ 2NaOHðaqÞ ��"Na2SO4ðaqÞ þ 2H2OðlÞ ð22:159Þ

H2SO4ðaqÞ þ CuCO3ðsÞ ��"CuSO4ðaqÞ þH2OðlÞ þ CO2ðgÞ ð22:160Þ

H2SO4ðaqÞ þMgðsÞ ��"MgSO4ðaqÞ þH2ðgÞ ð22:161Þ

Many sulfate salts have commercial applications and an important one is in

the fertilizer industry. Other uses include lead(II) sulfate in lead storage

batteries (see Box 22.5), copper(II) sulfate in fungicides, magnesium sulfate

as a laxative and hydrated calcium sulfate (‘plaster of Paris’) in casts for

broken bones.

Concentrated sulfuric acid is a good oxidizing agent (reaction 22.162).

CuðsÞ þ 2H2SO4
Conc

ðaqÞ ��"�
CuSO4ðaqÞ þ SO2ðgÞ þ 2H2OðlÞ ð22:162Þ

When we refer to ‘sulfurous acid’ (equations 22.163 and 22.164) we mean a

solution of sulfur dioxide in water (equilibrium 22.143). Pure H2SO3 is not

isolable. Nonetheless, salts containing the [HSO3]
� and [SO3]

2� ions are

common. Equilibria 22.163 and 22.164 are complicated by the fact that

any aqueous solution of ‘H2SO3’ contains significant amounts of SO2.

Earlier in this section, we described the use of SO2 as a reducing agent,

and it should now be clear why half-equations 22.148 and 22.149 showed

the presence of H2SO3 or [SO3]
2�, rather than SO2, in acidic or alkaline

aqueous conditions respectively. Sodium sulfite is prepared by dissolving

SO2 in aqueous sodium hydroxide solution (reaction 22.165).

H2SO3ðaqÞ þH2OðlÞ Ð ½H3O�þðaqÞ þ ½HSO3��ðaqÞ pKa ¼ 1:82 ð22:163Þ

½HSO3��ðaqÞ þH2OðlÞ Ð ½H3O�þðaqÞ þ ½SO3�2�ðaqÞ pKa ¼ 6:92 ð22:164Þ

SO2ðaqÞ þ 2NaOHðaqÞ ��"Na2SO3ðaqÞ þH2OðlÞ ð22:165Þ
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Although anhydrous thiosulfuric acidH2S2O3 exists, it decomposes in aqueous

solutions. However, salts containing the thiosulfate anion, [S2O3]
2�, are stable

and sodium thiosulfate is commercially important. It is used in the non-digital

photographic industry as a reducing agent and to remove excess Cl2 in

bleaching processes. It is also commonly encountered in the laboratory as a

reagent in I2 analysis (reactions 22.166 and 22.167).

I2ðsÞ þ I�ðaqÞ
Aqueous KI

��" ½I3��ðaqÞ ð22:166Þ

2Na2S2O3ðaqÞ þ ½I3��ðaqÞ ��" 2NaIðaqÞ þNa2S4O6ðaqÞ þ I�ðaqÞ ð22:167Þ

Fluorides and chlorides of oxygen and sulfur

Oxygen forms halides of the type OX2 and O2X2 (X¼ halogen)§ and these

compounds are structurally similar to H2O and H2O2. At 298K, oxygen

difluoride, OF2, is a highly toxic, pale yellow gas. It is formed by reaction

22.168, although this preparative route may be complicated by the fact

that OF2 reacts with hydroxide ion.

2NaOHðaqÞ þ 2F2ðgÞ ��"OF2ðgÞ þ 2NaFðaqÞ þH2OðlÞ ð22:168Þ

Oxygen difluoride is hydrolysed by water only slowly, but with steam it

explodes. When irradiated, OF2 decomposes, forming FO


radicals which

combine to give O2F2 (equation 22.169). Above 220K, this yellow gas is

unstable with respect to decomposition into O2 and F2. When O2F2

combines with BF3 or SbF5, fluoride transfer and reduction occur to give

salts of the [O2]
þ ion (reaction 22.170).

2OF2 ��"
h�

2FO

 þ 2F




����
"

O2F2 ð22:169Þ

2O2F2 þ 2SbF5 ��" 2½O2�½SbF6� þ F2 ð22:170Þ

Oxygen dichloride Cl2O is explosively unstable, and reacts with water to give

hypochlorous acid (equation 22.171).

Cl2OþH2O��" 2HOCl ð22:171Þ

Chlorine dioxide ClO2 is a paramagnetic, yellow gas at room temperature

and is prepared in a hazardous reaction between concentrated H2SO4 and

potassium chlorate (KClO3), or by reaction 22.172 which is marginally less

hazardous. An industrial application of ClO2 is as a bleaching agent.

2KClO3
Potassium

þ 2H2C2O4
Ethanedioic acid

��" 2ClO2 þK2C2O4 þ 2CO2 þ 2H2O ð22:172Þ

chlorate ðoxalic acidÞ

We consider some further compounds formed between oxygen and the

halogens in Section 22.12.

I2 is insoluble in water:
see Section 22.12

H2O2: see Section 21.9

The role of the ClO


radical in

the depletion of the ozone
layer: see Box 25.3

"

"

"

§ In formulae for binary compounds between oxygen, fluorine and chlorine, the symbols should
be placed in the order Cl, O, F, i.e. OF2 and O2F2, but Cl2O and ClO2, are correct.
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The number of sulfur fluorides is greater than the number of other halides

of sulfur. Two structural isomers of S2F2 exist, 22.55 and 22.56. Structure

22.55 has a gauche conformation similar to that of H2O2 (Figure 21.14).

Sulfur difluoride SF2 is not a well-known species, unlike its chloride

analogue SCl2, but the higher fluorides SF4 and SF6 are stable gases at

room temperature.

3SCl2 þ 4NaF��" S2Cl2 þ SF4 þ 4NaCl ð22:173Þ

Sulfur tetrafluoride can be prepared from SCl2 (equation 22.173) and is

useful as a selective fluorinating agent. SF4 acts both as a fluoride acceptor

(reaction 22.174) and as a fluoride donor (reaction 22.175). Anhydrous

conditions are essential in reactions involving SF4, because it rapidly hydro-

lyses to give HF and SOF2.

SF4 þKF��"K½SF5� ð22:174Þ
SF4 þ BF3 ��" ½SF3�þ þ ½BF4�� ð22:175Þ

Although SF4 can be formed when sulfur reacts with F2, SF6 is the dominant

product when an excess of F2 is used. Sulfur hexafluoride consists of

octahedral molecules and is kinetically stable. Reaction 22.176 is thermo-

dynamically favoured, but SF6 is resistant to attack even by steam.

SF6ðgÞ þ 3H2OðgÞ ��" SO3ðgÞ þ 6HFðgÞ

�Go ¼ �221 kJ per mole of SF6 ð22:176Þ

The lower chlorides of sulfur are S2Cl2 and SCl2. S2Cl2 is a toxic, foul-

smelling yellow liquid and is prepared by reacting molten sulfur with Cl2.

Structurally it resembles isomer 22.55 of disulfur difluoride. S2Cl2 reacts

further with Cl2 to give SCl2. This is a poisonous, red liquid at 298K, but

tends to decompose according to equilibrium 22.177.

2SCl2 Ð S2Cl2 þ Cl2 ð22:177Þ

Both SCl2 and S2Cl2 are reagents in synthetic chemistry for the preparation

of organosulfur compounds.

22.11 Group 16: selenium and tellurium

1 2 13 14 15 16 17 18

H He

Li Be B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca

d-block

Ga Ge As Se Br Kr

Rb Sr In Sn Sb Te I Xe

Cs Ba Tl Pb Bi Po At Rn

Fr Ra

(22.55)

(22.56)
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Selenium is found in only a few minerals. A commercial source is flue dusts

deposited during the refining of copper sulfide ores. An important property

of selenium is its ability to convert light into electricity, and the element is

used in photoelectric cells and in photographic exposure meters. Below its

melting point (490K), selenium is a semiconductor.

Tellurium is usually found combined with other metals, e.g. with gold in

the mineral calaverite. Pure metallic tellurium has a silver-white appearance

and both it and its compounds are toxic; if you are exposed to tellurium, your

breath develops a garlic-like smell. Some of the applications of the element

arise from its semiconducting properties.

The heaviest element in group 16 is polonium, but only milligram

quantities of this radioactive element are available.

Compounds with selenium–oxygen or tellurium–oxygen bonds

In contrast to SO2, SeO2 and TeO2 (formed from the element and O2) are

crystalline solids at 298K with lattice structures. Selenium dioxide dissolves

in water to give selenous acid, H2SeO3, and its ease of reduction makes it a

suitable oxidizing agent for some organic reactions. There are two structural

forms of solid TeO2; white crystalline a-TeO2 is sparingly soluble in water

giving H2TeO3. Whereas both SO2 and TeO2 are readily oxidized to

trioxides, SeO3 is thermodynamically unstable with respect to SeO2 and O2.

In contrast to sulfur, selenium and tellurium do not form a wide range of

oxoacids. Both H2SeO3 and H2TeO3 are white solids at 298K, and can be

dehydrated to the respective metal dioxide. The acids are dibasic, and two

sets of salts containing the [HSeO3]
� and [SeO3]

2�, or [HTeO3]
� and

[TeO3]
2� anions are formed.

Fluorides and chlorides

Amixture of SeF2, Se2F2 and SeF4 is obtained when selenium vapour and F2

react, but only SeF4 is well characterized. Selenium tetrafluoride is a good

fluorinating agent, and since it is a liquid at room temperature (mp 259K),

it is more convenient to use than gaseous SF4. Liquid SeF4 contains

discrete molecules (Figure 22.35a) but in the solid state, they form an

ordered array with significant intermolecular interactions. In solid TeF4,

association between the TeF4 units is more extensive owing to the formation

of Te�F�Te bridges (Figure 22.35b).

Allotropes of selenium:
see Section 9.8

"

Fig. 22.35 The structures of (a) SeF4 and (b) TeF4 in the solid state. Each tellurium atom in (b) is 5-coordinate but the
stoichiometry remains Te : F¼ 1 : 4. Colour code: Se, yellow; Te, red; F, green.
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Like SF4, SeF4 acts as a fluoride donor but equilibrium 22.178 lies further

to the left than the corresponding equilibrium involving SF4 for which

K ¼ 4� 10�2. SeF4 can also act as a fluoride acceptor as in reaction

22.179. Similarly, TeF4 behaves as both a fluoride donor and acceptor.

SeF4 þHFÐ ½SeF3�þ þ ½HF2�� K ¼ 4� 10�4 ð22:178Þ

SeF4 þ CsFÐ Csþ½SeF5�� ð22:179Þ

Whereas SCl4 is unstable, SeCl4 is produced by reacting Se with Cl2, but it

decomposes when heated (equation 22.180). TeCl4 is prepared similarly and

is the only stable chloride of tellurium. Both SeCl4 and TeCl4 are crystalline

solids at 298K, and contain tetrameric Se4Cl16 orTe4Cl16 units (Figure 22.36).

SeCl4 ��"
�

SeCl2 þ Cl2 ð22:180Þ

Selenium and tellurium tetrachlorides accept chloride ions to give [SeCl6]
2�

and [TeCl6]
2� (equation 22.181). Each has a regular octahedral structure,

despite having 14 electrons in the valence shell; the lone pair is stereo-

chemically inactive.

SeCl4 þ 2KCl��"K2½SeCl6� ð22:181Þ

Donation of chloride ion by SeCl4 is observed in its reaction with AlCl3. An

X-ray diffraction study of the crystalline product confirms the presence of

discrete [SeCl3]
þ and [AlCl4]

� ions.

Selenium hexafluoride (produced from Se and F2) is a gas at 298K. It is

quite stable, resisting hydrolysis even in alkaline aqueous solution. TeF6 is

well characterized, but binary chlorides of selenium(VI) and tellurium(VI)

are not known. It is the oxidizing ability of F2 (emphasized by the value of

Eo for half-equation 22.182) and the small size of fluorine that make the

formation of SF6, SeF6 and TeF6 feasible.

F2ðaqÞ þ 2e� Ð 2F�ðaqÞ Eo ¼ þ2:87V ð22:182Þ

22.12 Group 17: the halogens

1 2 13 14 15 16 17 18
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Fig. 22.36 The structure
of the molecular Se4Cl16

unit present in the crystal lattice
of SeCl4. Similar molecular units
of formula Te4Cl16 are present in
TeCl4. Colour code: Se, yellow;
Cl, green.

Stereochemically inactive
lone pair: see Section 6.7

"
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Fluorine is not found native, but occurs as the fluoride ion in fluorite CaF2,

cryolite Na3[AlF6] and a range of other minerals. Because of its strongly

oxidizing nature, F2 must be prepared by electrolytic oxidation of F�, and
in the industrial route, a mixture of anhydrous molten KF and HF is

electrolysed (equation 22.183).

At a carbon anode : 2F�ðlÞ ��"F2ðgÞ þ 2e� ð22:183Þ

Difluorine is a pale yellow gas (bp 85K) consisting of discrete F2 molecules.

Fluorine is the most electronegative of all the elements, and F2 reacts with

most elements and compounds. It is a dangerous gas to use. It is extremely

corrosive and must be handled in special steel containers. The developments

of the atomic bomb and the nuclear energy industry have demanded large

quantities of F2. A major use is in the production of uranium hexafluoride

during nuclear fuel enrichment processes (see Box 22.13).

Dichlorine is among the most important industrial chemicals and is

manufactured by the chloralkali process (see Section 21.11). On a laboratory

scale, reaction 22.184 is a convenient synthesis of Cl2.

MnO2ðsÞ þ 4HClðaqÞ ��"MnCl2ðaqÞ þ Cl2ðgÞ þ 2H2OðlÞ ð22:184Þ

Dichlorine is a pale green-yellow gas (bp 239K) with a characteristic smell.

When inhaled, it causes irritation of the respiratory system and liquid Cl2
burns the skin. Drinking-water supplies are often chlorinated in order to

make the water safer for human consumption, and Cl2 is used widely as a

disinfectant and a bleach. A disadvantage of using Cl2 in the paper

industry is the production of toxic effluents. As a result, the use of alternative

bleaching agents is encouraged on environmental grounds. Its conversion

into chlorine-containing compounds, including HCl, is a major industrial

use (Figure 22.37). It reacts with many elements to give the respective

chlorides.

Dibromine is a dark orange, volatile liquid (mp 266K, bp 332K). It is the

only non-metallic element that is a liquid at 298K. In the laboratory it is

often encountered as the aqueous solution ‘bromine water’. Br2 is toxic –

the liquid produces skin burns and the vapour has an unpleasant odour

and causes eye and respiratory irritations. Bromine occurs as the bromide

ion in brine wells in parts of the US, and can be extracted using reaction

22.185. Some uses of Br2 include its role in flame-proofing materials, dyes,

bromide compounds for the non-digital photographic industry and organic

bromides.

ð22:185Þ

At 298K, I2 forms dark purple crystals (mp 387K, bp 458K) containing

molecules (see Table 9.1 and Figure 9.12). The solid sublimes readily at

atmospheric pressure into a purple vapour which irritates the eyes. Iodine

occurs as the I� ion in seawater and is taken up by seaweed from which I2
can be extracted. On an industrial scale, I2 is extracted from oil and brine

wells by using Cl2 to oxidize I� to I2 (analogous to reaction 22.185).

Unlike F2, Cl2 and Br2, I2 is only very sparingly soluble in water, and

laboratory solutions are usually made up in aqueous potassium iodide in

which I2 is soluble giving [I3]
� salts (equation 22.166). Iodine is an essential

The structures of the
halogens: see Section 9.7

"
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APPLICATIONS

Box 22.13 Nuclear reactors and the reprocessing of nuclear fuels

Uranium is a nuclear fuel, and consists naturally of the

isotopes 234
92U (<0.01%), 235

92U (�0.72%) and 238
92U

(�99.28%). Of these, 235
92U has the ability to capture a

thermal neutron to yield the unstable isotope 236
92U.

This is followed by nuclear fission:

235
92Uþ 1

0n��" 236
92U�����������"

Nuclear fission

141
56Baþ 92

36Krþ 3 1
0n

and release of about 2� 1010 kJ of energy per mole of

uranium. The production of extra neutrons means

that there is the potential for a chain reaction (see

Figure 15.24) and this is the basis for the atomic

bomb. In a nuclear reactor, nuclear energy is

harnessed for electricity among other uses, but the

nuclear reaction must be efficiently controlled. This is

done by inserting boron or cadmium rods (which

absorb neutrons) between the uranium fuel rods.

Discharging fuel from a reactor core to cooling ponds at a

pressurized water reactor nuclear power station.

As 235
92U is used up in the nuclear reactor, the fuel

becomes spent. Spent nuclear fuels are not disposed

of but are reprocessed – this recovers uranium and

separates 235
92U from fission products. After preliminary

processes including pond storage (which allows time for

short-lived radioactive products to decay), reprocessing

begins by converting uranium metal to soluble uranyl

nitrate:

UðsÞ þ 8HNO3ðaqÞ ��"

½UO2�½NO3�2ðaqÞ þ 4H2OðlÞ þ 6NO2ðgÞ

This is followed by conversion to uranium(VI) oxide,

reduction to uranium(IV) oxide, and fluorination to

give UF6:

½UO2�½NO3�2ðsÞ �����"
570K

UO3ðsÞ þNOðgÞ þNO2ðgÞ þO2ðgÞ

UO3ðsÞ þH2ðgÞ �����"
970K

UO2ðsÞ þH2OðgÞ

UO2ðsÞ þ 4HFðaqÞ ��"UF4ðsÞ þ 2H2OðlÞ

UF4ðsÞ þ F2ðgÞ �����"
720K

UF6ðgÞ

The final stage of reprocessing is the separation of
235
92UF6 from 238

92UF6. This is achieved by using a

special centrifuge. Graham’s Law states that the rate

of gas effusion (or diffusion) depends upon the

molecular mass:

Rate of effusion / 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Molecular mass
p

Application of Graham’s Law (see Chapter 1) shows

that 235
92UF6 and

238
92UF6 can be separated by subjecting

them to a centrifugal force which moves the molecules

to the outer wall of their container, but at different

rates. In this way it is possible to obtain 235
92U enriched

UF6. After this process, the hexafluoride is converted

back to uranium metal before the fuel is ready for

reuse in the nuclear reactor:

UF6ðgÞ þH2ðgÞ þ 2H2OðgÞ �����"
870K

UO2ðsÞ þ 6HFðgÞ

UO2ðsÞ þ 2MgðsÞ ��"�
UðsÞ þ 2MgOðsÞ
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element for life, and a deficiency results in a swollen thyroid gland; ‘iodized

salt’ (NaCl with added I�) provides supplemental iodine to the body. Iodide

salts such as KI have applications in the non-digital photographic industry.

Solutions of I2 in aqueous KI are used as disinfectants for wounds.

The trend in reactivities of the halogens reflects the decrease in electro-

negativity values fromF (�P ¼ 4:0) to I (�P ¼ 2:7) and the decreasing oxidizing

strength of the element (Table 22.7). Fluorine is the most electronegative

element in the periodic table, and in its compounds it always has a formal

oxidation state of �1. The later halogens form compounds with a range of

oxidation states (see below). The relative sizes of the halogen atoms and ions

(Figure 22.38) also contribute to some of the differences between the chemis-

tries of the group 17 elements. The small covalent radius of fluorine permits

elements with which fluorine combines to attain high coordination numbers.

For example, six F atoms fit around an S atom, but six I atoms will not. In

ionic metal fluorides, the small size of the F� ion contributes to the high values

of lattice enthalpies and to the thermodynamic stability of the compounds.

The relative strength of F2 as an oxidizing agent with respect to the other

halogens is seen in the formation of interhalogen compounds. These are

compounds formed by combining two different halogens. In each of ClF,

ClF3, BrF5 and IF7, the formal oxidation state of fluorine is �1, while the

oxidation states of the other halogens range from þ1 to þ7. In none of the

interhalogen compounds is fluorine in a positive oxidation state. F2 is able

to oxidize the lower halogens (equation 22.186) but Cl2, Br2 and I2 are not

able to oxidize F2.

Dependence of lattice
enthalpy on ion size:

see Section 8.15

Fig. 22.38 The trend in the
covalent and ionic radii of the
halogens. Blue bars¼ covalent
radius; orange bars¼ ionic
radius.

"

Fig. 22.37 Uses of Cl2 in
Western Europe in 1994. The
percentage used for pulp and
paper bleaching and water
chlorination is decreasing owing
to environmental concern.
Applications for CFCs have also
been phased out (see Box 25.3).
[Data from Chemistry & Industry
(1995), p. 832.]

Table 22.7 Standard reduction potentials for the reduction of the halogens. F2 is the most
readily reduced and is the most powerful oxidizing agent in the series.

Reduction half-reaction Eo=V

I2ðaqÞ þ 2e� Ð 2I�ðaqÞ þ0.54

Br2ðaqÞ þ 2e� Ð 2Br�ðaqÞ þ1.09

Cl2ðaqÞ þ 2e� Ð 2Cl�ðaqÞ þ1.36

F2ðaqÞ þ 2e� Ð 2F�ðaqÞ þ2.87
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Examples of reactions of halogens with metals and non-metals are

considered in the relevant sections of this chapter and Chapter 21.

Oxides

We have already described some of the lower oxides of fluorine and chlorine

(OF2, O2F2, Cl2O and ClO2). Fluorine does not form higher oxides because

it is a stronger oxidizing agent than oxygen, but the other halogens form

compounds such as Cl2O6, Cl2O7, Br2O3, Br2O5 and I2O5.

Dichlorine hexaoxide Cl2O6 is a dark red liquid at 298K and is prepared by

the reaction between ozone and ClO2 (equation 22.187). It must be handled

with extreme care as it explodes when in contact with organic material.

2ClO2 þ 2O3 ��"Cl2O6 þ 2O2 ð22:187Þ

There has been much speculation as to the molecular structure of Cl2O6, but

the probable structure in the liquid state is shown in Figure 22.39a. In the

solid state (mp 277K), [ClO2]
þ and [ClO4]

� ions are present. The oxide is

unstable with respect to decomposition into ClO2 and O2, and with water,

reaction 22.188 occurs.

Cl2O6 þH2O��" HClO4
Perchloric acid

þ HClO3
Chloric acid

ð22:188Þ

The oxide Cl2O7 is a colourless oily liquid (mp 182K, bp 355K) which is

shock-sensitive and potentially explosive. It is formed by dehydrating

perchloric acid (equation 22.189), but the reaction is reversed when Cl2O7

contacts water. The structure of Cl2O7 is shown in Figure 22.39b.

2HClO4 �����������"
H3PO4; 263K

H2Oþ Cl2O7 ð22:189Þ

The bromine oxides Br2O3 and Br2O5 are unstable, but iodine forms I2O5

as white, hygroscopic crystals which decompose above 570K. The solid state

structure consists of an extended array. The dehydration of HIO3 is one

method of preparing I2O5, but the compound readily takes up water again

to regenerate the acid. I2O5 is a powerful oxidizing agent and oxidizes CO to

CO2. This reaction may be used in the quantitative analysis of carbon

monoxide. The I2 produced is analysed by titration with sodium thiosulfate.

The I2 in equation 22.190 is in the form of [I3]
� (see equation 22.166).

Quantitative

analysis for CO :

5COþ I2O5 ��" 5CO2 þ I2

I2 þ 2Na2S2O3 ��" 2NaIþNa2S4O6

�
ð22:190Þ

Hydrogen halides:
see Section 21.10

"

Fig. 22.39 (a) The proposed structure of Cl2O6 in the liquid state and (b) the confirmed structure of Cl2O7. Colour code:
Cl, green; O, red. The schematic diagrams of the structures are a convenient way of illustrating these molecules. However, it

is more realistic to represent the bonding using charge-separated species so that each Cl atom obeys the octet rule (see Section 7.3).
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The titration of I2 against Na2S2O3 is carried out in the presence of starch

indicator which turns blue-black at the end point. Starch is a common

component of plant material and is obtained from potatoes, wheat and

rice. One of the components of starch is amylose which consists of

a-D(þ)glucopyranose units linked together to form helical coils:

Solutions of I2 in aqueous KI contain a series of polyiodide ions including

[I3]
� (22.57) and [I5]

� (22.58). Once excess I2 is present after the endpoint

of a titration, [I5]
� ions that form are trapped within the channels that run

through the helical structures in the starch indicator. The adduct formed

has a characteristic blue-black colour and it is the formation of this coloured

adduct that accounts for the use of starch as an indicator in titrations

involving I2.

Oxoacids and the oxoanions

The oxides Cl2O, Cl2O7 and I2O5 are the anhydrides of HOCl, HClO4 and

HIO3 respectively. The acids and their oxoanions are all good oxidizing

agents, and Table 22.8 lists selected half-equations and the corresponding

standard reduction potentials. Remember that the more positive the value

of Eo, the more readily the reduction process occurs. Furthermore, the

values of Eo give only thermodynamic data, and provide no indication of

kinetic factors. We return to this point when discussing HClO4.

The only oxoacid of fluorine is HOF, and it spontaneously decomposes to

HF and O2. Hypochlorous acid, HOCl, and its heavier congeners HOBr and

HOI, cannot be isolated as pure compounds, but are encountered as aqueous

solutions. They are weak, monobasic acids (equilibrium 22.191), but the

[OX]� anions are unstable with respect to disproportionation (equation

22.192). The reaction is slow for [OCl]�, fast for [OBr]� and very rapid for

[OI]�.

HOXðaqÞ þH2OðlÞ Ð ½H3O�þðaqÞ þ ½OX��ðaqÞ ð22:191Þ

X ¼ Cl

X ¼ Br

X ¼ I

pKa ¼ 4:53

pKa ¼ 8:69

pKa ¼ 10:64

3½OX��ðaqÞ ��" ½XO3��ðaqÞ þ 2X�ðaqÞ ð22:192Þ

Salts such as NaOCl, KOCl and Ca(OCl)2 can be isolated (e.g. reaction

22.193) and are valuable oxidizing agents. Ca(OCl)2 is a component of

bleaching powder, and NaOCl is a bleaching agent and disinfectant.

2CaOðsÞ þ 2Cl2ðgÞ ��"CaðOClÞ2ðsÞ þ CaCl2ðsÞ ð22:193Þ

Amylose: see Section 35.3

(22.57)

(22.58)

"
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Chloric and bromic acids, HClO3 and HBrO3, are both strong acids but

cannot be isolated as pure compounds. Aqueous solutions of HClO3 can

be made by reaction 22.194, and bromic acid is prepared similarly.

BaðClO3Þ2ðaqÞ þH2SO4ðaqÞ ��" BaSO4ðsÞ þ 2HClO3ðaqÞ ð22:194Þ

Iodic acid HIO3 is a stable, white solid at room temperature, and is produced

by reacting I2O5 with water. In aqueous solution it behaves as a monobasic

acid (pKa ¼ 0:77).

The three halic acids and the oxoanions derived from them are strong

oxidizing agents (see Table 22.8). A conproportionation reaction used in

volumetric analysis combines the reduction of the [XO3]
� ion to X2 with the

oxidation of X� to X2 (e.g. reaction 22.195). Reactions 22.196 and 22.197

illustrate the uses of [ClO3]
� and [IO3]

� as oxidizing agents.

½IO3��ðaqÞ þ 5I�ðaqÞ þ 6HþðaqÞ ��" 3I2ðaqÞ þ 3H2OðlÞ ð22:195Þ

½ClO3��ðaqÞ þ 6Fe2þðaqÞ þ 6HþðaqÞ ��"Cl�ðaqÞ þ 6Fe3þðaqÞ þ 3H2OðlÞ
ð22:196Þ

½IO3��ðaqÞ þ 3½SO3�2�ðaqÞ ��" I�ðaqÞ þ 3½SO4�2�ðaqÞ ð22:197Þ

The disproportionation of the chlorate ion (reaction 22.198) is thermo-

dynamically favourable but takes place only slowly. Alkali metal chlorates

decompose by this route when they are heated above their melting

points. In the presence of a suitable catalyst, KClO3 decomposes with loss

Table 22.8 Standard reduction potentials for selected reduction reactions involving
oxoacids of chlorine, bromine and iodine.

Reduction half-reaction Eo
or Eo

½OH��¼ 1 =V

½ClO4��ðaqÞ þH2OðlÞ þ 2e� Ð ½ClO3��ðaqÞ þ 2½OH��ðaqÞ þ0:36

½BrO3��ðaqÞ þ 3H2OðlÞ þ 6e� Ð Br�ðaqÞ þ 6½OH��ðaqÞ þ0:61

½BrO��ðaqÞ þH2OðlÞ þ 2e� Ð Br�ðaqÞ þ 2½OH��ðaqÞ þ0:76

½ClO��ðaqÞ þH2OðlÞ þ 2e� Ð Cl�ðaqÞ þ 2½OH��ðaqÞ þ0:84

½IO3��ðaqÞ þ 6HþðaqÞ þ 6e� Ð I�ðaqÞ þ 3H2OðlÞ þ1:09

2½IO3��ðaqÞ þ 12HþðaqÞ þ 10e� Ð I2ðaqÞ þ 6H2OðlÞ þ1:20

½ClO4��ðaqÞ þ 8HþðaqÞ þ 8e� Ð Cl�ðaqÞ þ 4H2OðlÞ þ1:39

2½ClO4��ðaqÞ þ 16HþðaqÞ þ 14e� Ð Cl2ðaqÞ þ 8H2OðlÞ þ1:39

½BrO3��ðaqÞ þ 6HþðaqÞ þ 6e� Ð Br�ðaqÞ þ 3H2OðlÞ þ1:42

½ClO3��ðaqÞ þ 6HþðaqÞ þ 6e� Ð Cl�ðaqÞ þ 3H2OðlÞ þ1:45

2½ClO3��ðaqÞ þ 12HþðaqÞ þ 10e� Ð Cl2ðaqÞ þ 6H2OðlÞ þ1:47

2½BrO3��ðaqÞ þ 12HþðaqÞ þ 10e� Ð Br2ðaqÞ þ 6H2OðlÞ þ1:48

HOClðaqÞ þHþðaqÞ þ 2e� Ð Cl�ðaqÞ þH2OðlÞ þ1:48

2HOClðaqÞ þ 2HþðaqÞ þ 2e� Ð Cl2ðaqÞ þ 2H2OðlÞ þ1:61
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of O2 (equation 22.199) and, as we saw earlier, this method can be used

for small-scale preparations of O2. Caution is required as there is a risk of

explosion. Potassium chlorate is used as a component of fireworks and in

safety matches where its ready reduction by, for example, sulfur provides a

source of O2 for the combustion of the match.

4½ClO3��
Chlorate ion

��" 3½ClO4��
Perchlorate ion

þ Cl�

Chloride ion
ð22:198Þ

2KClO3ðsÞ ��������������"
�;MnO2 catalyst

2KClðsÞ þ 3O2ðgÞ ð22:199Þ

Of salts containing [XO4]
�, perchlorates are most commonly encountered in

the laboratory, but they should always be regarded as hazardous explosives and

avoided whenever possible. Mixtures of ammonium perchlorate and

aluminium are used in missile propellants. The parent acid HClO4

(perchloric acid) can be produced by reacting NaClO4 with concentrated

HCl, and is a colourless, hygroscopic liquid when pure. The chlorine atom

is tetrahedrally sited (Figure 22.40) and is in its highest oxidation state of

þ7. In the tetrahedral [ClO4]
� anion, all the Cl�O bond distances are

equal (144 pm).

Anhydrous HClO4 is a strong oxidizing agent, but aqueous solutions

of the acid or its salts are kinetically stable; remember that the values of

Eo in Table 22.8 for reductions involving [ClO4]
� provide thermodynamic,

but not kinetic, information. In aqueous solution, HClO4 behaves as an

oxidizing agent and a strong, monobasic acid and most metals form

perchlorate salts. Alkali metal perchlorates are usually prepared by the

disproportionation of the corresponding chlorate salts (reaction 22.198).

22.13 Group 18: the noble gases

1 2 13 14 15 16 17 18

H He

Li Be B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca

d-block

Ga Ge As Se Br Kr

Rb Sr In Sn Sb Te I Xe

Cs Ba Tl Pb Bi Po At Rn

Fr Ra

Helium is the second most abundant element in the universe (after hydrogen)

and is used widely wherever inert atmospheres are needed (e.g. as a protective

environment during the growth of single silicon crystals for the

semiconductor industry) and in balloons and advertising ‘blimps’. Liquid

Fireworks:
see Box 21.10

The space shuttle:
see Box 21.3

Fig. 22.40 The structure
of perchloric acid, HClO4.

Colour code: Cl, green; O, red; H,
white.

Physical and structural
properties of noble gases:

see Table 3.6 and Section 9.6

"

"

"
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helium is an important coolant and is used in highfield NMR spectrometers

(see Box 9.2), including those used for medical imaging.

Neon is a rare element obtained by the liquefaction of air followed by

distillation. It is used in electric discharge tubes in which it produces a red

glow, and a major application is in advertising signs. Argon constitutes

0.94% of the atmosphere and is obtained by the liquefaction of air. It is

used to provide inert environments including those in glove or dry boxes

in the laboratory, and as an atmosphere in fluorescent lighting tubes.

Krypton too is rare, being present in the Earth’s atmosphere to an extent

of only one part per million (1 ppm). Xenon is even less abundant.

Nonetheless, it is xenon that is the focus of attention of this section,

because it is the only noble gas for which a reasonably extensive chemistry

is known. There is little evidence that helium, neon and argon form

compounds, and the chemistry of krypton is essentially limited to that of

KrF2 and its derivatives. The heaviest noble gas is radon. It is radioactive

and has been a serious health hazard in uranium mines where people

exposed to it have developed lung cancer.

Bartlett prepared the first compound of xenon in 1962 by reacting Xe with

PtF6 which is a very strong oxidizing agent (equation 22.200). Even after over

45 years, the exact nature of this product is unclear.

Xeþ PtF6 ��" ‘XePtF6’ ð22:200Þ

A noble gas is characterized by having a complete valence shell of electrons,

and it is reasonable to assume that the reactivity of the group 18 elements

will, as a consequence, be low or even non-existent. Xenon (and to a lesser

extent, krypton), however, combines with fluorine and oxygen to form a

wide range of compounds and this restriction is because:

. F2 and O2 are strong oxidizing agents;

. F and O are highly electronegative elements.

Fluorides of xenon

Xenon forms the neutral fluorides XeF2, XeF4 and XeF6 which are prepared

from Xe and F2 under different conditions (scheme 22.201). All the fluorides

are crystalline solids at room temperature.

The molecular structures of XeF2 (linear) and XeF4 (square planar) are as

expected by the VSEPR model. Xenon hexafluoride is isoelectronic with

[TeCl6]
2� but they are not isostructural. The regular octahedral structure of

[TeCl6]
2� is explained in terms of a stereochemically inactive lone pair (see

Section 6.7). In the vapour phase, XeF6 is stereochemically non-rigid with

the lone pair of electrons occupying different sites and causing the overall

structure to be distorted octahedral (Figure 22.41). In the solid state, [XeF5]
þ

and F� ions are present, and the fluoride ions bridge between the square pyra-

midal cations.

Xenon(II) fluoride is commercially available and is used widely as a

fluorinating and oxidizing agent. Often the solvent for the reaction is

Fig. 22.41 The distorted
octahedral structure of XeF6 in
the gas phase is caused by the
presence of a lone pair of
electrons, but the molecule is
stereochemically non-rigid and
exchanges between several
possible arrangements.
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anhydrous hydrogen fluoride (equations 22.202 and 22.203). Using XeF2 as a

fluorinating agent is advantageous because the only other product is inert,

gaseous xenon.

Sþ 3XeF2 �����������"
Anhydrous HF

SF6 þ 3Xe ð22:202Þ

2Irþ 5XeF2 �����������"
Anhydrous HF

2IrF5 þ 5Xe ð22:203Þ

Xenon(II) fluoride is reduced by water to xenon (equation 22.204) but the

reaction is slow unless a base is present. In the presence of water, xenon(IV)

fluoride disproportionates (equation 22.205), while XeF6 may be partially

(equation 22.206) or completely (equation 22.207) hydrolysed without a

change in oxidation state. In each hydrolysis, HF is produced.

2XeF2 þ 2H2O��" 2Xeþ 4HFþO2 ð22:204Þ
6XeF4 þ 12H2O��" 4Xeþ 2XeO3 þ 24HFþ 3O2 ð22:205Þ
XeF6 þH2O��"XeOF4 þ 2HF ð22:206Þ

(22.59)

XeF6 þ 3H2O��"XeO3 þ 6HF ð22:207Þ

A problem of working with XeF6 is that it attacks silica glass. Initially,

XeOF4 is formed (equation 22.208) but further reaction leads to XeO3.

Copper or platinum apparatus is commonly used in place of glass.

2XeF6 þ SiO2 ��" 2XeOF4 þ SiF4 ð22:208Þ

The donation and acceptance of fluoride ions by XeF2, XeF4 and XeF6 are

illustrated by the formation of the ions [XeF]þ, [XeF5]
þ, [XeF5]

� and

[XeF8]
2�. [XeF]þ acts as a Lewis acid forming an adduct with XeF2 (22.60).

Oxides of xenon

Xenon(VI) oxide can be prepared by the hydrolysis of XeF4 or XeF6 (see

above) but is highly explosive. It dissolves in water without change, but in

strongly alkaline solution, equilibrium 22.209 is set up involving the xenate

anion [HXeO4]
� which slowly disproportionates, giving the perxenate ion

and xenon (equation 22.210). Two oxygen atoms are also oxidized in the

reaction.

XeVIO3 þ ½OH�� Ð ½HXeVIO4�� ð22:209Þ

ð22:210Þ

In acidic solution, both XeO3 and [XeO6]
4� are very powerful oxidizing

agents as the standard reduction potentials for equilibria 22.211 and

22.212 show. By comparing these potentials with those in Appendix 12, it

can be seen that [XeO6]
4� is capable of oxidizing aqueous Cr3þ to

[Cr2O7]
2�, Br2 to [BrO3]

� and Mn2þ to [MnO4]
�.

XeO3ðaqÞ þ 6HþðaqÞ þ 6e� Ð XeðgÞ þ 3H2OðlÞ Eo ¼ þ2:10V ð22:211Þ

H4XeO6ðaqÞ þ 2HþðaqÞ þ 2e� Ð XeO3ðaqÞ þ 3H2OðlÞ

Eo ¼ þ2:42V ð22:212Þ

(22.59)

(22.60)
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22.14 Some compounds of high oxidation state d-block
elements

1–2 3 4 5 6 7 8 9 10 11 12 13–18

s-block p-block

Sc Ti V Cr Mn Fe Co Ni Cu Zn

Y Zr Nb Mo Tc Ru Rh Pd Ag Cd

La Hf Ta W Re Os Ir Pt Au Hg

Older nomenclature labelled the groups in the d-block so that each was

related to a group in the s- or p-block (Figure 22.42). Although this

notation has been largely superseded by current IUPAC recommendations,

the reasons behind the choice of labels remind us that, in their highest

oxidation states, the chemistry of the transition metals is reminiscent of that

of related elements in the s- and p-blocks. We illustrate this point by briefly

considering some oxides, oxoanions and halides of the d-block metals.

The highest oxidation state of titanium (group 4) is þ4, and the properties

of the titanium(IV) halides are, in many respects, similar to those of the

heavier group 14 halides. For example, TiX4 compounds are all readily

hydrolysed by water (equation 22.213). Titanium(IV) halides are Lewis

acids and in concentrated hydrochloric acid, TiCl4 forms the octahedral

anion [TiCl6]
2�. The [TiCl5]

� anion can also be formed and this is isostruc-

tural with [SnCl5]
�. TiCl4 also forms a complex with pyridine (equation

22.214) with a structure reminiscent of that of [Ge(py)2Cl4] (22.25). The

oxide TiO2 possesses the rutile structure, as does SnO2.

TiX4 þ 2H2O��" TiO2 þ 4HX X ¼ F;Cl;Br or I ð22:213Þ
TiCl4 þ 2py��" ½TiðpyÞ2Cl4� ð22:214Þ

In group 5, vanadium forms compounds in theþ5 oxidation state that find

analogues in phosphorus chemistry. For example, vanadium reacts with O2

to give V2O5 (as well as lower oxides) and with F2 to yield VF5. However, the

product of heating vanadium metal with Cl2 is VCl4, and Br2 and I2 only

oxidize the metal as far as the þ3 state, giving VBr3 and VI3, respectively.

N

Pyridine (py)

Fig. 22.42 The IUPAC group numbering for the d-block elements, and the corresponding older numbering system which
emphasized the relationship between these metals and elements in the s- and p-blocks.
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The structure of V2O5 is not like that of phosphorus(V) oxide; in the solid

state it consists of a complicated extended structure. In strongly basic

solution, V2O5 reacts to give oxoanions including [VO4]
3� which is tetra-

hedral like [PO4]
3�. If the pH of the solution is lowered (i.e. the solution

becomes less basic), condensation of the [VO4]
3� anions occurs, which is

reminiscent of (but more complicated than) the condensation of phosphate

anions.

The highest oxidation state of chromium (group 6) is þ6 as observed in

the oxide CrO3 and the oxoanions [CrO4]
2� (chromate) and [Cr2O7]

2�

(dichromate). Solutions of chromium(VI) oxide are acidic like those of

SO3, and in basic solution it forms the tetrahedral chromate ion (22.61).

Solutions of chromate salts are yellow, but turn orange as the pH is

lowered, because in acidic solution, the dichromate ion (22.62) is favoured.

Equilibrium 22.215 can be pushed to the left- or the right-hand side by

altering the pH of the solution. Chromate is favoured in basic solution and

dichromate in acidic solution.

½Cr2O7�2�
Orange

ðaqÞ þ 2½OH��ðaqÞ Ð 2½CrO4�2�
Yellow

ðaqÞ þH2OðlÞ ð22:215Þ

Acidic solutions of dichromate salts are strongly oxidizing as the standard

reduction potential in equation 22.216 indicates.

½Cr2O7�2�ðaqÞ þ 14HþðaqÞ þ 6e� Ð 2Cr3þðaqÞ þ 7H2OðlÞ

Eo ¼ þ1:33V ð22:216Þ

Manganese is in group 7 and the maximum oxidation state is þ7. The

oxide Mn2O7 is unstable and explosive; Cl2O7 has similar properties. The

manganate(VII) anion [MnO4]
� (commonly known as permanganate) is

most usually encountered as the purple potassium salt, KMnO4, and is a

powerful oxidizing agent as indicated by the standard reduction potential

for equation 22.217. Compare this with the reduction potentials for the

perchlorate ion given in Table 22.8. Equation 22.217 refers to an acidic

solution; in basic aqueous solution, [MnO4]
� is reduced to manganese(IV)

oxide (equation 22.218). The reduction potential of manganate(VII) is such

that it can oxidize water; solutions of KMnO4 are thermodynamically

unstable with respect to equation 22.218, but are kinetically stable and

may be kept for short periods in the dark.

½MnO4��ðaqÞ þ 8HþðaqÞ þ 5e� ÐMn2þðaqÞ þ 4H2OðlÞ

Eo ¼ þ1:51V ð22:217Þ

½MnO4��ðaqÞ þ 2H2OðaqÞ þ 3e� ÐMnO2ðsÞ þ 4½OH��ðlÞ

Eo ¼ þ0:59V ð22:218Þ

Although iron has eight valence electrons, the maximum oxidation state is

þ6, and this is only commonly observed in the tetrahedral ferrate ion

[FeO4]
2�. The red-purple salts Na2FeO4 and K2FeO4 are strong oxidizing

agents (equation 22.219).

½FeO4�2�ðaqÞ þ 8HþðaqÞ þ 3e� Ð Fe3þðaqÞ þ 4H2OðlÞ

Eo ¼ þ2:20V ð22:219Þ

As with the noble gases, the highest oxidation state for the group 8 metals is

only observed for the heaviest elements in the group. Osmium forms the

white crystalline oxide OsO4 and the hexafluoride OsF6, neither of which

(22.61)

(22.62)
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has an iron analogue. Similarly, in group 9, cobalt exhibits a maximum

oxidation state of þ4, whereas iridium forms iridium(VI) fluoride. A

similar trend is seen in group 10, where nickel forms compounds in highest

oxidation state þ4, but platinum, at the bottom of the triad, forms the

octahedral PtF6. As expected, PtF6 is an extremely powerful oxidizing

agent, and the first example of a noble gas compound was obtained from

the reaction of PtF6 with xenon (equation 22.200). Bartlett was encouraged

to perform this reaction after his observation that PtF6 oxidized O2 to

[O2]
þ[PtF6]

�; the ionization potential of O2 is similar to that of Xe.

SUMMARY

This chapter has been concerned with the descriptive chemistry of elements in the p-block and of higher
oxidation state compounds of the d-block metals.

Do you know what the following terms mean?

. ( p�p)�-bonding

. conproportionation

. ductile

. malleable

. oxoacid

. acid anhydride

You should now be able

. to discuss trends in chemical reactivities of
elements within the p-block groups

. to comment on the differences between the
first and second members of a group

. to state the characteristic oxidation states of
p-block elements

. to give selected and characteristic reactions of
p-block elements

. to illustrate the diversity of oxoacids and
oxoanions formed by nitrogen, phosphorus
and sulfur and discuss some of their reactions

. to discuss some of the properties of halides of
the p-block elements

. to understand the reasons why compounds of
fluorine contain the element in the �1
oxidation state, but the other group 17
elements can attain positive oxidation states

. to discuss the reactivity of xenon

. to give representative chemistry of the high
oxidation state d-block elements

PROBLEMS

22.1 What is the oxidation state of the central atom

(in pink) in each of the following compounds or

ions: (a) SCl2; (b) POCl3; (c) [XeF5]
�;

(d) [Sb2F11]
�; (e) [HPO4]

2�; (f ) Al2O3;

(g) Me2SnF2; (h) [Cr2O7]
2�; (i) [MnO4]

�;
( j) [IO4]

�; (k) [S2]
2�?

22.2 Calculate �Go(298K) for the reaction given in

equation 22.2 if (at 298K) �fG
o B2O3(s) and

MgOðsÞ ¼ �1194 and �569 kJmol�1

respectively.

22.3 The Pauling electronegativities of B, F, Cl and Br

are listed in Table 5.2. (a) What are the relative

dipole moments of B�F, B�Cl and B�Br bonds?
(b) When pyridine reacts with BF3, BCl3 and BBr3,

which trihalide might you expect to attract the

Lewis acid the most, based solely on your answer to

part (a)? (c) Rationalize why the formation of

Br3B:py (from pyridine and BBr3) is more

favourable than the formation of Cl3B:py, which in

turn is more favourable than the formation of

F3B:py. Does this ordering support or contradict

your answer to (b)? What conclusions can you

draw?

22.4 How do magnetic data assist in the formulation of

‘GaCl2’ as Ga[GaCl4]?

22.5 Use the VSEPR model to predict the structures

of (a) [InBr6]
3�, (b) [GaCl5]

2� and (c) [GaCl4]
�.

In the salt [(C2H5)4N]2[InCl5], the dianion has
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a square-based pyramidal structure. Suggest

possible reasons for this geometry.

22.6 By considering the atomic orbitals that are

available on carbon and silicon, suggest why two

C¼O double bonds are energetically preferred to

four C�O single bonds, but four Si�O single

bonds are energetically preferred to two Si¼O
double bonds.

22.7 Describe, with structural diagrams, representative

groups of silicates.

22.8 In equations 22.52 and 22.53, what are the

oxidation states of the N atoms in the reactants and

products? What general class of reaction is each?

22.9 Draw the structure of the azide ion. With which

oxide of nitrogen is it isoelectronic?

22.10 Which of the following oxides of nitrogen are

paramagnetic: (a) NO; (b) N2O; (c) NO2; (d) N2O4;

(e) N2O3?

22.11 Write down an expression for the equilibrium

constant for reaction 22.61 and, using Figure 22.21,

estimate the value of K at 400K.

22.12 Draw resonance structures to describe the bonding

in N2O4, bearing in mind the bond lengths shown

in Figure 22.22.

22.13 Suggest likely products for the following reactions

which are balanced on the left-hand side:

SbF5 þ BrF3 ��"
KFþAsF5 ��"
PF5 þ 2SbF5 ��"

22.14 (a) In equation 22.57, what are the oxidation state

changes for N?

(b) Give the oxidation states of N in the oxides in

Table 22.3.

(c) What resonance structures contribute to the

bonding in NO2, N2O4 and N2O5 (see

Figure 22.22)?

(d) What are the reduction and oxidation steps in

reactions 22.80–22.82?

22.15 The structure of molecular SeF4 is shown in

Figure 22.35. How many fluorine environments are

there? The 19F NMR spectrum liquid SeF4 shows

only one signal at 298K. Suggest a reason for this

observation.

22.16 Suggest why some p-block elements occur in the

elemental state while others occur only as

compounds. Give examples.

22.17 Write down possible products from the reaction of

(a) I2 with F2 and (b) Cl2 with Br2. In each case,

also give the expected reactions of the products you

have written with water.

22.18 Suggest why compounds of the noble gases appear

to be essentially restricted to xenon. Your

arguments might lead you to suggest that radon

should form compounds similar to those of

xenon – why do you think such compounds have

not been included in our discussions?

22.19 If xenon oxo-compounds are such good oxidizing

agents, and only give gaseous xenon as a product,

why do you think they are not more commonly

used in the laboratory?

22.20 What do you understand by the term acid

anhydride? What are the anhydrides of (a) HNO2,

(b) HNO3, (c) H3PO4, (d) H3PO3, (e) HOCl and

(f ) HIO3?

22.21 (a) Why is the Mn7þ ion not thermodynamically

stable?

(b) What shapes are consistent with the VSEPR

model for [AlCl2]
þ, [SbCl6]

�, [PCl4]
þ and

[I3]
�?

(c) Consider reaction 22.162. Why does dilute

aqueous H2SO4 not react with Cu to give

CuSO4?

22.22 (a) In reaction 22.175, why are the products not

[BF2]
þ and [SF5]

�?
(b) Look at Figure 22.35. Why is the geometry of

SeF4 not tetrahedral, and why are the centres

in TeF4 not trigonal bipyramidal?

(c) How might XeF6 react with NaF?

ADDITIONAL PROBLEMS

22.23 Rationalize the following observations.

(a) The pKa value of [Ga(OH2)6]
3þ is 2.6.

(b) The 19F NMR spectrum of PF5 at 298K

consists of a doublet.

(c) N2F2 possesses stereoisomers, while S2F2 has

structural isomers.

(d) H3PO3 is a dibasic acid, but H3PO4 is tribasic.

(e) Zeolites are used as drying agents (molecular

sieves), as catalysts and as ion-exchange

materials.

22.24 (a) Tin(IV) oxide has a rutile structure. Draw a unit

cell of this structure and use your diagram to

confirm the stoichiometry as SnO2. (b) When SnO2

reacts with HCl(aq), what is the tin-containing

product? (c) Give representative reactions that

illustrate the Lewis acidity of SnF4.

22.25 N2F4 exists in both staggered and gauche

conformations, while H2O2 favours a gauche

conformation and a staggered conformation is

observed for P2I4. Draw representations of

these structures. Comment on factors that

contribute to the preference of a particular

conformation, paying attention to other

possible conformations.
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22.26 Discuss each of the following statements, giving

examples (where appropriate) to support the

statements.

(a) Liquid H2SO4 is self-ionizing.

(b) SbF5 is a fluoride acceptor.

(c) XeF2 is used as a combined oxidizing and

fluorinating agent.

(d) Al2O3 is amphoteric.

(e) GeCl4 is a Lewis acid.

(f ) [IF5]
2� and [XeF5]

� are isostructural.

(g) At 298K and 1 bar pressure, elemental

nitrogen occurs as N2 but elemental

phosphorus occurs as P4 molecules.

22.27 The IUPAC recommends common names for some

species, but use of systematic nomenclature

is encouraged. If the systematic (additive)

names for thionyl dichloride and sulfate ion are

dichloridooxidosulfur and tetraoxidosulfur(2�),
what are the systematic names for the following

species: (a) SO2Cl2; (b) [S2O3]
2� (thiosulfate ion);

(c) POCl3; and (d) [NO3]
� (nitrate ion)?

CHEMISTRY IN DAILY USE

22.28 When added to motor oils, nano-sized particles

of boric acid improve the lubrication properties

of the oil. Suggest reasons for this observation.

22.29 The chloralkali process is big business, and

produces about 95% of the world’s Cl2 supply,

while the Down’s process provides only a small

contribution to the latter. (a) What are the

differences between these two processes? What is

the second product in each process? Suggest why

the chloralkali process is more important than

the Down’s process. (b) Three types of electrolysis

cell are currently in use in the chloralkali process.

One uses a mercury cathode, one an asbestos

diaphragm which separates the steel cathode from

the graphite anode, and one uses a cation-exchange

membrane with a high permeability for Naþ ions.

On environmental grounds, one of these cell

designs is favoured over the other two. Comment

on reasons for this preference.

22.30 Silicon and diamond have the same elemental

structure. (a) What structure type do diamond

and silicon share? Illustrate your answer with a

diagram. (b) Explain why silicon is of prime

importance to the semiconductor industry, while

diamond is not.

22.31 What inorganic compound does each of the

following consist of? Comment briefly on the

structures and/or properties of each compound.

(a) A sandy beach.

(b) A ruby gemstone.

(c) A sachet of silica gel placed inside a camera

case.

(d) Dry ice used to create fog effects in the theatre.

22.32 Nitroglycerine (mp 286K) is a high explosive and

has the following structure:

Detonation of nitroglycerine yields gaseous

N2, O2, CO2 and H2O. The value of �fH
o(298K)

for nitroglycerine is �371 kJmol�1. (a) Write a

balanced equation for the reaction that occurs

when nitroglycerine is detonated. (b) Use the data

above and in Appendix 11 to determine the

enthalpy change for the detonation of one mole

of nitroglycerine. (c) What factors contribute

to the explosive nature of nitroglycerine?

22.33 ‘Smelling salts’ are sold as a nasal inhalation to

resuscitate someone who feels faint. The mixture

consists of [NH4][HCO3] and [NH4][H2NCO2]

(ammonium carbamate). Aqueous carbamic acid is

an extremely weak acid, and the pure acid cannot

be isolated because it dissociates, releasing two

products.

(a) Complete the following equilibrium:

[NH4]
þ(aq) þ [H2NCO2]

�(aq) Ð

(b) To which side will the equilibrium in part

(a) lie? Justify your answer.

(c) What are the two products formed when

carbamic acid decomposes?

(d) Why is ammonium carbamate used as a

component of smelling salts?

AND: You should also look at other relevant end-of-

chapter problems dealing with compounds of the

p-block elements in our daily lives. Try problems

16.36, 16.37, 16.38, 17.35, 18.24 and 19.20.
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23
Coordination
complexes of the
d-block metals

23.1 Introduction: some terminology

Coordination complexes and coordinate bonds

This chapter is concerned with some aspects of the chemistry of the d-block

metals. In Section 22.14, we considered some d-block metal halides, oxides

and oxyanions (e.g. ½VO4�3�, CrO3, ½MnO4�� and OsF6) which contained

Topics

Electronic

configurations

Ligands

Electroneutrality

principle

Isomerism

Complex ions

Stability constants

Hard and soft concept

Reduction potentials

Colours of complexes

Crystal field theory
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High- and low-spin states

Magnetism
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metals in high oxidation states. In each species, the metal is essentially

covalently bonded to the surrounding atoms. Now we turn our attention to

metal complexes in which the d-block elements are in lower oxidation states

and are surrounded by molecules or ions which function as Lewis bases and

form coordinate bonds with the central metal ion. We have already discussed

related complexes when we described the formation of hydrated ions in

Section 21.8, but here, ion–dipole interactions were primarily responsible

for the formation of the first hydration shell (Figure 21.13).

A great deal of the chemistry of the d-block metals is concerned with

coordination compounds or complexes and these include species such as

½NiðNH3Þ6�2þ (represented by 23.1 or 23.2) and ½PtCl4�2� (represented by

23.3 or 23.4) in which the coordination numbers of Ni(II) and Pt(II) are 6

and 4 respectively. Two representations of each complex are shown; one

emphasizes the stereochemistry while the other emphasizes the nature of

the bonding. Each of the chloride ions or ammonia molecules forms a bond

with the metal centre by donating a lone pair of electrons. The molecules or

ions surrounding the metal ions are called ligands; this term is derived from

the Latin verb ‘ligare’ meaning ‘to bind’. As an extension of the formalisms

introduced in structures 21.1 and 21.2, we denote a bond between a metal ion

and a neutral ligand by an arrow (as in 23.2), and between a metal ion and an

anionic ligand by a line (as in 23.4). In a coordination compound, the ligands

coordinate to the metal ion.

(23.3) (23.4)

The existence of coordination complexes was first recognized by

Alfred Werner, who was awarded the Nobel Prize for Chemistry in 1913

for his pioneering studies. A typical example of one of the problems

encountered by Werner was in the structural formulation of a compound

with the molecular formula CoCl3ðNH3Þ6. This compound was found to

be ionic and it possesses a complex cation ½CoðNH3Þ6�3þ in which the

cobalt(III) ion is sited at the centre of an octahedral arrangement of six

ammonia molecules (structure 23.5). The three chlorides are present as free

ions. Further members of this group of compounds include CoCl3(NH3)5
and CoCl3ðNH3Þ4. In each, Co(III) is octahedrally sited with one or two

chloride ions directly bonded to the metal ion (structures 23.6 and 23.7).

The remaining chloride ions are non-coordinated. Structure 23.7 shows

one of two possible stereoisomers of the ½CoðNH3Þ4Cl2�þ cation. The chloride
ions are drawn in a trans-arrangement, but a cis-isomer is also possible.

(23.1)

(23.2)

Alfred Werner (1866–1919).

trans- and cis-isomers: see
Section 6.11

"

(23.5) (23.6) (23.7)
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Primary valence and coordination number

In each of ½CoðNH3Þ6�Cl3, ½CoðNH3Þ5Cl�Cl2 and ½CoðNH3Þ4Cl2�Cl, the

primary valence or oxidation state of Co is þ3, but the coordination number

is 6. Once recognized, the concept of complex ion formation opened up a new

and exciting area of chemistry. A crucial principle is that the coordination

number of the metal centre is not related to the primary valence (the oxidation

state) of the metal ion.

Atomic d orbitals

We have already mentioned d orbitals in discussions of atomic structure

(Chapter 3), molecular shapes (Chapter 7) and the chemistry of the p-block

and high oxidation states d-block elements (Chapter 22). Now we look at the

spatial properties of these atomic orbitals.

For the principal quantum number n ¼ 3, there are three possible values

for the quantum number l (l ¼ 0; 1; 2). An orbital quantum number l ¼ 2 is

associated with a d orbital. For l ¼ 2, there are five possible values of ml (for

l ¼ 2, ml ¼ þ2;þ1; 0;�1;�2) and this means that there are five real solutions

to the Schrödinger equation. A set of d orbitals is five-fold degenerate. The

labels given to these five atomic orbitals are dxy, dxz, dyz, dz2 and dx2�y2 and

their spatial properties (shapes) are shown in Figure 23.1 (see also Box 23.1).

Notice that, like p orbitals, d orbitals are directional. Each d orbital possesses

two nodal planes and this is shown for the dxy orbital in Figure 23.2.

The radial distribution function of a 3d atomic orbital possesses no radial

node (Figure 3.12) and we look further at the dependence of d orbital energy

on effective nuclear charge in Section 23.2.

Geometries of complexes: review of the Kepert model

The Kepert model allows us to rationalize the shape of a complex by consid-

ering the repulsive forces between ligands (see Section 23.3). To recap, the

In a complex, the

coordination number of the

metal centre is not related to

the oxidation state of the

metal ion.

Quantum numbers: see
Section 3.10

The Kepert model:
see Sections 6.8--6.10

"

"

Fig. 23.1 The five 3d atomic
orbitals. Each has two nodal
planes. The orbitals have been
generated using the program
Orbital Viewer [David Manthey,
www.orbitals.com/orb/
index.html].
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donor atoms lie at the vertices of a polyhedral shell that surrounds the metal

ion and the basic structural types are based upon:

. a linear arrangement for two donor atoms;

. a trigonal planar arrangement for three donor atoms;

. a tetrahedral arrangement for four donor atoms;

. a trigonal bipyramidal or square-based pyramidal arrangement for five

donor atoms;
. an octahedral arrangement for six donor atoms.

An exception to these rules is that some 4-coordinate complexes (e.g.

½PtCl4�2� and ½AuCl4��) are square planar.

Shapes and orbital
hybridization:

see Section 7.4

"

Fig. 23.2 The two sign changes
in an atomic dxy orbital. The
nodal planes lie in the xz and yz
planes.

THEORY

Box 23.1 The shapes of d atomic orbitals

Figure 23.1 shows that the lobes of the dxy, dxz and dyz
orbitals point between the Cartesian axes and each

orbital lies in one of the three planes defined by these

axes.

The dx2 � y2 orbital is related to dxy but its lobes point

along (rather than between) the x and y axes.

We could envisage being able to draw two more

atomic orbitals which are related to the dx2 � y2 orbital,

namely the dz2 �x2 and dz2 � y2 orbitals. This would give a

total of six orbitals. But, only five real solutions (i.e. five

values of ml) of the Schrödinger equation are allowed

for l ¼ 2. The problem is solved by taking a linear

combination (see Section 4.12) of the dz2 �x2 and dz2 � y2

orbitals. This means that the two are combined, with

the result that the fifth real solution to the Schrödinger

equation corresponds to the dz2 orbital:

The orbitals have been generated using the program Orbital Viewer [David Manthey, www.orbitals.com/orb/

index.html].
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Worked example 23.1 The Kepert model

For each of the following complexes, state the oxidation state of the metal and

the structure that is consistent with the Kepert model.

(a) [ZnCl4]
2�

(b) [Mo(CO)6] (c) [Ni(CN)5]
3�

(d) [Au(PPh3)2]
þ

(a) [ZnCl4]
2�

Each ligand is Cl�, and therefore the oxidation state of the zinc isþ2 to
give an overall 2� charge for the complex.

A tetrahedral structure is consistent with the Kepert model.

(b) [Mo(CO)6]

Each ligand is neutral CO. The complex is also neutral and therefore

contains Mo(0).

An octahedral structure is consistent with the Kepert model.

(c) [Ni(CN)5]
3�

Each ligand is [CN]�, and the oxidation state of the nickel is þ2 to give

an overall 3� charge for the complex.

Either a trigonal bipyramidal or square-based pyramidal structure is

consistent with the Kepert model.

(d) [Au(PPh3)2]
þ

The PPh3 ligand is neutral, and therefore the complex contains gold(I).

By the Kepert model, a linear structure minimizes repulsion between

the ligands.

Nomenclature

The nomenclature of coordination complexes is beyond the scope of this text

and we shall refer to complexes only by formulae. The formula of a coordi-

nation complex, even when it is a neutral molecule, is written within square

brackets. For an ionic species, the charge is written outside the square

brackets. Examples are ½PtCl2ðNH3Þ2�, ½CoðNH3Þ6�2þ and ½ZnCl4�2�. Wher-

ever possible, the ligand formula is written with the donor atom closest to the

metal, e.g. [Co(OH2)6]
2þ rather than [Co(H2O)6]

2þ.

Coordination complexes of the d-block metals: chapter aims

In the discussion that follows, we consider some terms and definitions that

are fundamental to coordination chemistry. Then we look at some descrip-

tive chemistry of the d-block metals, and rationalize some of the observations

in terms of the electronic structure of the metal ions. You should bear in

mind several properties that typify transition metal ions:

. a d-block metal usually possesses several stable oxidation states (see

Figure 22.1);
. compounds of d-block metals are often coloured, although the colour may

not be intense;
. compounds of d-block metals may be diamagnetic or paramagnetic;
. the formation of complexes is common, but not all d-block compounds

are complexes.

Diamagnetism and
paramagnetism:
see Section 4.18

"
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23.2 Electronic configurations of the d-block metals
and their ions

Figure 23.3 shows the d-block metals and Table 23.1 lists the names and

ground state electronic configurations of each element. The group number

gives the total number of valence electrons for each member of a particular

triad. For example, in group 4, each of Ti, Zr and Hf possesses a configura-

tion ðnþ 1Þs2nd2. In Section 3.19, we stated that the approximate order in

which atomic orbitals are occupied in the ground state of an atom follows

the sequence:

1s < 2s < 2p < 3s < 3p < 4s < 3d < 4p < 5s < 4d < 5p < 6s < 5d

� 4f < 6p < 7s < 6d � 5f

However, we emphasized that the energy of electrons in orbitals is affected by

the nuclear charge, the presence of other electrons, and the overall charge. By

applying the aufbau principle, we predict that for a Ti atom, the 4s level is

occupied before the 3d level because the energy of the 4s level is lower than

that of the 3d level. Similarly, for Zr, the 5s level is filled before the 4d level,

and for hafnium, the 6s level is filled before the 5d level. We might expect this

pattern to continue for other metal atoms, and that the ðnþ 1Þs orbital will
always be filled before the corresponding nd level. However, the ground state

electronic configurations in Table 23.1 show that this is not always the case.

Some apparent irregularities may be rationalized (for example, Cr and Cu

which are considered below), but others are not easily explained and these

irregularities are noted in the table.

Copper is in group 11 and has 11 valence electrons. We might predict that

the ground state electronic configuration is ½Ar�4s23d9 but in practice the

electrons occupy the orbitals so as to give a configuration ½Ar�4s13d10. This

provides the Cu atom with a completely filled 3d shell, a situation that is

energetically favourable. Similarly, Cr with six valence electrons has

a ground state electronic configuration of ½Ar�4s13d5 in preference to

½Ar�4s23d4, and has a half-filled 3d level.§

aufbau principle: see
Sections 3.18 and 3.19

"

§ An electronic arrangement in which a set of orbitals is half or fully occupied is particularly
favoured. For discussion, see: A. B. Blake (1981) Journal of Chemical Education, vol. 58,
p. 393; B. J. Duke (1978) Education in Chemistry, vol. 15, p. 186; D. M. P. Mingos (1998)
Essential Trends in Chemistry, Oxford University Press, Oxford, pp. 15–17.

Fig. 23.3 The periodic table
highlighting the d-block
elements. Each group of three
metals is called a triad. The 14
lanthanoid metals come in
between La and Hf, but are
members of the f-block. La is
usually classified with the
lanthanoids. Refer also to the
periodic table inside the front
cover of the book.
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Table 23.1 The d-block metals and their ground state electronic configurations.

Element

symbol

Element name Group

number

Ground state

electronic

configuration

Comment

Sc Scandium 3 [Ar]4s23d 1

Ti Titanium 4 [Ar]4s23d 2

V Vanadium 5 [Ar]4s23d 3

Cr Chromium 6 [Ar]4s13d 5 Half-filled d-level

Mn Manganese 7 [Ar]4s23d 5 Half-filled d-level

Fe Iron 8 [Ar]4s23d 6

Co Cobalt 9 [Ar]4s23d 7

Ni Nickel 10 [Ar]4s23d 8

Cu Copper 11 [Ar]4s13d 10 Filled d-level

Zn Zinc 12 [Ar]4s23d 10 Filled d-level

Y Yttrium 3 [Kr]5s24d 1

Zr Zirconium 4 [Kr]5s24d 2

Nb Niobium 5 [Kr]5s14d 4 Irregular configuration

Mo Molybdenum 6 [Kr]5s14d 5 Half-filled d-level

Tc Technetium 7 [Kr]5s24d 5 Half-filled d-level

Ru Ruthenium 8 [Kr]5s14d 7 Irregular configuration

Rh Rhodium 9 [Kr]5s14d 8 Irregular configuration

Pd Palladium 10 [Kr]5s04d 10 Filled d-level; irregular

Ag Silver 11 [Kr]5s14d 10 Filled d-level

Cd Cadmium 12 [Kr]5s24d 10 Filled d-level

La Lanthanum 3 [Xe]6s25d 1

Hf Hafnium 4 [Xe]4f 146s25d 2

Ta Tantalum 5 [Xe]4f 146s25d 3

W Tungsten 6 [Xe]4f 146s25d 4

Re Rhenium 7 [Xe]4f 146s25d 5 Half-filled d-level

Os Osmium 8 [Xe]4f 146s25d 6

Ir Iridium 9 [Xe]4f 146s25d 7

Pt Platinum 10 [Xe]4f 146s15d 9 Irregular configuration

Au Gold 11 [Xe]4f 146s15d 10 Filled d-level

Hg Mercury 12 [Xe]4f 146s25d 10 Filled d-level
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In d-block metal ions, the configurations are ðnþ 1Þs0ndm. For example,

the electronic configuration of Fe2þ is ½Ar�3d6, and that of Ti3þ is

½Ar�3d1. The origins of this effect are rather complex, but the end result is

that the energies of the nd orbitals drop below those of the ðnþ 1Þs orbital
(3d is lower than 4s). In part this is due to the different ways in which these

orbitals behave as the effective nuclear charge increases as we move from

the metal atom to metal ion. The effective nuclear charge experienced by

an electron is dependent upon the orbital in which it resides. The overall

effect is a contraction of the d orbitals in the metal ions such that the elec-

trons are closer to the nucleus. This means that the electrostatic attraction

between the negatively charged electrons and the positively charged nucleus

increases and the nd orbitals are stabilized with respect to the ðnþ 1Þs
orbital.§

23.3 Ligands

Ligand denticity and monodentate ligands

A ligand is a Lewis base and has at least one pair of electrons with which it

can form a coordinate bond with a metal centre. Most ligands are neutral or

anionic, and all can donate one or more electrons through one or more atoms

to a metal ion. An atom on which the electrons reside is called a donor atom

of the ligand. For example, when NH3 acts as a ligand as in structure 23.1,

the donor atom is nitrogen.

The number of donor atoms through which a ligand coordinates to a metal

ion is defined as the denticity of the ligand, and a ligand that coordinates to a

metal centre through one donor atom is monodentate. Examples of mono-

dentate ligands are given in Table 23.2.

In a coordination complex, a metal ion is surrounded by molecules or ions (the

ligands) which act as Lewis bases and form coordinate bonds with the metal

centre which acts as a Lewis acid. The atoms in the ligands that are bonded to

the metal centre are the donor atoms.

Polydentate ligands and chelate rings

If a ligand binds to a metal ion through two donor atoms, the ligand is

termed bidentate (Table 23.2). Ethane-1,2-diamine (23.8, usually abbreviated

to en) can act as a bidentate ligand as in the complex ion ½CoðenÞ3�3þ
(Figure 23.4a). However, en may also function as a monodentate ligand

as in Figure 23.4b, although this is much less common than the bidentate

mode.

Effective nuclear charge,
penetration and shielding:

see Section 3.15

(23.8)

"

§ For a more in-depth discussion of this topic, see M. Gerloch and E. C. Constable (1994)
Transition Metal Chemistry: The valence shell in d-block chemistry, VCH, Weinheim.
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The coordination to a metal ion of the bidentate H2NCH2CH2NH2 ligand

results in the formation of a non-planar, 5-membered chelate ring (23.9)

(Figure 23.4a). The [acac]� ligand forms a planar 6-membered chelate ring

(23.10) as in ½CrðacacÞ3� (Figure 23.5). When a ligand coordinates in a mode

such as 23.9 or 23.10, it is said to be chelating. Usually, complexes containing

chelating ligands are more stable than complexes with similar monodentate

ligands.

(23.9) (23.10)

Bonding in [acac]�:
see Section 33.12

The attachment of two

donor atoms from one

ligand to a single metal ion

forms a chelate ring; 5- and

6-membered chelate rings

are common.

"

The denticity of a ligand is the number of donor atoms that bind to the metal

centre in a complex. Collectively, ligands that bond through more than one

donor atom are called polydentate.

Number of donor atoms bonded in the metal centre Denticity

1 Monodentate

2 Bidentate

3 Tridentate

4 Tetradentate

5 Pentadentate

6 Hexadentate

Fig. 23.4 The solid state
structures (determined by

X-ray diffraction methods) and
diagrammatic representations of
(a) [Co(en)3]

3þ (en¼ ethane-1,2-
diamine) determined for the salt
[Co(en)3][NO3]3 [S. Haussuhl
et al. (1998) Z. Kristallogr.,
vol. 213, p. 161] and (b) mer-
[IrCl3(en-N)(en-N,N’)] in which
one en ligand is monodentate and
one is bidentate [F. Galsbol et al.
(1990) Acta Chem. Scand.,
vol. 44, p. 31]. Hydrogen atoms
in the structural figures have been
omitted for simplicity. Colour
code: Co, yellow; Ir, red; N, blue;
C, grey; Cl, green.
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The ability of ethane-1,2-diamine to act as a bidentate or monodentate

ligand arises because the N�C�C�N chain can alter its conformation by

rotation about the C�C bond (Figure 23.6) or the C�N bonds. Some

bidentate ligands such as 1,10-phenanthroline (23.11) (abbreviated to phen)

have a rigid framework and a chelating mode is usually forced upon the

ligand. In Section 11.5, we saw how a related ligand (4,7-diphenyl-1,10-

phenanthroline, 11.2) was used to analyse for Fe2þ ions. The complex formed

in this case is the octahedral dication ½FeL3�2þ, where L is ligand 11.2. The

ligand phen forms a similar complex ½FeðphenÞ3�2þ.
A ligand such as 2,2’-bipyridine (bpy) (23.12) may undergo free bond rota-

tion about the C�C bond connecting the two pyridine rings. In the free

ligand, the N atoms adopt a transoid arrangement. However, in most of its

complexes, bpy acts as a bidentate ligand and forms a planar, 5-membered

chelate ring (Figure 23.7).

A tridentate ligand possesses three donor atoms. An example is 2,2’:6’,2’’-

terpyridine (abbreviated to tpy) and Figure 23.8 shows its structure and that

of the complex ½FeðtpyÞ2�3þ. Ligands with four, five and six donor atoms are

tetradentate, pentadentate and hexadentate, although collectively any ligand

with more than one donor atom may be referred to as being polydentate.

Some common ligands and examples of complexes involving them are listed

in Table 23.2.

Conformers: see Section 24.9

(23.11)

(23.12)

"

Fig. 23.5 The solid state
structure of [Cr(acac)3]

and a schematic representation
of the complex. Each of the
chelate rings is planar. Colour
code: Cr, yellow; O, red; C, grey.
H atoms are omitted.
[Data: S. G. Bott et al. (2001)
J. Chem. Soc., Dalton Trans.,
p. 2148.]

Fig. 23.6 The ligand
ethane-1,2-diamine (en)

can undergo free bond rotation
about C�C and C�N single
bonds, and the result is a change
in conformation. The diagram
illustrates bond rotation about
the C�C bond. Colour code: N,
blue; C, grey; H, white.
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Cyclic ethers and thioethers

The oxygen atoms in a cyclic ether are potential donor atoms. An ether such

as THF (Table 23.2) can function as a monodentate ligand as in the complex

anion trans-½YCl4ðTHFÞ2�� (Figure 23.9). Larger cyclic ethers with nine or

more atoms and three or more oxygen atoms are called macrocyclic ligands

and are a special type of polydentate ligand. Examples include 1,4,7,10-tetra-

oxacyclododecane (23.13) and 1,4,7,10,13,16-hexaoxacyclooctadecane

(commonly called 18-crown-6) (23.14). The oxygen atoms can be replaced

by sulfur atoms to give cyclic thioethers, for example, ligand 23.15 which is

1,4,7-trithiacyclononane.

Cyclic ethers and crowns:
see Chapter 29

A macrocyclic ligand

possesses nine or more

atoms and three or more

donor atoms in a ring. In a

cyclic ether, the donor

atoms are oxygens.

"

Fig. 23.7 The structure of
[Fe(bpy)3]

3þ, determined
by X-ray diffraction for the
perchlorate salt [ B. N. Figgis
et al. (1978) Aust. J. Chem.,
vol. 31, p. 57]. A schematic
representation of the complex
cation is also shown. Each
chelate ring is planar. Colour
code: Fe, green; N, blue; C, grey;
H atoms are omitted.

Fig. 23.8 The structures of the terpyridine ligand (tpy) and the complex [Fe(tpy)2]
2þ. This structure was determined by

X-ray diffraction for the perchlorate salt [Fe(tpy)2][ClO4]2:H2O [A. T. Baker et al. (1985) Aust. J. Chem., vol. 38, p. 207];
H atoms are omitted for clarity. Colour code: Fe, green; N, blue; C, grey.
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(23.13) (23.14) (23.15)

In Box 29.3 we describe how crown ethers interact with alkali metal ions.

Similar complexes are known to form between cyclic ethers and early d-block

metals, for example scandium(III). Cyclic thioethers form complexes with a

range of d-block metal ions. When ligand 23.15 coordinates to a metal centre,

the ion lies out of the plane containing the three sulfur atoms (Figure 23.10a)

but larger cyclic ethers provide a cavity that can accommodate the metal ion

within the ring as the structure of [Sc(benzo-15-crown-5)Cl2�þ illustrates

(Figure 23.10b).

Fig. 23.9 Cyclic ethers
form complexes with early

d-block metals. Tetrahydrofuran
(THF) can act as a monodentate
ligand as in the yttrium(III)
complex trans-[YCl4(THF)2]

�

[X-ray diffraction data: P. Sobota
et al. (1994) Inorg. Chem., vol. 33,
p. 5203]. Colour code: Y, brown;
Cl, green; O, red; C, grey.
H atoms are omitted.

Fig. 23.10 (a) When a
macrocyclic ligand

coordinates to a metal ion, the
metal may lie above the plane
containing the donor atoms
as in the iron(III) complex
[Fe(L)Cl3] where L is 1,4,7-
trithiacyclononane (ligand
23.15) [X-ray diffraction data:
J. Ballester et al. (1994) Acta
Crystallogr., Sect. C, vol. 50,
p. 712]. (b) Larger macrocyclic
ligands may be able to
accommodate the metal ion
within the ring as in the
scandium(III) complex trans-
[ScCl2(benzo-15-crown-5)]

þ

[X-ray diffraction data: G. R.
Willey et al. (1993) J. Chem. Soc.,
Dalton Trans., p. 3407]. Colour
code: Fe, blue; S, yellow; Cl,
green; C, grey; Sc, brown; O, red.
H atoms are omitted.
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THEORY

Box 23.2 Molecular architecture by ligand design

The emphasis in this chapter is on coordination

compounds that contain a single d-block metal centre –

mononuclear complexes. Ligands such as 2,2’-

bipyridine and 1,10-phenanthroline usually act in a

bidentate mode, binding to one metal centre, although

bpy is more flexible than phen. By designing ligands

with donor atoms in particular sites, it is possible to

encourage the formation of polynuclear complexes.

An example is the ligand 4,4’-bipyridine, in which the

two nitrogen donor atoms are remote from each

other. The only flexibility that the ligand has is rotation

about the inter-ring C�C bond.

4,4’-Bipyridine cannot act as a chelating ligand but it

can coordinate to two different metal atoms and has the

potential to be a building-block in a polymeric struc-

ture. This is seen in the silver(I) complex [Ag(4,4’-

bpy)2][CF3SO3] which, in the solid state, possesses a

network structure with the 4,4’-bipyridine ligands con-

necting pairs of silver(I) centres. The [CF3SO3]
� anions

are distributed within the network and are not shown in

the structural diagram below:

3,6-Di(2-pyridyl)pyridazine is related to 2,2’-bipyri-

dine and is tetradentate:

With copper(I) ions, it forms a tetranuclear complex,

the structure of which is shown on the right. The struc-

ture is described as a [2� 2]-grid, and arises because of

the combined effects of the arrangement of theN-donor

atoms and the tetrahedral coordination of the Cu(I)

centres.

Part of the polymeric structure of [{Ag(4,4’-bpy)2}n][CF3SO3]n with the anions omitted; colour code: Ag, red; C, grey;

N, blue. H atoms are omitted. [X-ray diffraction data: L. Carlucci et al. (1994) J. Chem. Soc., Chem. Commun., p. 2755.]

Colour code: Cu, orange; C, grey; N, blue. H atoms are

omitted. [X-ray diffraction data: M.-T. Youinou et al.

(1992) Angew. Chem., Int. Ed., vol. 31, p. 733.]
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BIOLOGY AND MEDICINE

Box 23.3 Porphyrin ligands

Some biologically important macrocyclic ligands

contain porphyrin rings. The parent porphyrin is of

the type shown on the left-hand side below – the R

groups may be, for example, phenyl (Ph).

The central cavity of a porphyrin molecule contains

two N-donor atoms and two NH groups. When these

are deprotonated, the porphyrinato ligand is formed.

The four N-donors lie in a plane and can coordinate

to a variety of metal centres. In Box 5.2, we illustrated

coordination to iron in haemoglobin. Chlorophyll (the

green pigment in plants which is responsible for photo-

synthesis) contains a porphyrin coordinated to Mg2þ.

Photosynthesis involves the enzyme Photosystem II

which converts H2O to O2. Photosystem II operates

in conjunction with cytochrome b6 f . The crystal struc-

ture of cytochrome b6 f from the alga Chlamydomonas

reinhardtii confirms the presence of chlorophyll A units,

one of which is shown below. [X-ray diffraction data:

D. Stroebel et al. (2003) Nature, vol. 426, p. 413.]

Both green and red leaved plants contain chlorophyll. In red leaves, other pigments dominate over the green of chlorophyll.
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Donor atom notation

When we write the formula of a complex ion such as ½CoðenÞ3�2þ, there is an
in-built assumption that the en ligand coordinates through both the nitrogen

donor atoms. However, we have also seen that the en ligand can coordinate in

a monodentate fashion. In order to distinguish between these two situations,

suffixes are added to the ligand name to denote the donor atoms involved in

coordination. In a monodentate mode, the ligand may be specified as en-N,

and in a bidentate mode, as en-N,N’. Notice two features of this notation:

. the symbols for the donor atoms are written in italic;

. the two different nitrogen donor atoms are distinguished by using a prime

mark on the second atom.

The structure shown in Figure 23.4b is of the compound mer-[IrCl3(en-

N)(en-N,N’)]. Further examples of the use of this notation are shown in

the donor atom list in Table 23.2. Additional prime marks are added for

additional like-atoms, for example in the [edta]4� ligand (Table 23.2).

23.4 The electroneutrality principle

In Chapter 5 we discussed polar covalent bonds, and in Chapter 8 we consid-

ered ionic compounds but emphasized that the ionic model may be adjusted

to take account of some covalent character. The coordinate bond formed

between the donor atom of a ligand and a metal ion is a particular type of

bond that requires some thought. What we are implying by the representa-

tion shown in Figure 23.11a for ½CoðNH3Þ6�3þ is that a total of six pairs of

electrons are donated from the ligands to the metal centre. In the covalently

bonded representation, a single net unit of charge is transferred from each

ligand to Co3þ and Figure 23.11b shows the resulting charge distribution.

The differences between Figures 23.11a and 23.11b are equivalent to the

differences between the two representations of the bonding in THF:BH3 in

structures 21.1 and 21.2.

Now consider the consequence of assuming a wholly ionic model for

the bonding in ½CoðNH3Þ6�3þ. The tripositive charge remains localized on

the cobalt ion and the six NH3 molecules remain neutral (Figure 23.11c).

Which of these two models is correct, or is an intermediate situation realistic?

The solution and solid state properties of coordination compounds suggest

that the ionic model is not satisfactory. For example, the compound

Fig. 23.11 The complex cation [Co(NH3)6]
3þ (a) showing the presence of coordinate bonds, (b) showing the charge distribution

that results from a 100% covalent model, (c) showing the charge distribution that results from a 100% ionic model, and (d)
showing the charge distribution that results from applying the electroneutrality principle.
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½CoðNH3Þ6�Cl3 dissolves in water to give ½CoðNH3Þ6�3þ and Cl� ions, rather

than Co3þ ions, Cl� ions and NH3 molecules. Simple electrostatic interac-

tions as indicated by the ionic model are not likely to be sufficiently strong

to allow the ½CoðNH3Þ6�3þ complex ion to be maintained in aqueous solu-

tion. If we return to the covalent model for ½CoðNH3Þ6�3þ, the charge

distribution in Figure 23.11b causes a problem in terms of the electron-

withdrawing capabilities of the cobalt(III) and nitrogen centres. The metal

centre is electropositive whereas the nitrogen is electronegative and we expect

the Co–N bond to be polarized in the sense Co�þ–N��. This suggests that the
charge distribution in Figure 23.11b is unrealistic.

Neither a wholly ionic nor a wholly covalent model is appropriate to

describe the interactions between ligands and metal ions. The problem was

addressed by Pauling who put forward the electroneutrality principle:

Pauling’s electroneutrality principle states that the distribution of charge in a

molecule or ion is such that the charge on any single atom is within the range

þ1 to �1 (ideally close to zero).

If we apply the electroneutrality principle to the ½CoðNH3Þ6�3þ ion, then,

ideally, the net charge on the cobalt centre should be zero. That is, the

Co3þ ion may accept a total of only three electrons from the six NH3 ligands,

and this leads to the charge distribution shown in Figure 23.11d. The

charge transferred from each N to Co is only half an electron and this

is midway between the limiting covalent (one electron transferred) and ionic

(no electrons transferred) models. The electroneutrality principle results in a

bonding description for the ½CoðNH3Þ6�3þ ion which is 50% ionic (or, 50%

covalent).Note: the electroneutrality principle is only an approximate method

of estimating the charge distribution in molecules and complex ions.

Worked example 23.2 The electroneutrality principle

Estimate the charge distribution on the metal and each donor atom in the

octahedral ion [Fe(CN)6]
4�

(23.16).

The ion ½FeðCNÞ6�4� is an iron(II) complex, and the ionic model would

imply a charge distribution of:

100% covalent character leads to a charge distribution of:

(23.16)
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By the electroneutrality principle, the charge distribution should ideally be

such that the iron centre bears no net charge. It must therefore gain two

electrons (to counter the Fe2þ charge) from the six [CN]� ligands.

Each [CN]� therefore loses 1
3
of an electron. The charge per cyano ligand

therefore changes from 1� to 2
3
�.

The final charge distribution is approximately:

23.5 Isomerism

The discussion of stereoisomerism in Section 6.11 included examples of

mononuclear complexes of the d-block metals. Stereoisomers have the same

connectivity of atoms, but the spatial arrangement of the atoms or groups

differs, e.g. cis- and trans-[PtCl2(NH3)2]:

Stereoisomers include enantiomers, and we discuss these in detail later in the

section. As well as stereoisomerism, we discuss structural isomerism among

coordination complexes. Structural isomers that we consider include hydra-

tion, ionization, linkage and coordination isomers.

Hydration and ionization isomers

Hydration and ionization isomers result from the interchange of ligands

within the first coordination sphere with those outside it. The compound

CrCl3ðH2OÞ6 is obtained commercially as a green solid and has the structural

formula ½CrCl2ðOH2Þ4�Cl:2H2O – two Cl� ions are coordinated to the Cr3þ

centre and there are one non-coordinated Cl� and two water molecules of

crystallization. When this solid dissolves in water, the solution slowly turns

blue-green as a result of an isomerization in which one Cl� ligand is replaced

by H2O and crystallization yields ½CrClðOH2Þ5�Cl2:H2O. The compound

consists of the complex cation ½CrClðOH2Þ5�2þ (23.17), two Cl� ions and a

water molecule of crystallization.

Ionization isomers result from an exchange involving an anionic

ligand. The purple complex ½CoðNH3Þ5ðSO4Þ�Br and the pink complex

½CoðNH3Þ5Br�½SO4� are ionization isomers, and differ in having either a

Br� or ½SO4�2� ion coordinated (or not) to the cobalt(III) centre.

Revision of stereoisomers:
see end-of-chapter

problems 23.5 and 23.7

Stereoisomerism in organic
compounds: see Section 24.8

Stereoisomers include cis-

and trans-isomers, mer- and

fac-isomers, and

enantiomers.

(23.17)

"

"
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Hydration and ionization isomers of a compound are the result of the exchange

of ligands within the first coordination sphere with those outside it. Hydration

isomers involve the exchange of water, and ionization isomers involve the

exchange of anionic ligands.

Linkage isomerism

If a ligand possesses two or more different donor sites, there is more than

one way in which it can bond to a metal ion. One resonance structure of the

thiocyanate ion [NCS]� is shown in 23.18. Both the nitrogen and sulfur atoms

are potential donor atoms, and linkage isomers of a complex may exist.

Structures 23.19 and 23.20 illustrate linkage isomers of the complex cation

½CoðNH3Þ5ðNCSÞ�2þ in which the thiocyanato ligand is either S- orN-bonded.

The formulae of the two isomers are written as [Co(NH3)5(NCS-N)]2þ

(N-bonded thiocyanato ligand) and [Co(NH3)5(SNC-S)]2þ (S-bonded

thiocyanato ligand).

If a ligand possesses two or more different donor sites, linkage isomers may be

formed because the ligand can attach to the metal centre in more than one way.

Coordination isomerism

If a coordination compound contains both a complex cation and a complex

anion, it may be possible to isolate isomers of the compound in which ligands

are exchanged between the two metal centres. Such complexes are examples

of coordination isomers. Consider ½CoðbpyÞ3�½FeðCNÞ6� which contains

the cation ½CoðbpyÞ3�3þ and the anion ½FeðCNÞ6�3�. This is not the only

arrangement of the ligands, and other possibilities are:

½CoðbpyÞ2ðCNÞ2�þ½FeðbpyÞðCNÞ4��

½FeðbpyÞ2ðCNÞ2�þ½CoðbpyÞðCNÞ4��

½FeðbpyÞ3�3þ½CoðCNÞ6�3�

Each of these is a distinct chemical compound and may be isolated and

characterized. For example, ½CoðbpyÞ3�½FeðCNÞ6� is prepared from the

reaction of K3½FeðCNÞ6� and ½CoðbpyÞ3�Cl3.

If a coordination compound contains both a complex cation and a complex

anion, it may be possible to isolate coordination isomers in which ligands are

exchanged between the two different metal centres.

Enantiomerism (optical isomerism)

Apair of enantiomers consists of twomolecular species which aremirror images

of each other and are non-superposable.§ Enantiomers of a coordination

(23.18)

(23.19)

(23.20)

More about enantiomers in
Section 24.8

"

§ This definition is taken from Basic Terminology of Stereochemistry: IUPAC Recommenda-
tions (1996) Pure and Applied Chemistry, vol. 68, p. 2193.
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compound most often occur when chelating ligands are involved. The cation

cis-½CoðenÞ2Cl2�þ and its mirror image are shown in Figure 23.12a. Fig-

ure 23.12b shows that themirror image (labelled isomer B) is non-superposable

upon the original structure (labelled isomer A). Isomers A and B are enantio-

mers and cis-½CoðenÞ2Cl2�þ is a chiral cation. Similarly, ½CrðacacÞ3� possesses
enantiomers because it has a non-superposable mirror image (Figure 23.13).

On the other hand, you should be able to show that the octahedral com-

plexes trans-½CoðenÞ2Cl2�þ and ½MnðenÞðOH2Þ4�2þ do not possess enantiomers.

Further complications arise if the ligand itself possesses enantiomers (see

Section 24.8 and end-of-chapter problem 23.30).

A pair of molecular species which are mirror images of each other and are non-

superposable are enantiomers. They may also be referred to as optical isomers.§

When an object (e.g. a molecule) is non-superposable on its mirror image, it is

said to be chiral. If an object is superposable on its mirror image, the object is

achiral.

Fig. 23.12 The complex
cation cis-[Co(en)2Cl2]

þ

possesses enantiomers.
(a) Isomers A and B are related
by a reflection through a mirror
plane.
(b) Rotating isomer B shows that
it is non-superposable on isomer
A. A and B are therefore
enantiomers. Colour code: Co,
yellow; Cl, green; N, blue; C,
grey. H atoms are omitted.
[X-ray diffraction data:
K. Matsumoto et al. (1970) Bull.
Chem. Soc. Jp., vol. 43, p. 3801.]

§ The IUPAC recommends the use of the term enantiomer in preference to optical isomer.
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23.6 The formation of first row d-block metal coordination
complexes

Group number 3 4 5 6 7 8 9 10 11 12

First row d-block metal Sc Ti V Cr Mn Fe Co Ni Cu Zn

Aqua complexes and complexes with hydroxido ligands

The simplest method of forming a complex ion is to dissolve a d-block metal

salt such as anhydrous CoCl2 in water. On dissolution, the Co2þ ion is

present as the hexaaqua ion ½CoðOH2Þ6�2þ (Figure 23.14), and solutions

containing this ion are pale pink. Although ‘naked’ Co2þ ions (and other

d-block metal ions) are not present in aqueous solution, you will often find

Fig. 23.13 Enantiomers of the coordination complex [Cr(acac)3]. See Table 23.2 for
the structure of the ligand [acac]�. Colour code: Cr, green; O, red; C, grey. H atoms

are omitted. [X-ray diffraction data: S. G. Bott et al. (2001) J. Chem. Soc., Dalton Trans.,
p. 2148.]

Fig. 23.14 The octahedral
structure of the complex

cation [Co(OH2)6]
2þ and a

schematic representation
showing the coordinate bonds.
Colour code: Co, yellow; O, red;
H, white. [X-ray diffraction data:
B. Viossat et al. (1981) Bull. Soc.
Chim. Fr., p. 69.]
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Co2þ(aq) written in equations. This is strictly incorrect because water

molecules are present in the first coordination sphere of the metal ion.

Hexaaqua ions such as ½CoðOH2Þ6�2þ are found for all of the first row

d-block metal(II) ions, although the ½MðOH2Þ6�2þ ions are not always stable

in aqueous solution. For example, ½TiðOH2Þ6�2þ is not stable and solutions

readily oxidize to purple ½TiðOH2Þ6�3þ. However, since the charge density on

Ti3þ is high, it is strongly polarizing and ½TiðOH2Þ6�3þ readily loses a proton

(equation 23.1). In dilute hydrochloric acid, equilibrium 23.1 is pushed towards

the left-hand side, and ½TiðOH2Þ6�3þ is stabilized. This behaviour resembles that

of ½AlðOH2Þ6�3þ.
½TiðOH2Þ6�3þðaqÞ þH2OðlÞ Ð ½TiðOH2Þ5ðOHÞ�2þðaqÞ þ ½H3O�þðaqÞ

pKa ¼ 3:9 ð23:1Þ

The next metal in the first row of the d-block is vanadium. Pale purple

solutions containing ½VðOH2Þ6�2þ are readily oxidized and solutions turn

green as ½VðOH2Þ6�3þ is formed. The V3þ ion is strongly polarizing and

½VðOH2Þ6�3þ is acidic (equation 23.2); the pKa value shows it to be a stronger

acid than ½TiðOH2Þ6�3þ, and ½VðOH2Þ6�3þ is stabilized only in acidic

solutions.

½VðOH2Þ6�3þðaqÞ þH2OðlÞ Ð ½VðOH2Þ5ðOHÞ�2þðaqÞ þ ½H3O�þðaqÞ

pKa ¼ 2:9 ð23:2Þ

The formation of a hydroxido ligand, ½OH��, is often associated with a change

in the nuclearity of the solution species. Equation 23.2 shows the formation

of a mononuclear complex cation (i.e. one vanadium centre), but a dinuclear

solution species is also present and this is possible because of the formation of

hydroxido bridges between two vanadium centres. The presence of a ligand in

a bridging mode is denoted in the formula by the Greek letter m (pronounced

‘mu’), written as a prefix. The structure of ½ðH2OÞ4Vðm-OHÞ2VðOH2Þ4�4þ is

shown in 23.21. It is the hydroxido and not the aqua ligands that adopt

the bridging sites.

(23.21)

Vanadium(IV) is even more polarizing than V3þ and ½VðOH2Þ6�4þ does not

exist because it readily loses two protons from the same aqua ligand to give

½VðOÞðOH2Þ5�2þ (23.22) which contains a V¼O double bond. Solutions

containing this ion are blue. Often, ½VðOÞðOH2Þ5�2þ is written simply as

½VO�2þ, and it is called the oxidovanadium(2þ) or vanadyl ion.§
Chromium(II) is also readily oxidized in aqueous solution. Solutions

containing ½CrðOH2Þ6�2þ are sky-blue and oxidation gives the violet

½CrðOH2Þ6�3þ ion. Once again, the polarizing metal(III) ion leads to easy

proton loss (equation 23.3) and the formation of a hydroxido-complex which

Polarizing power:
see Section 8.18

[Al(OH2)6]3þ:
see equation 22.17

The nuclearity of a metal

complex refers to the

number of metal centres.

A mononuclear complex has

one metal centre, a dinuclear

complex contains two and a

trinuclear complex possesses

three.

In a polynuclear

coordination compound,

the use of the prefix

m- means that the ligand is

in a bridging position

between two metal centres.

If the ligand bridges

between three metal atoms,

the prefix m3- is used.

(23.22)

"

"

§ The name vanadyl is discouraged by the IUPAC: Nomenclature of Inorganic Chemistry (2005),
senior eds N. G. Connelly and T. Damhus, RSC Publishing, Cambridge.
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condenses to a dinuclear complex (equation 23.4) with a structure similar

to 23.21.

½CrðOH2Þ6�3þðaqÞ þH2OðlÞ Ð ½CrðOH2Þ5ðOHÞ�2þðaqÞ þ ½H3O�þðaqÞ

pKa ¼ 4:0 ð23:3Þ

2½CrðOH2Þ5ðOHÞ�2þðaqÞ Ð ½ðH2OÞ4Crðm-OHÞ2CrðOH2Þ4�4þ þ 2H2O ð23:4Þ

Manganese follows chromium in the first row of the d-block. Manganese(II)

salts such as MnCl2:4H2O, MnðNO3Þ2:6H2O and MnSO4
:H2O dissolve in

water to give very pale pink solutions containing the octahedral

½MnðOH2Þ6�2þ ion. Iron(II) salts such as FeSO4
:7H2O dissolve to give pale

green aqueous solutions, although atmospheric O2 oxidizes iron(II) to

iron(III). Solutions containing ½FeðOH2Þ6�3þ are purple but when it is

prepared, solutions usually appear yellow due to the formation of the hydr-

oxido species ½FeðOH2Þ5ðOHÞ�2þ and ½FeðOH2Þ4ðOHÞ2�þ (equations 23.5

and 23.6). These observations emphasize the polarizing power of the Fe3þ

ion. In equilibria 23.5 and 23.6, successive aqua ligands are deprotonated.

The purple colour of ½FeðOH2Þ6�3þ can be seen in the alumKFeðSO4Þ2:12H2O.

½FeðOH2Þ6�3þðaqÞ þH2OðlÞ Ð ½FeðOH2Þ5ðOHÞ�2þðaqÞ þ ½H3O�þðaqÞ

pKa ¼ 2:0 ð23:5Þ

½FeðOH2Þ5ðOHÞ�2þðaqÞ þH2OðlÞ Ð ½FeðOH2Þ4ðOHÞ2�þðaqÞ þ ½H3O�þðaqÞ

pKa ¼ 3:3 ð23:6Þ

Like the hydroxido complexes of vanadium and chromium described above,

those of iron(III) undergo condensation reactions to form dinuclear

compounds such as ½ðH2OÞ4Feðm-OHÞ2FeðOH2Þ4�4þ. This type of process

continues until, finally, solid state iron(III) hydroxides are produced.

Solutions containing the ½CoðOH2Þ6�2þ ion are pale pink, those of

½NiðOH2Þ6�2þ are pale green, and solutions with the ½CuðOH2Þ6�2þ cation

are pale blue. From titanium to nickel, all the solution species that we

have described have been coloured, but when zinc(II) salts dissolve in water,

colourless solutions are formed. These solutions contain the aqua ion

½ZnðOH2Þ6�2þ. We return to the question of colour in Section 23.10.

Ammine complexes

The addition of NH3 to an aqueous solution of d-block M2þ ions may

result in the displacement of aqua ligands by ammine ligands.§ The number

of ligands displaced depends on the metal and the concentrations of the aqua

complex and NH3 in solution. Equation 23.7 shows that the reaction between

½NiðOH2Þ6�2þ and NH3 leads to the displacement of all six ligands. Equili-

brium 23.8 shows that only four of the six aqua ligands in ½CuðOH2Þ6�2þ
are readily displaced.

½NiðOH2Þ6�2þðaqÞ þ 6NH3ðaqÞ Ð ½NiðNH3Þ6�2þðaqÞ þ 6H2OðlÞ ð23:7Þ

½CuðOH2Þ6�2þðaqÞ þ 4NH3ðaqÞ Ð ½CuðOH2Þ2ðNH3Þ4�2þðaqÞ þ 4H2OðlÞ
ð23:8Þ

Alums: see Section 22.4

In a ligand displacement

reaction, one ligand in the

coordination sphere of the

metal ion is replaced by

another.

"

§ Do not confuse the name ammine for a coordinated NH3 ligand with amine, a molecule of type
RNH2, R2NH or R3N (see Chapter 31).
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In Section 23.7 we consider the equilibrium constants for reactions of this

type. Displacement reactions are not always the best methods of preparing

ammine complexes. The reactions of metal salts with gaseous NH3 may

provide alternative routes. Solid iron(II) halides, FeX2, react with gaseous

NH3 to give ½FeðNH3Þ6�X2 in addition to ½FeðNH3Þ5X�X and ½FeðNH3Þ4X2�.
The reaction must be carried out in the solid state because iron(II) ammine

complexes are not stable in aqueous solution. Iron(III) does not form simple

ammine complexes.

The complex cation ½CoðNH3Þ6�3þ is usually prepared by oxidizing the

corresponding cobalt(II) complex (equation 23.9) which may itself be

prepared by the displacement of aqua ligands in ½CoðOH2Þ6�2þ by NH3

ligands. Alternatively, oxidation and complex formation can be carried out

in one step as in reaction 23.10.

Chlorido ligands

In Chapter 22, we illustrated examples of reactions between p-block metal

halides and excess halide ion in which the metal halide acted as a Lewis acid,

e.g. the formation of ½AlCl4�� and ½SnCl6�2�. Similar reactions occur with

some of the d-block metal halides and equations 23.11 to 23.13 show repre-

sentative reactions. Each chlorido complex is tetrahedral (23.23).

FeCl3ðaqÞ þ Cl�ðaqÞ in conc HCl ½FeCl4��ðaqÞ ð23:11Þ

ZnCl2ðaqÞ þ 2Cl�ðaqÞ in conc HCl ½ZnCl4�2�ðaqÞ ð23:12Þ

The chlorido complexes may be isolated from solution by exchanging the

cation (which is ½H3O�þ in aqueous medium) for a much larger counter-ion

such as tetraethylammonium, ½Et4N�þ. After adding ½Et4N�Cl, the desired

salt precipitates out of solution (equation 23.14).

2½Et4N�ClðsÞ þ ½ZnCl4�2�ðaqÞ ��" ½Et4N�2½ZnCl4�ðsÞ þ 2Cl�ðaqÞ ð23:14Þ

In equation 23.13, the effects of varying the concentration of chloride ion are

apparent. If a pink solution of cobalt(II) chloride in dilute hydrochloric acid

is heated, the concentration of chloride ion increases as water evaporates,

and the solution turns blue as ½CoðOH2Þ6�2þ is converted to ½CoCl4�2�
(equation 23.15). This process is used in experiments involving ‘invisible

(23.23)
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ink’ and is reversible; solutions containing the blue ½CoCl4�2� ion turn pale

pink when diluted with water.

½CoðOH2Þ6�2þðaqÞ þ 4Cl�ðaqÞ Ð ½CoCl4�2�ðaqÞ þ 6H2OðlÞ ð23:15Þ

Similar effects are observed with other metal ions. For example,

½TiðOH2Þ6�3þ is stabilized in dilute hydrochloric acid (equation 23.1), but in

concentrated acid, chloride ion displaces an aqua ligand and ½TiClðOH2Þ5�2þ
(23.24) is formed.

Cyanido complexes

The cyanido ligand ½CN�� usually bonds to metal ions through the carbon

atom and eachM�C�N unit is linear. When ½CN�� acts as a bridging ligand,

both the C and N atoms act as donors. With chromium(II), ½CN�� forms the

octahedral complex anion ½CrðCNÞ6�4�. Octahedral complexes are also

formed with iron(II) and iron(III). Many stable salts of ½FeðCNÞ6�4� exist,

for example K4½FeðCNÞ6�; the complex anion is stable in aqueous solution.

The iron(III)-containing complex ½FeðCNÞ6�3� (Figure 23.15a) is more toxic

than ½FeðCNÞ6�4�, because it releases cyanide ion more readily than does the

iron(II) species. When [Fe(CN)6]
4� is added to an aqueous solution contain-

ing Fe3þ, a deep blue compound called Prussian blue is formed. This is a

qualitative test for Fe3þ. The same blue colour is observed when [Fe(CN)6]
3�

is added to an aqueous solution containing Fe2þ; this blue complex is

referred to as Turnbull’s blue. Both Prussian blue and Turnbull’s blue are

hydrated salts and possess the formula FeIII4[Fe
II(CN)6]3:xH2O (where x is

about 14). A related compound is the potassium salt KFe[Fe(CN)6] and this

is referred to as ‘soluble Prussian blue’. The solid state structures of these

compounds contain cubic arrangements of iron centres with cyano groups

bridging between the metals. One-eighth of the unit cell of KFe[Fe(CN)6]

is shown in Figure 23.15b, with the Kþ ions removed. Each iron centre is

(23.24)

Fig. 23.15 (a) The octahedral structure of [Fe(CN)6]
3�. Each of the Fe�C�N bond angles is approximately 1808. [X-ray

diffraction data: P. A. W. Dean et al. (2003)Dalton Trans., p. 1520.] (b) One-eighth of the unit cell of KFe[Fe(CN)6]. The
hashed lines indicate how the extended structure continues. Colour code: Fe, green; C, grey; N, blue.
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octahedrally sited and is in either an FeN6 or an FeC6 environment; the

lattice must be extended to see this feature. Half of the iron sites are Fe(II)

and half are Fe(III), and the Kþ ions occupy cavities within the cubic lattice.

Qualitative test for Fe3þ ions: When ½FeðCNÞ6�
4� is added to an aqueous

solution containing iron(III) ions, a deep blue complex called Prussian blue is

formed.

Qualitative test for Fe2þ ions: When ½FeðCNÞ6�3� is added to an aqueous

solution containing iron(II) ions, a deep blue complex called Turnbull’s blue

is formed.

Although most 4-coordinate complexes of the first row d-block metals are

tetrahedral, those containing nickel(II) centres are sometimes square planar.

For example, ½NiCl4�2� and ½NiBr4�2� are tetrahedral, but ½NiðCNÞ4�2� is

square planar. Structures 23.25 and 23.26 give two representations of

½NiðCNÞ4�2�.

Bidentate and polydentate ligands

Table 23.2 lists examples of both symmetrical and asymmetrical bidentate

ligands. The presence of three symmetrical bidentate ligands in an octahedral

coordination sphere leads to the formation of enantiomers and, if the

precursor is achiral (i.e. non-chiral) such as ½CoðOH2Þ6�2þ (equation 23.16),

the product is formed as a racemate which contains equimolar amounts

of the two enantiomers. These cobalt(II) complexes readily oxidize to

the corresponding cobalt(III) compounds as we showed for the ammine

complexes in equation 23.9.

(23.16)

If the ligands are asymmetrical, additional stereoisomers are possible.

For example, the reaction of CrCl3 with HOCH2CH2NH2 in water may

give a mixture of isomers (Figure 23.16) of the octahedral complex

½CrðOCH2CH2NH2Þ3� where the ligand is 23.27.

Related complexes which can be formed by adding the ligand en to aqueous

solutions of metal(II) chlorides or nitrates are ½CrðenÞ3�2þ, ½MnðenÞ3�2þ,
½FeðenÞ3�2þ and ½NiðenÞ3�2þ, although the en ligand readily dissociates from

Cr2þ in aqueous solution. Ethane-1,2-diamine may also displace NH3 from

ammine complexes (equation 23.17).

½NiðNH3Þ6�2þðaqÞ þ 3enÐ ½NiðenÞ3�2þðaqÞ þ 6NH3ðaqÞ ð23:17Þ

The driving force behind many of the displacements of two monodentate for

one bidentate ligand may be understood in terms of entropy effects and is

(23.25)

(23.26)

Racemate:
see Section 24.8

(23.27)

Entropy: see Chapter 17

"

"
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BIOLOGY AND MEDICINE

Box 23.4 Anti-cancer drugs

The square planar complex cis-[PtCl2(NH3)2] (cis-

platin) has been recognized as an anti-tumour drug

since the 1960s. It is used in the treatment of bladder

and cervical tumours and ovarian and testicular

cancers. Unfortunately, side effects include nausea and

kidney damage. An alternative drug which is clinically

active but has fewer side effects than cisplatin is

carboplatin.

Research to find other active platinum-containing

anti-cancer drugs is actively being pursued, and an under-

standing of how cisplatin and related active compounds

work is an important aspect of drug development.

DNA (see Box 21.6 and Chapter 35) is composed of a

sequence of nucleotide bases including guanine. It

appears that when cisplatin is administered to a patient,

the cis-Pt(NH3)2 units are coordinated by nitrogen

donor atoms in the guanine bases of DNA:

Designing ‘model ligands’ that mimic biological

systems is commonly employed as a method of investi-

gating otherwise complex systems. For example, a

ligand incorporating a cytosine and two guanine

units, connected to a phosphate-containing chain

similar to the backbone of DNA has been developed.

It reacts with cisplatin to give a complex in which two

nitrogen atoms, one from each of the guanine residues,

coordinate to the platinum(II) centre. The structure of

the complex is shown below; hydrogen atoms, except

those in the NH3 ligands, are omitted from the

diagram.

Research in the area of platinum anti-cancer drugs

has been described by:

T. W. Hambley (2001) Journal of the Chemical Society,

Dalton Transactions, p. 2711.

N. Farrell (2004) in Comprehensive Coordination Chem-

istry II, eds J. A. McCleverty and T. J. Meyer, Elsevier,

Oxford, vol. 9, p. 809.

Colour code: Pt, green; N, blue; O, red; P, orange; C, grey; H, white.

[X-ray diffraction data: G. Admiraal et al. (1987) J. Am. Chem. Soc., vol. 109, p. 592.]
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referred to as the chelate effect.§ Similarly, the replacement of three mono-

dentate ligands by one tridentate ligand is favourable. When a dien ligand

(see Table 23.2) coordinates to a metal ion in a tridentate manner, two chelate

rings are formed (structure 23.28). This makes dien complexes more stable

than corresponding en or ammine complexes. ½NiðdienÞ2�2þ is thermodyna-

mically more stable than ½NiðenÞ3�2þ which is thermodynamically more

stable than ½NiðNH3Þ6�2þ.
Figure 23.17a shows the structure of the dien ligand in an extended

conformation. Rotation can occur around any of the single bonds and this

makes dien flexible enough to adopt either a mer- or fac-configuration in

an octahedral complex. When dien reacts with Co2þ ions in air (i.e. an

oxidizing environment) in aqueous solution, ½CoðdienÞ2�3þ is formed

(equation 23.18). A mixture of three isomers (Figure 23.17b) is produced.

One mer-arrangement of the two dien ligands is possible, but there are

two different fac-arrangements. In the sym,fac-isomer, the ligands are

positioned with the central NH groups trans- to one another, while in

the unsym,fac-isomer, the NH groups are cis to each other. These three

isomers can be separated by using column chromatography (see Box 24.6).

Each of the mer- and unsym, fac-isomers possesses enantiomers.†

ð23:18Þ

If the tridentate ligand is not as flexible as dien, the number of isomers of an

octahedral complex may be reduced. For example, although free rotation

(23.28)

Conformation:
see Section 24.9

"

Fig. 23.16 The complex [Cr(OCH2CH2NH2)3] possesses mer- and fac-isomers, and each is chiral. A fac-arrangement of
NH2 groups necessarily means a fac-arrangement of O atoms, and similarly for the mer-arrangements. Colour code: Cr,

yellow; O, red; N, blue; C, grey; H, white. Only the H atoms of the NH2 groups are shown.

§ For a more detailed introduction to the chelate effect, see: C. E. Housecroft and A. G. Sharpe
(2008) Inorganic Chemistry, 3rd edn, Prentice Hall, Harlow, Chapter 7.

† See: F.R. Keene et al. (1972) Inorganic Chemistry, vol. 11, p. 148.
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about the C�C bonds between the aromatic rings in the terpyridine ligand is

possible, the coordinated ligands in ½FeðtpyÞ2�2þ can only adopt a mer-

arrangement (Figure 23.8).

Flexibility plays a vital role in the coordination behaviour of polydentate

ligands, and an example is [edta]4� (23.29). The parent carboxylic acid is

tetrabasic and is represented by the abbreviation H4edta. The two nitrogen

atoms and the four O� groups are donors and [edta]4� is a potentially

hexadentate ligand. The conformation of the ligand can change by free rotation

about the single C�C and C�N bonds. When [edta]4� coordinates to a metal

ion, it may wrap around the metal centre to give an octahedral complex. Equa-

tions 23.19 and 23.20 show a two-step preparation of the ammonium salt of

[Co(edta)]�, the structure of which is shown in Figure 23.18.

CoðOHÞ2 þH4edtaþ 2NH3 Ð ½NH4�2½CoðedtaÞ�
CobaltðIIÞ

þ 2H2O ð23:19Þ

2½NH4�2½CoðedtaÞ� þH2O2 ��" 2½NH4�½CoðedtaÞ�
CobaltðIIIÞ

þ 2H2Oþ 2NH3 ð23:20Þ

(23.29)

Fig. 23.17 (a) The dien ligand (H2NCH2CH2NHCH2CH2NH2) in an extended conformation; N atoms are shown in
blue. Free rotation can occur about any of the single bonds. (b) The complex cation [Co(dien)2]

3þ is produced as a
mixture of isomers; the mer- and unsym, fac-isomers are present as racemates (sym-¼ symmetrical; unsym-¼ unsymmetrical).
The two dien ligands in each isomer are shown in different colours.

Fig. 23.18 The solid
state structure of

[Co(edta)]� from the salt
[NH4][Co(edta)]:2H2O. The two
N-donor atoms must be mutually
cis, and the flexibility of the
ligand allows the O-donor atoms
to occupy the remaining four
coordination sites. Colour code:
Co, yellow; N, blue; O, red; C,
grey. H atoms are omitted.
[X-ray diffraction data: H. A.
Weakliem et al. (1959) J. Am.
Chem. Soc., vol. 81, p. 549.]
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Polybasic acids:
see Section 16.4

"

23.7 Ligand exchange and complex stability constants

Many of the complex formation reactions shown in Section 23.6 were written

as equilibria and in this section we consider the thermodynamic stability of

coordination complexes and values of their stability constants.

Stepwise stability constant, K

The replacement of one aqua ligand in a hexaaqua ion by another ligand L is

shown in equation 23.21. The relative stabilities of the two complex ions are

given by the equilibrium constant, K, and this particular type of equilibrium

constant is called the stability constant of the product complex (equation

23.22). The concentration of water is taken to be unity (see Chapter 16).

½MðOH2Þ6�2þðaqÞ þ LðaqÞ Ð ½MðOH2Þ5L�2þðaqÞ þH2OðlÞ ð23:21Þ

K1 ¼
½MðOH2Þ5L2þ�½H2O�
½MðOH2Þ62þ�½L�

¼ ½MðOH2Þ5L2þ�
½MðOH2Þ62þ�½L�

ð23:22Þ

The stability constant K1 refers to the stepwise replacement of the first aqua

ligand by L, and there are six stability constants (K1, K2, K3, K4, K5 and K6)

associated with the conversion of ½MðOH2Þ6�2þ to ½ML6�2þ. (This is similar to

the way in which we consider the stepwise dissociation of polybasic acids.)

Equations 23.23–23.27 are the five steps which follow equilibrium 23.21 in

the formation of ½ML6�2þ.

½MðOH2Þ5L�2þðaqÞ þ LðaqÞ Ð ½MðOH2Þ4L2�2þðaqÞ þH2OðlÞ ð23:23Þ

½MðOH2Þ4L2�2þðaqÞ þ LðaqÞ Ð ½MðOH2Þ3L3�2þðaqÞ þH2OðlÞ ð23:24Þ

½MðOH2Þ3L3�2þðaqÞ þ LðaqÞ Ð ½MðOH2Þ2L4�2þðaqÞ þH2OðlÞ ð23:25Þ

½MðOH2Þ2L4�2þðaqÞ þ LðaqÞ Ð ½MðOH2ÞL5�2þðaqÞ þH2OðlÞ ð23:26Þ

½MðOH2ÞL5�2þðaqÞ þ LðaqÞ Ð ½ML6�2þðaqÞ þH2OðlÞ ð23:27Þ

In the formation of a complex ½ML6�2þ from ½MðOH2Þ6�
2þ, the stability constant

K1 refers to the stepwise replacement of the first aqua ligand by L. There are six

stability constants (K1, K2, K3, K4, K5 and K6) associated with individual steps in

the overall process.

The stepwise displacements of the aqua ligands in ½NiðOH2Þ6�2þ by the

bidentate ligand en are shown in equations 23.28 to 23.30. The stability

constants show that the first displacement (equation 23.28) of two H2O

molecules by one ethane-1,2-diamine ligand is more favourable than the

second step, and this is more favourable than the third step.

½NiðOH2Þ6�2þðaqÞ þ enðaqÞ Ð ½NiðOH2Þ4ðenÞ�2þðaqÞ þ 2H2OðlÞ
K1 ¼ 2:81� 107 ð23:28Þ

½NiðOH2Þ4ðenÞ�2þðaqÞ þ enðaqÞ Ð ½NiðOH2Þ2ðenÞ2�2þðaqÞ þ 2H2OðlÞ
K2 ¼ 1:70� 106 ð23:29Þ

½NiðOH2Þ2ðenÞ2�2þðaqÞ þ enðaqÞ Ð ½NiðenÞ3�2þðaqÞ þ 2H2OðlÞ
K3 ¼ 2:19� 104 ð23:30Þ
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Worked example 23.3 Stepwise formation of [Ni(NH3)6]2þ

The following graph shows a plot of logK (K is the stability constant) against

the number, n, of NH3 ligands present in the complex [Ni(OH2)6�n(NH3)n]
2þ
:

To what reactions do the values of logK ¼ 2:70 and 0.65 correspond?

What does the graph tell you about the displacement of successive aqua ligands

by ammine ligands?

The stability constants correspond to the stepwise displacements of H2O

by NH3 ligands in going from ½NiðOH2Þ6�2þ to ½NiðNH3Þ6�2þ.
The value of logK ¼ 2:70 corresponds to the first ligand exchange step:

½NiðOH2Þ6�2þðaqÞ þNH3ðaqÞ Ð ½NiðOH2Þ5ðNH3Þ�2þðaqÞ þH2OðlÞ

The value of logK ¼ 0:65 corresponds to n ¼ 5, and therefore to the

equilibrium:

½NiðOH2Þ2ðNH3Þ4�2þðaqÞ þNH3ðaqÞ Ð ½NiðOH2ÞðNH3Þ5�2þðaqÞ þH2OðlÞ

The graph shows a decrease in the value of logK as successive H2O ligands

are displaced by NH3 ligands. As logK decreases, K decreases, and this

means that successive equilibria (corresponding to successive ligand

replacements) lie further to the left-hand side. It is less favourable to

displace H2O by NH3 in ½NiðOH2Þ5ðNH3Þ�2þ than in ½NiðOH2Þ6�2þ, and
less favourable still in later complexes in the series.

Overall stability constant, �

Instead of considering the stepwise formation of a complex such as ½ML6�2þ,
it may be more appropriate or convenient to consider the formation in one

step such as reaction 23.31.

½MðOH2Þ6�2þðaqÞ þ 6LðaqÞ Ð ½ML6�2þðaqÞ þ 6H2OðlÞ ð23:31Þ

We can write down an expression for the equilibrium constant for this reaction

but instead of calling the equilibrium constantK, the symbol � is used. �n is the

overall stability constant, whereas values of Kn represent stepwise stability
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constants for a series of n equilibria. Equation 23.32 gives the expression for the

overall stability constant for the formation of ½ML6�2þ from ½MðOH2Þ6�2þ.

�6 ¼
½ML6

2þ�
½MðOH2Þ62þ�½L�6

ð23:32Þ

For the formation of a complex ½ML6�2þ in the reaction:

½MðOH2Þ6�2þðaqÞ þ 6LðaqÞ Ð ½ML6�2þðaqÞ þ 6H2OðlÞ

the overall stability constant is �6 and is given by the equation:

�6 ¼
½ML6

2þ�
½MðOH2Þ62þ�½L�6

For an n-step process, the overall stability constant is �n.

Gibbs energy changes for the formation of complexes

The reaction isotherm (equation 23.33) gives the relationship between a

stability constant and the standard Gibbs energy of formation of a complex.

Equation 23.33 can be used to determine thermodynamic data for the forma-

tion of complexes.

�Go ¼ �RT lnK ð23:33Þ

By applying this equation to the series of reactions given in equations 23.28

to 23.30 (for which values of K are measured at 298K), values of �Go of

�42.5, �35.5 and �24.8 kJmol�1 are obtained for the successive displace-

ments of two aqua ligands by a bidentate ethane-1,2-diamine ligand. The

more en ligands that are added, the less favourable the reaction becomes.

This trend is seen in many complex-forming reactions and another example

is illustrated in worked example 23.4.

Worked example 23.4 The thermodynamics of complex formation

The first five stepwise stability constants (at 298K) corresponding to the reac-

tion of ½CuðOH2Þ6�2þ with ammonia are 1:58� 10
4
, 3:16� 10

3
, 7:94� 10

2
,

1:25� 10
2

and 0.32. Write down the equilibria to which these values

correspond and determine a value of �Go
for each step. What can you conclude

about the overall reaction between ½CuðOH2Þ6�2þ and NH3?

The relationship between K and �Go is:

�Go ¼ �RT lnK

By applying this equation, we can determine values of �Go for the displace-

ments of the first five aqua ligands in ½CuðOH2Þ6�2þ by NH3.

For the first step:

½CuðOH2Þ6�2þðaqÞ þNH3ðaqÞ Ð ½CuðOH2Þ5ðNH3Þ�2þðaqÞ þH2OðlÞ

K ¼ 1:58� 104 lnK ¼ 9:67

More about �Go in Chapter
17; R = 8.314 J K�1 mol�1

"
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�Go ¼� ½ð8:314� 10�3 kJK�1 mol�1Þ � ð298KÞ � 9:67�

¼ � 24:0 kJ per mole of ½CuðOH2Þ6�2þ

Similarly for the next four steps:

½CuðOH2Þ5ðNH3Þ�2þðaqÞ þNH3ðaqÞ Ð ½CuðOH2Þ4ðNH3Þ2�2þðaqÞ þH2OðlÞ

�Go ¼ �20:0 kJmol�1

½CuðOH2Þ4ðNH3Þ2�2þðaqÞ þNH3ðaqÞ Ð ½CuðOH2Þ3ðNH3Þ3�2þðaqÞ þH2OðlÞ

�Go ¼ �16:5 kJmol�1

½CuðOH2Þ3ðNH3Þ3�2þðaqÞ þNH3ðaqÞ Ð ½CuðOH2Þ2ðNH3Þ4�2þðaqÞ þH2OðlÞ

�Go ¼ �12:0 kJmol�1

½CuðOH2Þ2ðNH3Þ4�2þðaqÞ þNH3ðaqÞ Ð ½CuðOH2ÞðNH3Þ5�2þðaqÞ þH2OðlÞ

�Go ¼ þ2:8 kJmol�1

These data illustrate two points:

. at 298K, it becomes increasingly less thermodynamically favourable to

replace successive H2O by NH3 ligands in ½CuðOH2Þ6�2þ;
. the displacement of the fifth ligand is thermodynamically unfavourable

because �Go for this step is positive.

An appreciation of stability constants is important for many biological and

medicinal applications of metal complexes. In Box 14.1, we described the use

of multidentate ligands to bind gadolinium(III) in MRI contrast agents. Free

Gd3þ ions are highly toxic, and therefore MRI contrast agents which are

administered to patients must possess high stability constants so that they

do not dissociate in vivo. Metal ions that are nutritionally important to plants

and/or animals include Kþ, Mg2þ, Ca2þ, Mn2þ, Fe2þ, Co2þ, Cu2þ and

Zn2þ. If these are administered as inorganic salts (for example, FeSO4),

the nutrient is not readily absorbed by the organism (see end-of-chapter

problem 23.32). With a carefully selected chelating ligand, metal ions can

be bound into metal complexes that are suitable for use as food supplements.

For animal or human consumption, the complex must exhibit a stability

constant that is large enough to withstand initial digestion, but small enough

that the metal ion can be extracted (e.g. in the intestine) and absorbed by the

body. Figure 23.19 shows a commercially available product used as a food

Fig. 23.19 A commercially
available copper(II) oral
supplement for horses.
Dr Malachy McCann, NUI
Maynooth, is gratefully
acknowledged for providing
the sample.
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supplement for horses. Sold under the tradename of a Metalosate1,§ this

source of copper is an amino acid chelate complex. The simplest amino acid

is glycine, the conjugate base of which is the glycinate ion (23.30). This acts as

an N,O-donor ligand, as can other amino acids (see Table 35.1). Other

commercial Metalosates include [Fe(23.30)2], available under the tradename

of Ferrochel1, as well as complexes containing Kþ, Mg2þ, Ca2þ, Mn2þ

and Zn2þ.

23.8 Hard and soft metals and donor atoms

We have already seen that some metal ions show a preference for particular

types of donor atoms. For example, early d-block metals form complexes

with cyclic ethers (oxygen donor atoms) but later metals prefer thioether

ligands (sulfur donor ligands). In this section we describe the concept of hard

and soft metals and donor atoms. This provides us with a method of

‘matching’ metal centres with appropriate ligand types.

Case study 1: iron(III) halide complexes

The displacement of an aqua ligand by a halide X� in ½FeðOH2Þ6�3þ is shown

in equation 23.34. The solution must be acidic in order to stabilize the hexa-

aquairon(III) ion. Equation 23.35 gives an alternative form of this equation,

where Fe3þ(aq) and [FeX]2þ(aq) signify hydrated ions. We include this

because the shorthand method of writing hydrated species is so widely

adopted, even though it provides less information about the identity of the

aqua-species.

½FeðOH2Þ6�3þðaqÞ þX�ðaqÞ Ð ½FeðOH2Þ5X�2þðaqÞ þH2OðlÞ ð23:34Þ

Fe3þðaqÞ þX�ðaqÞ Ð ½FeX�2þðaqÞ ð23:35Þ

Table 23.3 lists stability constants for the formation of [FeX]2þ(aq) for

X ¼ F, Cl, Br. The data indicate that formation of the fluoride complex is

highly favourable. Although the stability constants for [FeCl]2þ and [FeBr]2þ

are much smaller than for [FeF]2þ, the formation of the chloro and bromo

complexes is still favourable, but [FeBr]2þ is less stable than [FeCl]2þ with

respect to the hexaaqua ion.

The trend in [FeX]2þ(aq) complex stability is:

F� Cl > Br

(23.30)

§ For more information on Metalosates1, see www.albionminerals.com

Table 23.3 Stability constants for the formation of iron(III) and mercury(II) halides
[FeX]2þ(aq) and [HgX]þ(aq). The equilibria are defined in equations 23.35 and 23.36.

Metal ion Stability constant K1

X¼F X¼Cl X¼Br X¼ I

Fe3þ(aq) 1� 106 25.1 3.2 –

Hg2þ(aq) 10.0 5:0� 106 7:9� 108 7:9� 1012
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Case study 2: mercury(II) halide complexes

Equation 23.36 shows the reaction between a halide ion and a mercury(II)

aqua ion, and Table 23.3 gives stability constants for the [HgX]þ complexes

with different halo ligands.

Hg2þðaqÞ þX�ðaqÞ Ð ½HgX�þðaqÞ ð23:36Þ

For each halide, equilibrium 23.36 lies over to the right-hand side, and the

coordination of an iodo ligand to Hg2þ is the most favourable. The trend

in [HgX]þ(aq) complex stability is:

I > Br > Cl� F

Hard and soft metal ions and ligands

The two case studies above illustrate that while F� is the halide preferred by

aqueous Fe3þ, I� is the preferred ligand for Hg2þ. The fact that Fe3þ and

Hg2þ exhibit opposite trends in their preferences for halo ligands is not

unique to this pair of metal centres. The ions Sc3þ, Cr3þ, Co3þ and Zn2þ

behave in a similar manner to Fe3þ, while Cuþ, Agþ and Pt2þ behave

similarly to Hg2þ. Metal ions are classified as being either hard (class A) or

soft (class B) – Fe3þ is hard while Hg2þ is soft.

A hard metal ion has a high charge density. The consequence of this is that

the valence electrons of the metal ion are tightly held and the metal–ligand

bonding possesses a high degree of ionic character. This in turn has an effect

on the type of ligands with which the metal ion prefers to interact. A hard

metal ion will favour ligands containing donor atoms which are highly elec-

tronegative. Such ligands are termed hard ligands and include F� and Cl�

ions and O or N-donor atoms.

A soft metal ion has a low charge density. Such metal ions are easily

polarized and the metal–ligand bonding has a high covalent character. In

contrast to a hard metal, a soft metal ion favours ligands containing less

electronegative donor atoms and these include I� and S-donors.

Many metal–ligand interactions can be classified as being either hard–hard

(for example, iron(III)–fluoride ion) or soft–soft (for example, mercury(II)–

iodide ion). However, some metal ions and ligands are intermediate

in character and this permits them to be more versatile in their complex

formation than the limiting hard and soft metal ions and ligands. Table 23.4

lists representative hard, soft and intermediate metal ions and ligands;

the donor atoms in the ligands are highlighted in pink. Metal ions from

the s- and p-blocks, as well as the d-block, are included.

We can now appreciate why Sc3þ and Y3þ ions form complexes with the

oxygen donor atoms in ethers (Figures 23.9 and 23.10b), why F� and Cl�

ions form more stable complexes with Fe3þ ions than does I�, and why

iodo-mercury(II) complexes are more stable than fluoro-mercury(II)

compounds.

While the concept of ‘matching’ hard metal ions with hard ligands and

soft metal ions with soft ligands provides us with a means of understanding

why certain complexes are more favourable than others, it is not a foolproof

method of predicting whether a complex will form. For example, the reaction

of aqueous chromium(III) acetate with potassium cyanide gives the

Charge density and
polarization of ions:

see Section 8.18

"
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compound K3½CrðCNÞ6� which contains ½CrðCNÞ6�3� (23.31). This is

composed of a hard Cr3þ and soft cyano ligands.

23.9 The thermodynamic stability of hexaaqua metal ions

One of the usual characteristics of a d-block metal is that it possesses several

stable oxidation states. Exceptions include the group 12 metals zinc and

cadmium, which form compounds almost exclusively in the þ2 oxidation

state, and the group 3 metals (scandium, yttrium and lanthanum), which

predominantly form compounds in the þ3 oxidation state. In this section

we consider the reduction potentials of couples containing d-block metal

ions, and quantify some of the reduction–oxidation (redox) reactions that

are observed in aqueous solution.

Reduction potentials for hexaaqua metal ions

Table 23.5 lists values of Eo for selected couples involving first row d-block

metal ions. An important point to remember is that each metal ion is of the

type Mnþ(aq) and is an aqua ion. For example, Co2þ(aq) tells us we have an
aqueous solution of cobalt(II) ions, and indicates the presence of the complex

ion ½CoðOH2Þ6�2þ. Although we have made this point before, we reiterate it

here because the presence of ligands other than water can significantly influ-

ence the reduction potential of a metal–ion couple. For example, the value

for Eo Fe3þ(aq)/Fe2þ(aq) is þ0.77V and refers to half-reaction 23.37.

½FeðOH2Þ6�3þ þ e� Ð ½FeðOH2Þ6�2þ Eo ¼ þ0:77V ð23:37Þ

½FeðCNÞ6�3� þ e� Ð ½FeðCNÞ6�4� Eo ¼ þ0:36V ð23:38Þ

½FeðbpyÞ3�3þ þ e� Ð ½FeðbpyÞ3�2þ Eo ¼ þ1:03V ð23:39Þ

(23.31)

Table of reduction
potentials: see Appendix 12

"

Table 23.4 Representative hard, soft and intermediate d-block metal ions and ligands.
Donor atoms in the ligands are indicated in pink; ligands such as nitrate and sulfate ions
are oxygen donors and may be mono- or bidentate.

Hard metal ions Liþ, Naþ, Kþ, Be2þ, Mg2þ, Ca2þ, Mn2þ, Zn2þ, Al3þ, Sc3þ,
Cr3þ, Fe3þ, Co3þ, Ti4þ

Hard ligands F�, Cl�

H2O, [OH]�, [OR]�, ROH, R2O, [RCO2]
�, [SO4]

2�, [NO3]
�

NH3, RNH2

Intermediate metal ions Fe2þ, Co2þ, Ni2þ, Cu2þ, Ru3þ, Rh3þ, Ir3þ

Intermediate ligands Br�

C5H5N (pyridine), [NCS]�

Soft metal ions Tlþ, Cuþ, Agþ, Auþ, Hg2þ, Cd2þ, Pd2þ, Pt2þ

Soft ligands I�

[CN]�, CO
PR3

[NCS]�, [RS]�, RSH, R2S
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When an Fe3þ ion is surrounded by cyano or 2,2’-bipyridine ligands, their

presence markedly alters the ease (or not) with which the reduction of

Fe3þ to Fe2þ takes place (equations 23.38 and 23.39). The reasons for this

difference are beyond the scope of our discussion, but it is important

to remember that you can only apply the reduction potentials listed in

Table 23.5 to aqua ions, and that more detailed tables should be consulted

if other ligands are involved.

The reduction potential of a

couple such as Mnþ/Mmþ is

dependent upon the ligands

present in the coordination

shell of the metal ion.

Table 23.5 Selected standard reduction potentials (298K). The concentration of each
aqueous solution is 1mol dm�3, and the pressure of a gaseous component is 1 bar; for a
half-cell involving Hþ, Eo refers to a solution at pH 0, and for a half-cell involving [OH]�,
Eo
½OH��¼ 1 refers to pH 14.

Reduction half-equation Eo
or Eo

½OH��¼ 1 =V

Ti2þðaqÞ þ 2e� Ð TiðsÞ �1.63

Mn2þðaqÞ þ 2e� ÐMnðsÞ �1.19

Zn2þðaqÞ þ 2e� Ð ZnðsÞ �0.76

Fe2þðaqÞ þ 2e� Ð FeðsÞ �0.44

Cr3þðaqÞ þ e� Ð Cr2þðaqÞ �0.41

Ti3þðaqÞ þ e� Ð Ti2þðaqÞ �0.37

Co2þðaqÞ þ 2e� Ð CoðsÞ �0.28

V3þðaqÞ þ e� Ð V2þðaqÞ �0.26

Ni2þðaqÞ þ 2e� Ð NiðsÞ �0.25

Fe3þðaqÞ þ 3e� Ð FeðsÞ �0.04

2HþðaqÞ þ 2e� Ð H2ðg; 1 barÞ 0.00

Cu2þðaqÞ þ e� Ð CuþðaqÞ þ0.15

Cu2þðaqÞ þ 2e� Ð CuðsÞ þ0.34

O2ðgÞ þ 2H2OðlÞ þ 4e� Ð 4½OH��ðaqÞ þ0.40

CuþðaqÞ þ e� Ð CuðsÞ þ0.52

O2ðgÞ þ 2HþðaqÞ þ 2e� Ð H2O2ðaqÞ þ0.70

Fe3þðaqÞ þ e� Ð Fe2þðaqÞ þ0.77

AgþðaqÞ þ e� Ð AgðsÞ þ0.80

O2ðgÞ þ 4HþðaqÞ þ 4e� Ð 2H2OðlÞ þ1.23

½Cr2O7�2�ðaqÞ þ 14HþðaqÞ þ 6e� Ð 2Cr3þðaqÞ þ 7H2OðlÞ þ1.33

½MnO4��ðaqÞ þ 8HþðaqÞ þ 5e� ÐMn2þðaqÞ þ 4H2OðlÞ þ1.51

H2O2ðaqÞ þ 2HþðaqÞ þ 2e� Ð 2H2OðlÞ þ1.78

Co3þðaqÞ þ e� Ð Co2þðaqÞ þ1.92
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The stability of M2þ(aq) ions in aqueous solutions

In Section 23.6 we considered some hexaaqua ions of the first row d-block

metals. We stated that in aqueous solution, Ti2þ, V2þ and Cr2þ are readily

oxidized to Ti3þ, V3þ and Cr3þ respectively. We also saw that atmospheric

O2 can oxidize Fe2þ to Fe3þ. By considering the reduction potentials in

Table 23.5, we can quantify these observations.

Each of the Cr3þ(aq)/Cr2þ(aq), Ti3þ(aq)/Ti2þ(aq) and V3þ(aq)/V2þ(aq)
standard reduction potentials is negative and this means that the M2þ(aq)
ions liberate H2 from acidic solution; standard conditions mean that the

concentration of the acid is 1mol dm�3. Equations 23.40–23.42 illustrate this
for chromium(II).

Cr3þðaqÞ þ e� Ð Cr2þðaqÞ Eo ¼ �0:41V ð23:40Þ

2HþðaqÞ þ 2e� Ð H2ðgÞ Eo ¼ 0V ð23:41Þ

The value of Eo
cell for reaction 23.42 is 0.41V and from this, the change in

standard Gibbs energy can be determined (equation 23.43).

�Goð298KÞ ¼ �zFEo
cell ¼ �2� ð96 485Cmol�1Þ � ð0:41VÞ

¼ �79� 103 J per mole of reaction

¼ �79 kJ per mole of reaction ð23:43Þ

The negative value of �Go indicates that Hþ will oxidize acidic aqueous Cr2þ

to Cr3þ ions, i.e. the ½CrðOH2Þ6�2þ ion is not stable in acidic aqueous

solution. This means that even in the total absence of air, Cr2þ solutions

(acidic, aqueous) are unstable with respect to the evolution of H2 and for-

mation of Cr3þ. We know nothing per se about the rate of this reaction which

is actually quite slow. In the presence of air, oxidation by O2 occurs. Once

again, this makes Cr2þ unstable with respect to Cr3þ, but this time half-reac-

tions 23.44 and 23.45 are relevant. The value of Eo
cell for the overall reaction

23.46 is þ1.64V, and the change in standard Gibbs energy for the overall

reaction is calculated in equation 23.47.

Cr3þðaqÞ þ e� Ð Cr2þðaqÞ Eo ¼ �0:41V ð23:44Þ

O2ðaqÞ þ 4HþðaqÞ þ 4e� Ð 2H2OðlÞ Eo ¼ þ1:23V ð23:45Þ

�Goð298KÞ ¼ �zFEo
cell ¼ �4� ð96 485Cmol�1Þ � ð1:64VÞ

¼ �63:3� 104 J per mole of reaction

¼ �633 kJ per mole of reaction ð23:47Þ

As we saw in Chapter 18, reduction potentials that involve Hþ or [OH]�

ions are dependent on the pH of the solution and the values of �Go

determined above refer to standard conditions, i.e. pH 0 or pH 14 (see

Table 23.5). We leave it to the reader to consider the effects on �Go of

reducing the concentration of Hþ ions for either of reactions 23.42 and 23.46.

Predicting reactions
using values of Eo

cell:
see Section 18.3

For treatment of units,
see Chapter 18

"

"
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23.10 Colours

A characteristic feature of compounds of d-block metals is that they are often

coloured, although the colour may not be intense. Although dilute aqueous

solutions of potassium permanganate, K[MnO4], are intense purple, this

depth of colour should not be considered ‘normal’ for a d-block metal

compound. Blue crystals of copper(II) sulfate dissolve in water to give a pale

blue solution; the solution must be very concentrated before the colour can be

described as being intense. ‘Weakly’ and ‘intensely’ coloured solutions are

quantified by molar extinction coefficients.

The colours of the hexaaqua ions of the first d-block row metals are listed

in Table 23.6. The data illustrate that the colour depends not only on the

metal ion but also on the ligands present in the coordination sphere.

The fact that solutions containing complexes of the d-block metals are

coloured means that these species must absorb visible light. In Section 13.6,

we introduced this idea by considering the electronic spectrum of an aqueous

solution containing the ½TiðOH2Þ6�3þ ion. The spectrum exhibits a band with

�max ¼ 510 nm (corresponding to the absorbed light), and the observed colour

of aqueous Ti3þ ions is purple.

The electronic transitions that occur and give rise to the characteristic

colours of many d-block metal complexes are known as ‘d–d ’ transitions.

When an ion of a d-block element possesses partially filled d orbitals,

electronic transitions between d orbitals may occur. However, Zn2þ has a

filled 3d shell, and no electronic transitions are possible. This explains why

solutions of zinc(II) compounds are usually colourless.

We now come to two major problems:

. Are not d orbitals with the same principal quantum number degenerate? If

so, transitions between themmay not be accompanied by a change in elec-

tronic energy. The consequence of this is that no electronic spectrum

should be visible.

Molar extinction coefficient:
see Section 11.4

Complementary colours:
see Table 11.2

"

"

Table 23.6 Colours of some hexaaqua ions and other complex ions of the d-block metals.
Ligand abbreviations are given in Table 23.2.

Complex

ion

Observed colour in

aqueous solution

Complex

ion

Observed colour in

aqueous solution

[Ti(OH2)6]
3þ Violet [Zn(OH2)6]

2þ Colourless

[V(OH2)6]
3þ Green [Co(CN)6]

3� Yellow

[Cr(OH2)6]
3þ Violet [Co(en)3]

3þ Yellow

[Cr(OH2)6]
2þ Blue [Co(ox)3]

3� Dark green

[Fe(OH2)6]
2þ Pale green [Co(NH3)6]

3þ Orange

[Co(OH2)6]
2þ Pink [Cu(en)3]

2þ Blue

[Ni(OH2)6]
2þ Green [CoCl4]

2� Blue

[Cu(OH2)6]
2þ Blue
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. Are not ‘d–d ’ transitions disallowed by the Laporte selection rule? This

rule states that �l must change by þ1 or �1, and therefore a 3d ��" 3d

transition is disallowed because �l ¼ 0.

In the next section, we introduce a method of approaching the bonding in

d-block metal complexes and it provides us with a partial answer to the above

problems.

23.11 Crystal field theory

In Section 23.4, we considered the electroneutrality principle and saw that

neither a wholly ionic nor a wholly covalent bonding picture provided a

realistic charge distribution in the complex. Nonetheless, the assumptions

that ligands may be considered to be negative point charges and that there

is no metal–ligand covalent bonding are the bases for a model put forward

to explain, among other things, the electronic spectroscopic characteristics

of d-block metal complexes. The model is called crystal field theory and in this

section we apply it to octahedral complexes.§

Throughout this section, we focus on first row d-block metals and, there-

fore, on 3d orbitals. The discussions can be extended to second and third row

d-block metals involving 4d and 5d orbitals, respectively.

Crystal field splitting

Consider an octahedral metal complex ½ML6�nþ (Figure 23.20a) in which a

metal ion Mnþ is surrounded by six ligands. We can view this complex in

terms of a positively charged metal ion surrounded by six point negative

charges (the electrons on the ligands) as shown in Figure 23.20b. We must

remember, however, that the metal ion consists of a positively charged

nucleus surrounded by negatively charged electrons.

There are electrostatic attractions between the metal ion and the ligands.

However, as the ligands approach the d-block Mnþ ion, the electrons in

the d orbitals will be repelled by the point charges (the ligands). This has a

destabilizing effect upon the metal electrons. The valence electrons of a first

row d-block metal ion occupy the 3d atomic orbitals. If the electrostatic field

(termed the crystal field) were spherical, then all the metal ion 3d electrons

Laporte selection rule:
see Section 3.16

Point charges and
electrostatic interactions:

see Section 8.6

"

"

Fig. 23.20 (a) A structural
representation of an octahedral
complex [ML6]

nþ in which a
metal ion Mnþ is surrounded by
six neutral ligands L. (b) The
complex can be considered in
terms of six negative point
charges surrounding the
positively charged metal ion.
Remember that the metal ion Mnþ

contains a positively charged
nucleus surrounded by negatively
charged electrons.

§ Coordination geometries other than octahedral give different splittings of d orbitals. See for
example: C. E. Housecroft and A. G. Sharpe (2008) Inorganic Chemistry, 3rd edn, Prentice
Hall, Harlow, Chapter 21.
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would be destabilized to the same extent as shown in Figure 23.21. In an

octahedral complex ½ML6�nþ, the electrostatic field is not spherical but octa-

hedral. Before we look at how this changes the picture, we must recognize the

relationship between the shape of the ½ML6�nþ cation and the directionalities

of the five 3d orbitals.

Figure 23.22 shows that theM�L vectors may be defined so as to lie along a

set of Cartesian axes. This means that the 3dz2 orbital points directly at two of

the ligands (two axial L in Figure 23.22) and the 3dx2�y2 orbital points directly

at four of the ligands (the equatorial L in Figure 23.22). The three orbitals dxy,

dxz and dyz are related to one another and their lobes point between the

Cartesian axes, that is, between the ligands. Now consider the effect of placing

the metal ion at the centre of an octahedral crystal field. The electrons in the

3dz2 and 3dx2�y2 orbitals are repelled by the point charge ligands. The electrons

in the 3dxy, 3dxz and 3dyz orbitals are also repelled by the point charges, but

since these orbitals do not point directly at the ligands, the repulsion is less than

that experienced by the electrons in the 3dz2 and 3dx2�y2 orbitals. The net effect

is that the electrons in the 3dz2 and 3dx2�y2 orbitals are destabilizedwith respect

to a spherical field while those in the 3dxy, 3dxz and 3dyz orbitals are stabilized.

This is represented on the right-hand side of Figure 23.21. The final result is

that the 3d orbitals (which were originally degenerate) are split into two sets

– the 3dz2 and 3dx2�y2 orbitals form a higher energy set, and the 3dxy, 3dxz
and 3dyz orbitals make up a lower energy set. This is called crystal field

splitting.

The two sets of d orbitals of the metal ion in an octahedral complex

are conveniently labelled as the eg and the t2g sets. The eg set is doubly degen-

erate and consists of the 3dz2 and 3dx2�y2 orbitals. The t2g set is triply

degenerate and consists of the 3dxy, 3dxz and 3dyz orbitals (Figure 23.23a).

The energy difference between the eg and the t2g orbitals is called �oct

(pronounced ‘delta oct’).

See Box 23.5

"

Fig. 23.21 The changes in the energies of electrons occupying the 3d atomic orbitals of an ion Mnþ when the metal ion is
surrounded by a spherical crystal field and an octahedral crystal field. The energy changes are shown in terms of the orbital
energies.
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Crystal field theory is a purely electrostatic model which may be used to show

that the d orbitals in a d-metal ion complex are no longer degenerate. In an

octahedral complex, crystal field splitting results in there being two sets of d

orbitals:

Fig. 23.22 The six M�L bonds
in an octahedral complex
[ML6]

nþ may be defined as lying
along Cartesian axes. The
directionalities of the five d
orbitals can therefore be related
to the directions of the M�L
bond vectors. Although we
distinguish between axial and
equatorial ligands in the figure,
they are identical in an
octahedral [ML6]

nþ complex.
The orbitals have been generated
using the programOrbital Viewer
(David Manthey, www.orbitals.
com/orb/index.html).

Fig. 23.23 (a) In an octahedral field, the five d orbitals split into two sets: the higher energy eg set is doubly degenerate and
consists of the 3dz2 and 3dx2 � y2 orbitals, while the lower energy t2g set is triply degenerate and consists of the 3dxy, 3dxz and
3dyz orbitals. (b) In a free, gaseous Ni2þ ion, the 3d orbitals are degenerate and the eight valence electrons occupy them according
to the Pauli exclusion principle. (c) In an octahedral complex such as [Ni(OH2)6]

2þ, the 3d orbitals are split into the t2g and eg sets
and the eight valence electrons of the Ni2þ ion do not all possess the same orbital energy.
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Electronic configurations

So far, we have written the ground state electronic configuration of a d-block

metal ion in terms of occupying a degenerate set of five d orbitals. Indeed, this

is correct for the free, gaseous ion such as Ni2þ (Figure 23.23b), but what

happens in ½NiðOH2Þ6�2þ?
In an octahedral complex, the metal d orbitals can be considered in terms

of the t2g and eg sets (Figure 23.23a) and when the eight valence electrons of

the Ni(II) ion in ½NiðOH2Þ6�2þ occupy the five 3d orbitals, they do so

such that two of the electrons are at a higher energy than the other six

(Figure 23.23c). The d8 configuration can be more informatively written as

t2g
6eg

2. Figure 23.24 shows the occupancy of the 3d orbitals of Fe2þ (d6) in

½FeðCNÞ6�4� and of Mn2þ (d5) in ½MnðCNÞ6�4�; the configurations are

t2g
6eg

0 and t2g
5eg

0 respectively.

Strong and weak field ligands: the spectrochemical series

The energy gap �oct is a measure of the electrostatic repulsions between the

metal d electrons and the point charge ligands. Some ligands cause a greater

splitting of the d orbitals than others. Ligands that cause a large crystal field

splitting are called strong field ligands and [CN]� is an example. Conversely,

the interaction of a metal ion with weak field ligands results in a smaller

splitting of the d orbitals. The ordering of ligands according to their ability

with respect to crystal field splitting is given by the spectrochemical series

in which I� is the weakest field ligand.

THEORY

Box 23.5 The eg and t2g labels

We will not delve deeply into the origins of the t2g and

eg labels but it is useful to be aware of the following:

. A triply degenerate level is labelled t.

. A doubly degenerate level is labelled e.

. The subscript g means gerade, German for ‘even’.

. The subscript u means ungerade, German for

‘odd’.
. Gerade and ungerade designate the behaviour

of the wavefunction under the operation of

inversion.

Fig. 23.24 The arrangements of the 3d electrons in the octahedral complexes (a) [Fe(CN)6]
4� and (b) [Mn(CN)6]

4�.
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The spectrochemical series orders ligands according to their ability with respect

to crystal field splitting:

I� < Br� < ½NCS�� < Cl� < F� < ½OH�� < ½ox�2� � H2O < ½NCS�� < NH3 < en < ½CN�� < CO

weak field ligands strong field ligands

In this series, note that the [NCS]� ligand has two positions depending upon

whether it is N-bonded or S-bonded to the metal ion.

High- and low-spin electronic configurations

For metal ions with d4, d5, d6 or d7 configurations, it is possible for the

electrons to be arranged in the five d orbitals in two different ways

(Figure 23.25). Consider the d4 case. If the value of �oct is relatively small,

it may be energetically favourable to adopt the high-spin t2g
3eg

1 configuration

rather than the low-spin t2g
4 in which there are significant electrostatic

repulsions between the electrons paired in the same t2g orbital. The adoption

of a high- or low-spin metal ion will depend upon the relative magnitudes of

the spin-pairing energies and �oct.

It follows that strong field ligands which cause the greatest splitting of the

d orbitals will tend to give rise to low-spin electronic configurations.

Similarly, weak field ligands may lead to high-spin configurations. In

Figure 23.24, the configurations for ½FeðCNÞ6�4� and ½MnðCNÞ6�4� are low-

spin, consistent with the fact that ½CN�� is a strong field ligand.We emphasize

that it is not possible to predict with complete certainty which of the high- or

low-spin configurations will be observed in practice, and in Section 23.13 we

look at experimental data that can distinguish between them.

Worked example 23.5 High- and low-spin configurations

In an octahedral complex, why can the Ti
3þ

ion have only one electronic

configuration in its ground state?

Titanium is in group 4 and the electronic configuration of Ti3þ is [Ar]3d1.

In an octahedral field, the 3d orbitals split and the single electron occupies

the t2g level. If this electron is promoted to the eg level, it would be at the

expense of completely vacating the lower energy t2g orbitals and therefore

the configuration shown is the only one available for the Ti3þ ion in its

ground state.

A similar argument can be applied to show that d2 and d3 configurations

can each have only one arrangement in their ground states.
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23.12 Electronic spectra

‘d–d ’ Transitions

The crystal field splitting of the d orbitals in an octahedral complex leads us

to a qualitative understanding as to why such complexes are coloured. If the

t2g and eg sets of five d orbitals are partially occupied as is the case for

½NiðOH2Þ6�2þ (Figure 23.23c), it would appear to be possible for an electron

from the lower t2g level to undergo a transition to the eg level.

Fig. 23.25 High- and low-spin arrangements of electrons for the d4, d5, d6 and d7 configurations. Only one electron can be
promoted from the t2g to eg level in the d4 and d7 cases, but two can be promoted for d5 and d6. (Why is this?)
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There is, however, a problem – a ‘d–d ’ transition is forbidden by the

Laporte selection rule, i.e. it is Laporte forbidden. The observed electronic

spectra of d-block complexes are consistent with the fact that ‘d–d ’ transi-

tions appear to occur. In fact the selection rule is absolutely obeyed and

‘d–d ’ transitions are strictly forbidden. However, the picture of the interac-

tions that we developed in Section 23.11 is overly simplistic. In practice, spec-

troscopic transitions do occur.§ In this text we shall simply relate �oct to the

spectroscopic transitions that are observed.

The relationship between �max and �oct

In this section, we look more closely at how the energy gap between the t2g and

eg levels influences the value of �max in the electronic spectrum of a complex.

The ½TiðOH2Þ6�3þ ion absorbs light at 510 nm. The aqua ligand is relatively

weak field and �oct is correspondingly small. Exchanging H2O for even

weaker field Cl� or Br� ligands gives ½TiCl6�3� and ½TiBr6�3� respectively.

In these anions the energy gap between the t2g and eg levels is smaller than

in ½TiðOH2Þ6�3þ. We expect therefore that the light absorbed by these halo-

complexes should be of a longer wavelength (equation 23.48) than that

absorbed by ½TiðOH2Þ6�3þ. Indeed the observed values of �max for

½TiCl6�3� and ½TiBr6�3� are 780 and 850 nm respectively.

E ¼ h� or E / 1

�
ð23:48Þ

Although we have talked in terms of the field strength of the ligands to gain

insight into the spectroscopic properties of these complexes, it is in fact the

opposite arguments that allow us to construct the spectrochemical series in

the first place!

23.13 Magnetism: the spin-only formula

High- and low-spin configurations: how many unpaired electrons?

We have already seen that the presence of strong or weak field ligands in an

octahedral complex may result in a change from low- to high-spin electronic

arrangements for the d4, d5, d6 and d7 configurations. If we consider the

high- and low-spin configurations of the d4 ion Cr2þ, Figure 23.25 ilustrates

that the difference between them is the number of unpaired electrons. A low-

spin Cr2þ ion possesses two unpaired electrons but a high-spin ion has four.

This distinction gives rise to differences in the magnetic properties of the two

ions. In this section we look at the relationship between the effective magnetic

moment of a complex and the number of unpaired electrons present.

The Gouy balance

Several experimental methods can be used to determine effective magnetic

moments. These include the Gouy balance (Figure 23.26), the Faraday

Laporte selection rule: see
Section 3.16

"

§ For a more detailed discussion of how ‘d–d ’ electronic spectra arise, see M. Gerloch and E. C.
Constable (1994) Transition Metal Chemistry: The Valence Shell in d-Block Chemistry, VCH,
Weinheim; C. E. Housecroft and A. G. Sharpe (2008) Inorganic Chemistry, 3rd edn, Prentice
Hall, Harlow, Chapter 21.
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THEORY

Box 23.6 Ferromagnetic and antiferromagnetic interactions

In the discussion of magnetic properties in the main

text, we assume that paramagnetic metal centres in a

compound do not interact with one another. This is

often true if the paramagnetic centres are well separated

from each other. In this case, the sample is said to be

magnetically dilute. For a paramagnetic material, the

magnetic susceptibility, w, is inversely proportional to

temperature, T. This is given by the Curie law:

When the paramagnetic centres are very close together

(e.g. in a bulk metal) or are separated by, for example, a

ligand that can transmit magnetic interactions, the

metal centres may couple with one another. In a ferro-

magnetic material, large domains of magnetic dipoles

are aligned in the same direction. In an antiferromag-

netic material, neighbouring magnetic dipoles are

aligned in opposite directions. A material may exhibit

ferromagnetic or antiferromagnetic behaviour below a

characteristic temperature, and plots of w against tem-

perature are as follows, where TC and TN are called

the Curie temperature and the Néel temperature,

respectively. Above the Curie or Néel temperatures,

the material shows paramagnetic behaviour:

Interaction between electrons on different metal centres

causes their spins to become aligned but the electrons

do not pair up so as to form a covalent bond.

The salt [Ni(en)2]3[Fe(CN)6]2:2H2O is an example of a

ferromagnetic material. In the solid state, X-ray diffrac-

tion studies show that the nickel(II) and iron(III) centres

are connected by bridging cyanido ligands and each

metal is 6-coordinate. The structure consists of intercon-

nected helical chains (see below). The ferromagnetism

arises because the cyanido-bridges allow the iron and

nickel centres to communicate electronically with one

another.

Colour code: Fe, green; Ni, red; N, blue; C, grey.

[X-ray diffraction data: M. Ohba et al. (1994) J. Am. Chem. Soc., vol. 116, p. 11566.]
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balance and the most modern method that uses a SQUID (superconducting

quantum interference device). The basis of the simple Gouy method is the

interaction of unpaired electrons with a magnetic field. If a material is

diamagnetic (all electrons paired) it is repelled by a magnetic field, but a

paramagnetic material (possessing one or more unpaired electrons) is

attracted by it.

Figure 23.26 schematically illustrates the apparatus used in the Gouy

method. The compound under study is contained in a glass tube which is

suspended from a balance on which the weight of the sample can be recorded.

The glass tube is positioned so that one end of the sample lies at the point of

maximum magnetic flux in an electromagnetic field. This is initially switched

off. An electromagnet is more convenient to use than a permanent magnet

because the field can be switched on and off. The other end of the sample lies

at a point of low magnetic flux. When the magnetic field is applied, paramag-

netic compounds are attracted into it, and the extent of attraction depends

upon the number of unpaired electrons. The attraction causes a change in

the weight of the sample and from these readings, it is possible to determine

themagnetic susceptibility, �, of the compound. (The details of the derivation

are beyond the scope of this text.) Usually, values of the effective magnetic

moment are reported in the chemical literature rather than values of �, and

the two quantities are related by equation 23.49.

�eff ¼ 2:828
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�m � T

p
ð23:49Þ

where: �eff ¼ effective magnetic moment in units of Bohr magnetons (�B),

�m ¼ molar magnetic susceptibility,

T ¼ temperature in kelvin

Equation 23.49 applies to Gaussian (non-SI) units.

We shall only be concerned with values of �eff , the units of which are Bohr

magnetons (�B). Experimental values of the effective magnetic moments of

selected octahedral complexes are listed in Table 23.7 and are compared with

calculated values which we discuss below.

The spin-only formula

There are two effects that contribute towards the paramagnetism of a species:

the electron spin and the orbital angular momentum. For octahedral

Diamagnetism and
paramagnetism:
see Section 4.18

"

Fig. 23.26 Schematic
representation of a Gouy
balance.
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complexes involving first row d-block metals, it is approximately true that the

value of �eff can be estimated by assuming that the contribution made by the

orbital angular momentum is negligible. Equation 23.50 is the spin-only

formula and shows a simple dependence of the spin-only magnetic moment

on the number of unpaired electrons, n.

Spin-only magnetic moment ¼ �(spin-only) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nðnþ 2Þ

p
ð23:50Þ

where n ¼ number of unpaired electrons

In equation 23.50, we write the spin-only formula in terms of the number of

unpaired electrons, n. An alternative form of the equation is in terms of the

total spin quantum number, S.

In Section 3.10, we saw that the spin quantum number s determines the

magnitude of the spin angular momentum of an electron and has a value

of 1
2
. The total spin quantum number S is given by:

Number of unpaired electrons: 1 2 3 4 5

Total spin quantum number, S: 1
2

1 3
2

2 5
2

Since:

S ¼ n� 1

2
¼ n

2
or n ¼ 2� S

we can rewrite the spin-only formula in the form:

�ðspin-onlyÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Sð2S þ 2Þ

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4SðS þ 1Þ

p
¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SðS þ 1Þ

p
For high-spin Cr2þ (d4), there are four unpaired electrons (Figure 23.25)

and the spin-only value of � is calculated to be 4.90�B (equation 23.51).

�(spin-only) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nðnþ 2Þ

p
¼

ffiffiffiffiffiffiffiffiffiffiffi
4� 6
p

¼
ffiffiffiffiffi
24
p

¼ 4:90�B ð23:51Þ

Table 23.7 Experimentally determined values of the effective magnetic moments of
selected octahedral complexes and values of � calculated using the spin-only formula
(equation 23.50). Ligand abbreviations are listed in Table 23.2.

Compound Experimental �eff /�B Spin only � /�B

K4[Mn(CN)6] 2.18 1.73

[VCl4(bpy)] 1.77 1.73

K3[V(ox)3] 2.80 2.83

K2[Mn(CN)6] 3.94 3.87

[MnCl4(bpy)] 3.82 3.87

[Cr(en)3]Br2 4.75 4.90

[Cr(dien)2]Cl2 4.81 4.90

K3[Fe(ox)3] 5.95 5.92
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Measured effective magnetic moments are used to distinguish between high-

and low-spin configurations. In a low-spin configuration, Cr2þ (d4) has only

two unpaired electrons (Figure 23.25) and the observed value of �eff is

expected to be close to 2.83�B.

Worked example 23.6 Effective magnetic moments

The experimentally determined magnetic moment of the compound [V(en)3]Cl2
is 3.84�B. How many unpaired electrons are present?

[V(en)3]Cl2 contains the complex cation [V(en)3]
2þ.

The effective magnetic moment can be estimated by using the spin-only

formula:

�(spin-only) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nðnþ 2Þ

p
Rather than substituting in the experimental value of �eff , it is quicker

to test values of n (which can only be 1, 2, 3, 4 or 5) in the spin-only

formula.

If n ¼ 3:

�(spin-only) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ð3þ 2Þ

p
¼

ffiffiffiffiffi
15
p

¼ 3:87�B

This value is close to the experimental value of �eff and so there are three

unpaired electrons on the vanadium centre in ½VðenÞ3�2þ.
This is consistent with V2þ with electronic configuration [Ar]3d 3.

As the data in Table 23.7 illustrate, the spin-only formula is a fairly good

approximation for octahedral complexes containing first row d-block metal

ions. However, you should appreciate that the fit between the spin-only

and measured effective magnetic moments varies and the values for

K4½MnðCNÞ6� and ½VCl4ðbpyÞ� illustrate this. Complexes with other

geometries or containing second and third row d-block metals usually show

much larger deviations from the spin-only formula. Second and third row

complexes are generally low-spin, but with magnetic moments significantly

lower than the spin-only formula predicts.

23.14 Metal carbonyl compounds

The discussion in this chapter has focused on complexes of M2þ and M3þ

ions with ligands that donate electrons, and we have seen that the electro-

neutrality principle can be used to assess reasonable charge distributions.

In this final section, we introduce another group of complexes called metal

carbonyl compounds which are representative of the much larger class of

organometallic compounds.§

§ For a more detailed introduction to organometallic compounds, see: C. E. Housecroft and
A. G. Sharpe (2008) Inorganic Chemistry, 3rd edn, Prentice Hall, Harlow, Chapter 24.

Metal carbonyl compounds 869



 

The carbon monoxide ligand

Carbon monoxide is a Lewis base and we have already seen that its toxicity is

due to the fact that it binds more strongly to the iron centres in haemoglobin

than does O2. Carbon monoxide also forms complexes with low oxidation

state metals from the d-block. Its Lewis basicity arises from the properties

of the highest occupied molecular orbital (HOMO) in the CO molecule

(Figure 23.27). This MO consists largely of carbon character and may be

considered to be a carbon-centred lone pair. The lowest unoccupied

molecular orbitals (LUMO) in CO are a degenerate set of �� orbitals, again
with more carbon than oxygen character, and one of the orbitals is shown in

Figure 23.27.

The low oxidation state metal centre

By low oxidation state, we usually think in terms of a metal(0) centre but we

shall also include metals in oxidation states þ1, �1 and �2. In iron penta-

carbonyl, Fe(CO)5, the iron centre is in an oxidation state of zero, and in

½FeðCOÞ4�2�, the oxidation state is �2.
In a metal carbonyl compound such as [Cr(CO)6] (23.32), each CO ligand

can donate a pair of electrons to the metal centre. However, this greatly

increases the negative charge at the metal. This �-interaction is shown for

one Cr�CO interaction in Figure 23.28a; the metal orbital involved is one

of the eg orbitals, exemplified here by the dz2 orbital.

By Pauling’s electroneutrality principle, the distribution of charge in a

molecule or ion is such that the charge on any single atom is ideally close

to zero. Since the chromium centre in [Cr(CO)6] bears no formal charge,

we appear to be saying that it is unfavourable for the chromium atom to form

coordinate bonds with the six carbonyl ligands because this would give a

formal charge at the Cr(0) centre of �6. How does the molecule cope with

this situation?

CO: a �-acceptor ligand

We used the electroneutrality principle to introduce partially ionic metal–

ligand bonding with higher oxidation state metal ions. However, with the

Haemoglobin: see Box 5.2

Bonding in CO:
see Section 5.14

(23.32)

"

"

Fig. 23.27 The highest occupied
molecular orbital (HOMO) and
one of the two degenerate lowest
unoccupied molecular orbitals
(LUMO) of carbon monoxide.
The upper diagrams show
representations of the MOs
and have been generated
computationally using
Spartan ’04, # Wavefunction
Inc. 2003.
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[Cr(CO)6] molecule, no degree of ionic character will remove the negative

charge that appears to have built up on the electropositive Cr(0) centre.

We need another means of removing this negative charge from the metal.

The key to the success of CO in stabilizing low oxidation state metal

centres is its ability to act as an acceptor ligand. The low-lying �� orbitals
can overlap with the occupied t2g orbitals of the metal centre and the result

is the formation of a coordinate �-bond in which electrons from the metal are

donated to the ligand (Figure 23.28b).

The �-interaction operates in addition to the �-interaction shown in

Figure 23.28a. The overall effect is that the negative charge that builds up

on the chromium centre as a result of the formation of six metal–carbon

�-bonds is redistributed back to the ligands as a consequence of the metal–

carbon �-bonds. This is called a synergic effect and the bonding theory

summarized in Figure 23.28 is called the Dewar–Chatt–Duncanson model.

Infrared spectroscopic evidence for �-back donation

The back donation of electrons from a metal to CO ligand involves electrons

being transferred to a carbon–oxygen �� MO. This orbital has C�O antibond-

ing character. Occupancyof theC�O�� orbitalweakens theC�Obondand the

result is readily observedusing IR spectroscopy.There is a reduction in the value

of the C�Ovibrational wavenumber in going from free CO to coordinatedCO.

Table 23.8 lists values of ��CO for two series of isoelectronic complexes. In the

spectrum of gaseous CO, an absorption is observed at 2143 cm�1. The values

Synergic means
‘working together’

"

Fig. 23.28 (a) The formationof one chromium–carbon�-bond, and (b) the formationof a chromium–carbon�-bond in [Cr(CO)6].
The electronic charge is transferred in opposite directions in the two interactions, and the overall effect is a synergic interaction.

Table 23.8 Infrared spectroscopic data for two series of isoelectronic metal carbonyls.

Octahedral complex ��CO / cm
�1

Tetrahedral complex ��CO / cm
�1

[Mn(CO)6]
þ 2090 [Ni(CO)4] 2060

[Cr(CO)6] 2000 [Co(CO)4]
� 1890

[V(CO)6]
� 1860 [Fe(CO)4]

2� 1790
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in Table 23.8 show that, for an isoelectronic series of carbonyl complexes, the

amount of back donation increases with an increase in formal negative charge

of the complex. For example, back donation increases along the series

½VðCOÞ6�� > ½CrðCOÞ6� > ½MnðCOÞ6�þ. This means that values of ��(CO)

follow the order ½VðCOÞ6�� < ½CrðCOÞ6� < ½MnðCOÞ6�þ.

Shapes of mononuclear metal carbonyl complexes

The Kepert model can successfully be applied to mononuclear metal

carbonyl complexes. Binary carbonyl complexes with four ligands are

tetrahedral, with five ligands are trigonal bipyramidal and with six ligands

are octahedral, and the structures of the neutral compounds ½NiðCOÞ4�,
½FeðCOÞ5� and ½CrðCOÞ6� are shown in Figure 23.29. The anions

½CoðCOÞ4�� and ½FeðCOÞ4�2� are isoelectronic and isostructural with

½NiðCOÞ4�. Similarly ½MnðCOÞ5�� is related to ½FeðCOÞ5�. ½MnðCOÞ6�þ and

½VðCOÞ6�� are isostructural with ½CrðCOÞ6�.

The 18-electron rule

Low oxidation state metal carbonyl (and, more generally, organometallic)

complexes tend to obey the 18-electron rule, thereby utilizing all the valence

atomic orbitals of the metal. For a first row metal, these are the 4s, 3d and 4p

orbitals. The involvement of all nine atomic orbitals arises because of the

formation of both M–CO 	-bonds, and �-interactions (i.e. back donation).

The bonding scheme in Figure 23.28 is an over-simplification because it

considers a single M–CO interaction. In an octahedral complex such as

[Cr(CO)6], the formation of six M–C 	-bonds involves the metal 4s, 4p, 3dz2 ,

The Kepert model:
see Sections 6.8–6.10

"

Fig. 23.29 The structures of the binary metal carbonyl compounds (a) [Ni(CO)4], (b) [Fe(CO)5] and (c) [Cr(CO)6].
Colour code: Ni, blue; Fe, green; Cr, yellow; C, grey; O, red. [X-ray diffraction data: [Ni(CO)4], D. Braga et al. (1993)

Organometallics, vol. 12, p. 1481; [Fe(CO)5], A. W. Hanson (1962) Acta Crystallogr., vol. 15, p. 930; [Cr(CO)6], A. Whitaker
et al. (1967) Acta Crystallogr., vol. 23, p. 977.]
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3dx2�y2 orbitals (six atomic orbitals) while theM–CO�-interactions involve the

metal 3dxy, 3dxz and 3dyz orbitals (three atomic orbitals). The nine molecular

orbitals resulting from these 	- and �-interactions tend to be completely occu-

pied by 18 electrons. Consider [Cr(CO)6]. The Cr atom (group 6) is in oxidation

state 0 and provides six valence electrons. EachCO ligand is a 2-electron donor,

these electrons coming from the HOMO (Figure 23.27). There are therefore

18 valence electrons available in [Cr(CO)6] (equation 23.52).

Total number of valence electrons in ½CrðCOÞ6� ¼ 6þ ð6� 2Þ ¼ 18 ð23:52Þ

The number of CO ligands with which a metal combines to give a metal car-

bonyl complex obeying the 18-electron rule is dictated by the number of

valence electrons provided by the metal. For example, Ni(0) (group 10) has

10 valence electrons and only requires eight more electrons to satisfy the

18-electron rule; eight electrons are provided by four CO ligands and Ni(0)

forms [Ni(CO)4]. Equation 23.53 shows that [Fe(CO)5] obeys the 18-electron

rule (Fe is in group 8).

Total number of valence electrons in ½FeðCOÞ5� ¼ 8þ ð5� 2Þ ¼ 18 ð23:53Þ

Worked example 23.7 Applying the 18-electron rule

Show that [Fe(CO)4]
2�

obeys the 18-electron rule.

Fe is in group 8 and Fe(0) provides 8 valence electrons.

Each CO ligand provides 2 electrons.

The 2� charge provides 2 electrons.

Total number of valence electrons in ½FeðCOÞ4�2� ¼ 8þ ð4� 2Þ þ 2 ¼ 18

The 18-electron rule is not always obeyed. For example, second and

third row, late d-block metals, e.g. Rh, Ir, often form 16-electron complexes.

However, if we confine our attention to binary carbonyls of the middle first

row d-block metals, then for the most part, complexes do obey the rule and

this allows us to rationalize the number of carbonyl ligands present.

SUMMARY

This chapter has introduced some of the basic concepts of the coordination chemistry of the d-block
metals, with an emphasis on the elements in the first row. We have also looked briefly at the special
properties of the CO ligand that make it able to stabilize low oxidation state metal centres and have
introduced the 18-electron rule.

Do you know what the following terms mean?

. coordinate bond

. coordination number

. ligand

. monodentate

. bidentate

. polydentate

. donor atom

. chelate

. electroneutrality principle

. stereoisomers

. enantiomers

. racemate

. hexaaqua ion

. ammine complex

. nuclearity of a complex
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. hard and soft donor atoms

. hard and soft metal ions

. crystal field splitting

. �oct

. strong and weak field ligand

. spectrochemical series

. high-spin and low-spin
complexes

. spin-only formula

. �-acceptor ligand

. synergic effect

. Dewar–Chatt–Duncanson
model

. 18-electron rule

You should now be able:

. to know the symbols and names of the first row
d-block metals

. to write down the elements in sequence in the
first row of the d-block

. to write down the ground state electronic
configuration of metal atoms and ions in the
first row of the d-block

. to recognize potential donor atoms in a ligand

. to recognize how flexible a ligand may be in
terms of its ability to adopt different
conformations

. to draw structures of representative ligands
including py, [NCS]2, en, dien, bpy, phen,
[acac]2 and [edta]42

. to estimate the charge distribution in a complex
of the type [ML6]n1

. to work out the possible isomers of a given
complex

. to explain why some aqua ions are acidic in
aqueous solution

. to give representative preparative routes to
selected complexes

. to suggest possible products from complex-
forming reactions, including isomers

. to write down an expression for the stability
constant (stepwise or overall) of a complex

. to obtain values of �G o from stability constant
data

. to use the concept of hard and soft metal
ions and ligands to suggest reasons for the

preferences shown in the formation of some
complexes

. to use values of Eo to assess the stability of an
aqueous ion in solution with respect to
oxidation by, for example, Hþ or O2,
recognizing the restrictions that working under
standard conditions imposes

. to explain why the d-orbitals are not
degenerate in an octahedral complex

. to write down the electronic configuration of a
given metal ion in an octahedral environment

. to understand the effects that the presence of
strong and weak field ligands have on the
electronic configuration of a metal ion in an
octahedral environment

. to describe a method of measuring the effective
magnetic moment of a complex

. to estimate the magnetic moment of complexes
containing a first row d-block metal ion

. to estimate the number of unpaired electrons
present given a value of �eff

. to discuss the molecular orbital properties of CO
that lead to its ability to act as a�-acceptor ligand

. to outline the bonding in a mononuclear metal
carbonyl compound in terms of the interactions
in a single M�CO unit

. to explain what spectroscopic evidence
supports the Dewar–Chatt–Duncanson model

. to apply the 18-electron rule to mononuclear
metal carbonyl complexes

PROBLEMS

Refer to Table 23.2 for ligand abbreviations.

23.1 Draw radial distribution curves for the 4s and 3d

atomic orbitals. How is an electron in a 4s orbital

affected by an increase in nuclear charge? How is

an electron in a 3d orbital affected by an increase in

nuclear charge?

23.2 Write down the ground state electronic

configurations of the following atoms and ions:

(a) Fe; (b) Fe3þ; (c) Cu; (d) Zn2þ; (e) V3þ; (f) Ni;

(g) Cr3þ; (h) Cuþ.

23.3 Copy the structures of each of the following

ligands. Indicate which atoms are potential
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donor sites. Which ligands could be

chelating?

23.4 What is the oxidation state of the metal in the

following complexes?

(a) ½CoCl4�2�
(b) ½FeðCNÞ6�3�
(c) ½Niðgly-N,OÞ3��
(d) ½FeðbpyÞ3�3þ
(e) ½CrðacacÞ3�
(f) ½CoðOH2Þ6�2þ
(g) ½NiðenÞ3�2þ
(h) ½NiðedtaÞ�2�
(i) ½CuðoxÞ2�2�
( j) ½CrðenÞ2F2�þ

23.5 Use the Kepert model to suggest structures for the

following complexes. Could any of these complexes

possess stereoisomers? If so, suggest which isomer

might be favoured (none of the 4-coordinate

complexes is square planar):

(a) ½ZnðOHÞ4�2�
(b) ½RuðNH3Þ5ðNCMeÞ�2þ
(c) ½CoBr2ðPPh3Þ2�
(d) ½WBr4ðNCMeÞ2�
(e) ½ReClðCOÞ3ðpyÞ2�
(f ) ½CrðNPr2Þ3�
(g) ½CrCl3ðNMe2Þ2�
[Hint: ½Pr2N�� and ½Me2N�� are amido ligands,

isoelectronic with an ether R2O.]

23.6 Estimate the charge distribution over the metal and

donor atoms in the complex ions (a) ½FeðbpyÞ3�2þ
and (b) ½CrF6�3�.

23.7 Draw the stereoisomers of (a) octahedral

½MnðOH2Þ2ðoxÞ2�2�, (b) octahedral
½CoðOH2ÞðNH3ÞðenÞ2�3þ, (c) square planar
½NiCl2ðPMe3Þ2� and (d) octahedral ½CrCl3ðdienÞ�.

23.8 Draw the structures of the isomers of octahedral

½NiðglyÞ3��.

23.9 Which of the following octahedral complexes

possess enantiomers?

(a) ½FeðoxÞ3�3�
(b) ½FeðenÞðOH2Þ4�2þ
(c) cis-½FeðenÞ2ðOH2Þ2�2þ
(d) trans-½FeðenÞ2ðOH2Þ2�2þ

(e) ½FeðphenÞ3�3þ
(f) ½CoðbpyÞðCNÞ4��

23.10 For each complex, state whether there are isomers

and if so, draw the structures and give them

appropriate distinguishing labels.

(a) square planar [PtCl3(NH3)]
�

(b) tetrahedral [CoBr2(PPh3)2]

(c) octahedral [Ni(edta)]2�

(d) octahedral [CoCl2(en)2]
þ

23.11 (a) What is the oxidation state of Cr in

[CrCl2(OH2)4]Cl:2H2O? (b) Draw the structures

of the isomers of the complex cation in

[CrCl2(OH2)4]Cl:2H2O. (c) What other types of

isomerism may [CrCl2(OH2)4]Cl:2H2O exhibit?

23.12 Both tpy and dien act as tridentate ligands. Discuss

possible isomerism in complexes of the type

[M(tpy)2]
2þ and [M(dien)2]

2þ.

23.13 Suggest possible products (including isomers if

appropriate) for the following reactions:

(a) ½NiðOH2Þ6�2þ þ 3enÐ
(b) ½CoðOH2Þ6�2þ þ 3phenÐ
(c) VCl4 þ 2pyÐ
(d) ½CrðOH2Þ6�3þ þ 3½acac�� Ð
(e) ½FeðOH2Þ6�2þ þ 6½CN�� Ð
(f) FeCl2 þ 6NH3 Ð

23.14 Figure 23.30 shows the variation in molar

conductivity for the series of compounds

½CoðNH3Þ6�Cl3, ½CoðNO2ÞðNH3Þ5�Cl2,
½CoðNO2Þ2ðNH3Þ4�Cl, ½CoðNO2Þ3ðNH3Þ3� and
K½CoðNO2Þ4ðNH3Þ2� in aqueous solutions.

Suggest reasons for the observed trend.

23.15 Write down expressions for the equilibrium

constants for reactions 23.23–23.27. Use these

expressions and that in equation 23.22 to show that

Fig. 23.30 For problem 23.14.
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the overall stability constant for ½ML6�2þ, �6 is
given by the equation:

�6 ¼ K1 � K2 � K3 � K4 � K5 � K6

and that

log �6 ¼ logK1 þ logK2 þ logK3

þ logK4 þ logK5 þ logK6

where K1 is the equilibrium constant for the

replacement of the first ligand, and K2 refers

to the second step, etc.

23.16 The overall stability constant for the formation

of ½CoðOH2Þ4ðNH3Þ2�2þ from ½CoðOH2Þ6�2þ
is 5:0� 103, whereas for the formation of

½CoðOH2Þ4ðenÞ�2þ, K1 ¼ 1:0� 106 (both at 298K).

Determine values of �Go for these reactions. Is it

more or less favourable to replace two aqua ligands

in ½CoðOH2Þ6�2þ by two ammine ligands or one

ethane-1,2-diamine ligand? Suggest a reason for

this difference.

23.17 (a) Explain briefly what is meant by the chelate

effect. (b) How many 5-membered chelate rings are

present in [Co(en)3]
2þ, [Co(bpy)3]

3þ, [Co(edta)]�

and [Co(dien)2]
3þ?

23.18 For the reaction of Fe2þ with [CN]� in aqueous

solution, log�6=24. (a) To what equilibrium does

�6 refer? (b) Write down an expression for �6 in
terms of the equilibrium concentrations of Fe2þ,
[CN]� and the appropriate complex. (c) Determine

a value for �6.

23.19 Stability constant data for the formation of [MnF6]
4�

from [Mn(OH2)6]
2þ include the following:

logK1=5:52, log�2=9:02. Determine K1 and K2,

and comment on the relative positions of the equilibria

describing the first two ligand displacements.

23.20 (a) Draw the structure of the complex ion

represented by Co2þ(aq).
(b) The ion [Cr(OH2)5(OH)]2þ forms a dinuclear

complex in solution. Write an equation for this

reaction and draw the structure of the dichromium

product. Is there a change in oxidation state during

the reaction?

(c) Yellow solutions of ammonium vanadate

[NH4][VO3] in dilute sulfuric acid contain [VO2]
þ.

Draw a possible structure for the solution species

represented by [VO2]
þ given that the oxo ligands

are cis to each other.

23.21 Classify each of the following coordination

complexes in terms of the concept of hard and soft

metal ions and ligands, indicating which are the

donor atoms in each ligand:

(a) ½AuI2��
(b) ½RuðNH3Þ5ðMeCO2Þ�2þ
(c) ½YðOH2Þ9�3þ
(d) ½MnðenÞ3�2þ

What shape do you think the ½YðOH2Þ9�3þ cation

might adopt?

23.22 Use the data in Table 23.4 to suggest which linkage

isomer of ½CrðNCSÞ6�3� might be favoured.

23.23 Explain why there is only one spin arrangement for

an octahedral d8 or d9 metal ion.

23.24 Calculate the spin-only magnetic moment for each

of the following octahedral complexes:

(a) ½MnðenÞ3�3þ (high-spin)

(b) ½FeðenÞ3�2þ (high-spin)

(c) ½NiðHOCH2CH2NH2Þ2ðOCH2CH2NH2Þ�þ

23.25 Using the experimentally determined effective

magnetic moments of the following octahedral

complexes, determine if the metal ion is in

a high- or low-spin configuration:

(a) ½CrðenÞ3�2þ�eff ¼ 4:84�B;
(b) cis-½MnBr2L� �eff ¼ 5:87�B.

Draw the structure of the manganese(II)

complex.

23.26 What is the oxidation state of the metal centre in

each of the following complexes?

(a) ½CoðCOÞ4��
(b) ½NiðCNÞ4�2�
(c) ½CrðCOÞ6�
(d) ½MnðCOÞ5Br�
(e) ½MnðCOÞ3ðpyÞ2I�
(f ) ½MnðCOÞ6�þ

23.27 What do you understand by the synergic effect in

metal carbonyl complexes? Suggest reasons for the

trends in the values listed in Table 23.8.

23.28 Show that the following complexes obey the

18-electron rule: (a) [Mn(CO)5]
�; (b) [V(CO)6]

�;
(c) [Co(CO)4]

�.

23.29 Using the information in Table 23.9 and assuming

that the following complexes obey the 18-electron

rule, determine n in each complex and draw

possible structures for the complexes, commenting

on possible isomerism: (a) [Ni(CO)n]; (b)

[Fe(CO)n]; (c) [HMn(CO)n]; (d) [Fe(CO)n(PPh3)2];

(e) [H2Fe(CO)n]; (f ) [Cr(MeCN)2(CO)n].

Table 23.9 Electrons provided by selected ligands.

Ligand PPh3 H MeCN

Number of electrons 2 1 2

876 CHAPTER 23 . Coordination complexes of the d-block metals



 

ADDITIONAL PROBLEMS

23.30 This problem assumes a knowledge of chirality from

Chapter 24.

Propane-1,2-diamine (1,2-pn) has the following

structure:

Rationalize why there are six isomers of

trans-[Co(1,2-pn)2Cl2]
þ. Comment on

relationships between the isomers.

23.31 Suggest identities and structures for the products in

the following reactions.

(a) The reaction of MnCl2, KNCS and Et4NBr in

ethanol gives a salt A of a complex anion with a

magnetic moment of 5.93�B (295K). The ratio

of moles of cations : anions in A is 4 : 1.

(b) The ligand N(CH2CH2NMe2)3 (L) forms a

5-coordinate complex [CoLBr]þ.
(c) Reaction of [Co(NH3)5Br]Br2 with Ag2SO4

gives a complex B that forms a white precipitate

when treated with BaCl2. B is a 1 : 1 electrolyte.

Treatment of [Co(NH3)5Br]Br2 with

concentrated H2SO4 followed by BaBr2 gives a

1 : 1 electrolyte C. Compound C does not give a

precipitate with BaCl2 but does form a white

precipitate with AgNO3.

CHEMISTRY IN DAILY USE

23.32 Iron deficiency, especially among children and

women, is a health problem in poor populations,

for example, in Africa. It has been proposed that

Na[Fe(edta)] added as a supplement to maize flour

may be an effective source of bioavailable iron.

When iron is added in a non-chelated form, its

absorption by the body is inhibited by the presence

of phytic acid (myo-inositol 1,2,3,4,5,6-

hexakisphosphoric acid) which is found in

rice and grains.

(a) State one role of iron in the human body.

(b) What is the oxidation state of iron in

Na[Fe(edta)]? (c) Draw the structure of the

complex anion present in Na[Fe(edta)]. (d) Draw

the structure of one of the –OPO3H2 groups shown

in the structure above. (e) Suggest why the

presence of phytic acid inhibits the uptake of non-

chelated iron(III), and why using Na[Fe(edta)] is

advantageous.

23.33 There is considerable current interest in

water-soluble, CO-releasing molecules such as

[Ru(CO)3Cl(gly)] (Hgly ¼ glycine) and their

medical applications. Carbon monoxide is toxic

when bound to >15% of blood haemoglobin, but

at low concentrations, CO has beneficial effects,

e.g. vasodilation (widening) of blood vessels and

reduction of inflammation. (a) What is the

oxidation state of ruthenium in [Ru(CO)3Cl(gly)]?

(b) Suggest a structure for [Ru(CO)3Cl(gly)] and

comment on possible isomers. (c) In the context of

clinical applications of CO, suggest reasons why

water-soluble, CO-releasing molecules are more

attractive than the direct use of gaseous CO.

23.34 One method of extracting copper from

chalcopyrite ore, Cu2S, involves a solvent

extraction-electrowinning process. Initially, copper

is leached from the ore using ammonia:

2Cu2Sþ 4NH3 þ 4½NH4�þ þO2 ��"

2CuSþ 2½CuðNH3Þ4�2þ þ 2H2O

An organic solvent, HL, is then mixed with the

aqueous solution of [Cu(NH3)4]
2þ. This is a

two-phase system and the copper ions are extracted

as the complex [CuL2] into the organic phase.

Addition of aqueous sulfuric acid transfers the

copper back to an aqueous phase as CuSO4.

Finally, electrolysis is used in the electrowinning

stage to produce copper metal.

(a) Comment on the changes in the oxidation

state of copper through the processes described

above.

(b) Write a balanced equation to describe the

reaction that occurs when HL is mixed with

aqueous [Cu(NH3)4]
2þ, showing clearly the

phase in which each species exists.

(c) The ligand below, L�, is one used in the solvent

extraction process.

Assuming the formation of a square planar

complex, how many stereoisomers might be

present in solution?

(d) Write equations to show what happens

when aqueous sulfuric acid is added to

the organic phase, and what occurs during

the electrowinning process.
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24
Carbon
compounds:
an introduction

24.1 Introduction

Organic chemistry is the study of compounds of carbon. Conventionally,

elemental carbon and compounds such as carbon monoxide, carbon dioxide,

hydrogen cyanide and carbonates lie within the realm of the inorganic

chemist. In this book, we try to show that common themes run through

the chemistry of ‘organic’ and ‘inorganic’ compounds, and that divisions

are artificial and often unhelpful. Nowadays, interdisciplinary research is

common and divisions are not clear-cut. Real progress in science is made

when researchers from different areas communicate their ideas and exchange

knowledge with one another. Nonetheless, in schools, colleges and universities,

the chemistry of carbon compounds is often studied separately from the

chemistry of all other elements. In part, this reflects the huge numbers of

organic compounds known, and the industrial, commercial and biological

importance of organic chemistry. The carbon cycle (Box 24.1) summarizes

the way in which carbon passes from one system to another in nature, although

man-made events affect the natural balance of the cycle.

24.2 Drawing structural formulae

We introduced structural formulae and ‘ball-and-stick’ models in Section

1.17. ‘Ball-and-stick’ models of the type used in, for example, Figures 23.29

and 24.10, provide 3-dimensional structural information. In inorganic

molecules, we deal with a range of coordination numbers and geometries,

and ‘ball-and-stick’ models are essential in helping us to gain a full picture

of the stereochemistry of a molecule. This is also true in organic chemistry,
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arrows
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ENVIRONMENT

Box 24.1 The carbon cycle

As the scheme above shows, carbon dioxide is central to

the carbon cycle on Earth, providing a means of trans-

porting carbon between the oceans, land, atmosphere,

plants and organisms. Carbon dioxide normally consti-

tutes approximately 0.04% by volume of the Earth’s

atmosphere. Although the carbon cycle is a natural

means of recycling carbon, man-made CO2 emissions

from the combustion of fossil fuels and as a waste pro-

duct from the cement industry contribute to global

warming and are subject to legislative control (see

Box 22.1). Natural means of CO2 uptake are photo-

synthesis and formation of calcareous materials such

as CaCO3. Photosynthesis carried out by green plants,

blue-green algae and photosynthetic bacteria can be sum-

marized as follows:

6CO2 þ 6H2O ����"
light

C6H12O6 þ 6O2

Carbohydrate

To some extent, the excess CO2 that man releases into

the atmosphere can be countered by increasing the

number of forests, but this is only a partial solution

to the environmental problem of CO2 emissions.

Dissolution of CO2 in seawater is represented by the

following equilibrium for which K � 1:7� 10�3. Thus,
most carbon dioxide is present as dissolved gaseous

CO2 rather than as H2CO3 (carbonic acid).

CO2ðaqÞ þH2OðlÞ Ð H2CO3ðaqÞ

Aqueous solutions of CO2 are weakly acidic, with the

positions of the equilibria depending upon the pH:

H2CO3ðaqÞ þH2OðlÞ Ð ½H3O�þðaqÞ
þ ½HCO3��ðaqÞ

½HCO3��ðaqÞ þH2OðlÞ Ð ½H3O�þðaqÞ
þ ½CO3�2�ðaqÞ

Precipitation of calcium and magnesium carbonates

from solution provides the building material for

the exoskeletons and shells of marine organisms

(see Box 17.6). Over geological timescales, this material

has become the Earth’s limestone (CaCO3), magnesite

(MgCO3), dolomite (CaCO3
.MgCO3) and other carbo-

nate minerals. Approximately 65� 106 Gt (1 gigatonne=

109 tonne) of carbon is stored in the Earth’s rocks, slow

weathering of which returns carbon to the natural

CO2 pool:

CaCO3ðsÞ þ 2HþðaqÞ ��"Ca2þðaqÞ þ CO2ðgÞ
þH2OðlÞ

Bare limestone summit of Mount Ventoux, France.
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but structures are somewhat simplified by the fact that carbon has the

restricted range of geometries described in Section 24.3. ‘Ball-and-stick’

models can be built using model kits but, nowadays, they are more often

produced by a computer graphics package. Useful though this is, we also

need to be able to produce schematic structural formulae of the types we

have used throughout this book. For example, structure 24.1 represents

CH4 and has enough information to reveal that the C atom is tetrahedral.

Structure 24.2 represents ethene, C2H4, with trigonal planar C atoms. The

structure of acetone can be drawn as shown in 24.3, but it is also commonly

represented simply as structure 24.4. The advantage of this representation

is that it is easy to draw, but certain information is ‘hidden’ in the structure.

The following assumptions are made:

. C atoms make up the backbone of the molecule;

. every unspecified position in the chain, including the ends, is occupied by

a C atom;
. each C atom makes four bonds;
. any remaining unspecified atoms are H atoms.

By putting these points into practice, we can ‘fill in the gaps’ in structure 24.4

and arrive at structure 24.3 for acetone. You should study the pairs of

structures below, and confirm that the lower one in each case can be derived

by ‘filling in the gaps’ in the top structure:

We adopt this method of representing organic structures throughout the

book, and further practice in relating structural formulae to the complete for-

mulae of molecules can be found in end-of-chapter problems 24.5–24.7.

24.3 Types of carbon compounds

The natural world is one of animal, vegetable and mineral matter. We can

conveniently take the mineral part as involving inorganic materials such as

water, oxygen and silicates (see Section 22.6) while animals and vegetables

rely mostly on organic compounds and water. Nature has designed enor-

mous numbers of complicated molecules (e.g. DNA), but it also utilizes

countless relatively small ones such as those in Figure 24.1. Fundamental

to our understanding of carbon compounds and how they function is an

awareness of their structure and the functional groups that they contain.

Before we embark on this classification, we need to look at the backbone

structures of molecules. We begin with the simplest compounds, hydrocar-

bons, which contain only C and H, and then summarize the functional

groups that are crucial to the discussions in much of Chapters 25–35.

(24.1)

(24.2)

(24.3)

(24.4)

DNA: see Box 21.6

"
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What is a hydrocarbon?

Hydrocarbon compounds contain only C and H atoms, and are conveniently

classified according to whether they are aliphatic or aromatic, and whether

the aliphatic compound is saturated or unsaturated (Figure 24.2). The word

‘aliphatic’ was originally used to describe fats and related compounds. It is

now used to refer to hydrocarbons containing open carbon chains (acyclic

compounds) or compounds with cyclic structures but with properties similar

to the open-chain hydrocarbons, e.g. cyclohexane.

Figure 24.2 shows two classes of aliphatic hydrocarbons. A saturated

hydrocarbon contains only C�C and C�H bonds and has no functional

group. The old name for a hydrocarbon was paraffin, derived from Latin

and meaning ‘little affinity’. The modern name for a saturated hydrocarbon

is an alkane. The general formula for an acyclic alkane is CnH2nþ2, and every

C atom forms four single bonds. An unsaturated hydrocarbon contains at

least one C¼C or C�C bond, as well as C�H bonds. Compounds that

possess a C¼C bond are called alkenes, and those with a C�C bond are

alkynes. The C¼C and C�C units are functional groups, and undergo

characteristic reactions which we describe in Chapter 26. Despite having

A hydrocarbon contains

only C and H atoms.

In an acyclic hydrocarbon,

the C atoms are connected

in an open chain. If they are

in a ring, the compound is

cyclic.

Fig. 24.2 Classification of
hydrocarbon compounds.

Fig. 24.1 Examples of relatively
simple molecules from nature:
(a) b-ionone, an intense scent
emitted by flowers such as
freesias; (b) a pheromone from
honeybees (pheromones are
message-carrying chemicals,
see Boxes 29.4 and 34.2); and
(c) cocaine, a habit-forming drug
obtained from coca (the dried
leaves of Erythroxylum coca and
Erythroxylum truxillense).
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introduced only a handful of compound classes, we can already illustrate the

common geometries in which carbon is found.

Geometry and hybridization

A hydrocarbon may contain tetrahedral, trigonal planar or linear C atoms

depending on the types of C�C bonds that it forms, and these three shapes

are found throughout carbon compounds. The relevant hybridization schemes

are sp3 (tetrahedral), sp2 (trigonal planar) and sp (linear). Carbon obeys the

octet rule and forms four localized bonds. These may be made up of:

. four single bonds:

. one double and two single bonds:

. one triple and one single bond:

. two double bonds:

Within hydrocarbon chemistry, these shapes are exemplified by methane

(24.5), ethene (24.6), ethyne (24.7) and allene (24.8).

(24.5) (24.6) (24.7) (24.8)

Functional groups

In Table 1.9, we introduced selected functional groups in organic compounds.

In this section, we expand the introduction by giving examples of compounds

containing different functional groups. Examples are taken from the labora-

tory, medicine, the commercial world and nature, to provide insight into the

applications of functionalities and the fact that many molecules contain more

than one functional group. Apart from C and H, the elements that appear

most often in organic compounds are N and O. Like C, both N and O are

restricted in the number of bonds they can form (see Section 7.2). Carbon

only rarely carries a lone pair of electrons: carbenes (24.9) provide an example

of such a structure. In contrast, lone pairs of electrons play an important role in

the chemistry of N and O centres, affecting both shape and reactivity. Being

able to recognize the functional groups in a molecule is the key to being able

to understand its chemical properties, as we discuss in later chapters. For

now, you should aim to learn the names and structures of the functional

groups described below. Notice also that the structures below are drawn in a

form that emphasizes only the functional groups.

An alcohol contains an �OH group; an example is ethanol, 24.10, which is

used widely as a solvent and is the important ingredient in alcoholic drinks.

Ethanol is an example of a primary alcohol with a terminal �CH2OH group.

Restricted geometries of
carbon: see Section 6.14

Hybridization: see
Section 7.5

In organic formulae, it is

often useful to represent a

general organic group. The

conventional method is to

use a group R for an

aliphatic group and Ar for

an aryl (aromatic) group.

To distinguish between

different R groups, use R,

R’ and R’’, or R1, R2 and

R3, and so on.

(24.9)

"

"
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Secondary and tertiary alcohols have the general formulae R2CHOH and

R3COH respectively. Propane-1,3-diol (24.11) contains two �OH groups

(hence the name diol ) and is used commercially in the manufacture of

Corterra, a polymer used for carpet and textile fibres. Citronellol (24.12) is

a floral scent found in roses and contains alkene and alcohol functional

groups.

(24.10) (24.11) (24.12)

In an aldehyde, the functional group is�CHO and an example of a natural

aldehyde is cinnamaldehyde (24.13) present in cinnamon. The functional

group in a ketone is a C¼O group, but the C atom must also be attached

to two organic groups, which may be the same or different. The general

formula for a ketone is:

where R and R’ 6¼ H. Acetone (24.14) is a common laboratory solvent and is

used commercially in paints, cleaning fluids and as a solvent for coatings.

Compound 24.15 (containing ketone and alkene functional groups) is

responsible for the scent of magnolia flowers.

(24.14) (24.15) (24.16)

A carboxylic acid is characterized by a �CO2H functionality; dicarboxylic

acids possess two such groups, and so on. Compound 24.16 is one of two

precursors for nylon 66, the other being the diamine 24.22. Carboxylic

acids play an important role in nature, for example, citric acid (24.17)

occurs in citrus fruits as well as other fruits such as cranberries.

An ester is related to a carboxylic acid, but has the H atom replaced by an

organic group: the functional group in an ester is �CO2R. Many esters have

characteristic odours, for example methyl salicylate (commonly called oil of

wintergreen, 24.18) contains an ester group in which a CH3 group is the R

group in the general formula. An ether has the general formula R�O�R
(symmetrical ether) or R�O�R’ (unsymmetrical ether). Diethyl ether

(24.19) is a common solvent for Grignard reagents (see Section 28.4).

(24.13)

(24.17)

(24.18)

Types of carbon compounds 883



 

In nature, vanillin (24.20), present in oil of vanilla, contains an ether func-

tionality, as well as an aldehyde and aromatic �OH (a phenolic group).

(24.19) (24.20)

A primary amine is characterized by having an�NH2 group.Methylamine

(24.21) is responsible for the smell of rotting fish, while diamine 24.22 is of

commercial importance along with carboxylic acid 24.16 in the manufacture

of nylon 66. Secondary and tertiary amines possess the general formulae

R2NH and R3N where the R groups may be the same or different.

The characteristic group of a simple amide is �CONH2 and contains a

carbonyl (C¼O) group. The N atom may carry R substituents rather than

H atoms and so the amide family also includes RCONHR and RCONR2:

The R groups may or may not be identical. Amides are immensely important

in biology. Polypeptides (see Chapter 35) are amides and include proteins

(high molecular weight polypeptides). Many polymers are polyamides, e.g.

nylon 66 and Kevlar (24.23). Smaller molecular amides of commercial impor-

tance include diethyltoluamide (24.24) which is the active component in

insect repellants such as Autan (in the UK) and Off (in the US).

(24.23) (24.24)

In halogenated compounds (halo-compounds), the functional groups are

halogen atoms (F, Cl, Br or I). Halogenoalkanes are given frequent publicity

because they include CFCs (chlorofluorocarbons, see Box 25.3). Chlorinated

organics include common laboratory solvents such as CH2Cl2 and CHCl3.

Chloroethene (24.25, also called vinyl chloride) is of commercial importance(24.25)

(24.21) (24.22)
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as the precursor to the polymer PVC (polyvinyl chloride). The insecticide

DDT (24.26) is a derivative of trichloroethane and also incorporates

chlorinated aromatic substituents. DDT was first found to be an effective

insecticide in 1939 but in the decades following its introduction and widespread

use, many species of insect became resistant to DDT. In addition, DDT is

highly toxic to fish. It is now banned as an insecticide.

The functional group in an acid chloride is�COCl and contains a carbonyl

(C¼O) group. These compounds are very reactive; acetyl chloride (24.27) is a

useful synthetic reagent in the laboratory (see Chapter 33).

In a nitrile, the functional group is�C�N. Acetonitrile, CH3CN, is a valuable

laboratory solvent. Commercially important nitriles include acrylonitrile (24.28)

which is the precursor to polyacrylonitrile, a synthetic fibre with trade names

Orlon and Acrilan.

The nitro-functional group is �NO2; nitromethane (24.29) has some

uses as a laboratory solvent. In order that N obeys the octet rule, the correct

valence bond representation of the bonding in CH3NO2 is shown in the

resonance pair:

Compare this with the bonding schemes we drew for [NO3]
� in worked

example 7.3. A range of compounds used as explosives possess nitro

functionalities, e.g. trinitrotoluene (TNT, 24.30).

(24.30) (24.31) (24.32)

The functional group in thiols is �SH, and one of their characteristic

properties is a foul odour. The defensive mechanism that skunks have

evolved is to emit a foul-smelling spray that contains thiols 24.31 and 24.32.

24.4 Hydrocarbon frameworks and nomenclature

We introduce nomenclature for different classes of organic compounds as we

require it in later chapters. However, at this stage, we must become familiar

with the nomenclature of straight and branched carbon chains. The names of

derivative molecules are based upon those of the carbon chains that make up

their backbones. Although we use recommended IUPAC nomenclature in

(24.26)

IUPAC: see Section 1.2

"

(24.27) (24.28) (24.29)
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this book, many trivial names are still commonly used and are recognized by

the IUPAC. Names such as acetone and acetic acid are so firmly embedded in a

chemist’s vocabulary that it would be unrealistic to ignore them. Figure 24.3

contains information on widely used laboratory chemicals for which trivial

(rather than systematic) names are generally used.

Aliphatic hydrocarbon families

Aliphatic hydrocarbons belong to one of three families: alkanes, alkenes or

alkynes (see Figure 24.2). The name of a compound immediately tells you

to which family the compound belongs:

. -ane (saturated hydrocarbon, alkane);

. -ene (unsaturated hydrocarbon with a C¼C bond, alkene);

. -yne (unsaturated hydrocarbon with a C�C bond, alkyne).

Straight chain alkanes

The name for a straight chain alkane indicates the number of C atoms in the

chain. Table 1.8 lists the prefixes that are used to indicate the number of

C atoms in a chain. Table 24.1 lists several straight chain alkanes, giving

molecular and structural formulae. These hydrocarbons aremembers of a homo-

logous series in which adjacent members differ by only a single CH2 (methylene)

group.

Branched chain alkanes

The root name of a branched alkane is derived from the longest straight chain

of carbon atoms that is present in the compound. Remember that a so-called

The word ‘straight’ is
somewhat misleading:

see Box 24.2 and
Section 24.9

"

Fig. 24.3 Trivial names for common chemicals used in routine laboratory work. These names are recognized by the IUPAC.
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‘straight’ chain may not look straight (see Box 24.2). This is emphasized in

Figure 24.4 where the structure of the branched alkane drawn at the top of

the figure is considered. There are three possible straight chains, shown in

blue in Figure 24.4. One of these chains contains seven C atoms, while the

other two blue chains contain only six. Hence, the name for the branched

chain shown in Figure 24.4 is based on the name for an alkane with seven

C atoms: heptane. The longest chain is numbered from one end, and this is

chosen to give the lowest position numbers for the side chains. For the

alkane in Figure 24.4, the side chain is attached to atom C(4), irrespective

of the end from which we begin to number the 7-membered chain.

The name for a side chain (a substituent) is derived for the parent alkane

and the general name is an alkyl group: methyl is a CH3 (Me) group and

ethyl is a C2H5 (Et) group. The correct name for the hydrocarbon in

Figure 24.4 is 4-ethylheptane. Note two features about this name:

. there is a hyphen between the position number and the name of the

substituent;
. there is no space between the substituent name and the root name.

If more than one substituent is present, their names are given in alphabetical

order, each with its respective position number. The prefixes di-, tri- and

tetra- are used to show the presence of more than one substituent of the

same type: dimethyl means ‘two methyl groups’ and tetraethyl means ‘four

ethyl groups’. The alphabetical ordering of the alkyl groups takes priority

Methyl, ethyl, propyl
and butyl groups:

see Section 24.7

"

Table 24.1 Nomenclature for selected straight chain alkanes, general formula CnH2nþ 2.
The structural formulae for n � 3 are shown in abbreviated form.

Name Molecular formula Structural formula

Methane CH4

Ethane C2H6

Propane C3H8

Butane C4H10

Pentane C5H12

Hexane C6H14

Heptane C7H16

Octane C8H18

Nonane C9H20

Decane C10H22
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Fig. 24.4 The IUPAC name for
an organic compound is based on
the longest straight chain in the
molecule. The diagram shows a
branched alkane containing nine
C atoms. There are three ways to
trace out a straight chain, and
these are shown in blue in the
lower diagrams along with the
number of C atoms in the chain.

THEORY

Box 24.2 ‘Straight’ chains in carbon chemistry

The tendency of carbon to form C�C bonds means that

carbon chemistry often involves chains and rings of C

atoms. The words ‘straight’ and ‘linear’ are commonly

used to describe chains of atoms. A straight chain could

be represented in a manner suggesting that the C atoms

are joined together in a strictly linear fashion. For

example, hexane might be shown as:

However, each C atom is sp3 hybridized (tetrahedral)

and so better representations of the ‘straight’ chain

are:

Additionally, rotation about the C�C bonds permits

the chain to ‘curl up’:

The term ‘straight’ means only that the C atoms are

bonded in a continuous sequence, and tells us nothing

about the conformation of the chain. When the sequence

of atoms in the chain is not continuous, the chain is

said to be ‘branched’. We return to conformation in

Section 24.9.
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over the multipliers, e.g. 4-ethyl-3,3-dimethyloctane, not 3,3-dimethyl-4-

ethyloctane. Table 24.2 lists examples; remember that in the structural

formulae, a single line drawn as a branch means a methyl substituent.

The basic rules for naming a branched alkane chain are summarized as follows:

1. Find the longest straight chain in the molecule; this gives the root name.

2. The longest chain is numbered from one end, chosen to give the lowest

position numbers for the substituents.

3. Prefix the root name with the substituent descriptors, and if more than one is

present, give them in alphabetical order.

Worked example 24.1 Branched alkanes

2-Methylbutane is a systematic name for the following branched alkane. How-

ever, the name methylbutane is also unambiguous. Explain why the 2- prefix is

redundant.

Table 24.2 Structural formulae and names for selected branched chain alkanes.

Structural formula Compound name

2-methylpentane

2,2-dimethylpentane

2,4-dimethylhexane

4-ethyl-3-methylheptane
(not 3-methyl-4-ethylheptane)

3,4-dimethylnonane
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The longest chain contains four atoms and so the name of the compound is

based on butane. The methyl substituent is attached to the second carbon

atom in the chain, and therefore 2-methylbutane is the systematic name.

Now consider other possible options.

2-Methylbutane is the same as 3-methylbutane:

1-Methylbutane (or 4-methylbutane) is the same as pentane:

Hence, there is only one substitution position available for the methyl

group, and the name methylbutane is unambiguous.

Straight chain alkenes

When one double bond is introduced into a hydrocarbon chain, the name of

the compound must indicate:

. the number of C atoms in the chain, and

. the position of the alkene functionality.

The arrangement of the four groups attached to a C¼C bond is fixed

(i.e. there is no free rotation about the C¼C bond) and this gives rise to

(E)- and (Z)-isomers. Thus, not only must the name of the alkene carry infor-

mation about the position of the C¼C bond in the chain and so distinguish

between constitutional isomers, it must also indicate how the chain is

arranged with respect to the C¼C bond and so distinguish between stereoi-

somers. For example, placing a C¼C bond in the middle of a 6-carbon

chain leads to two isomers:

The carbon chain is numbered so that the position of the double bond is

described by the lowest possible site number. In structure 24.33, the chain

has five C atoms and the root name is pent-. The chain is numbered from

the end nearest to the C¼C bond, i.e. the right-hand end in structure

24.33. The compound is pent-2-ene not pent-3-ene. Now we have to consider

stereoisomers. The substituents attached to the C¼C bond in 24.33

are arranged on opposite sides of the C¼C unit, and therefore the full

name of the compound is (E)-pent-2-ene. In structure 24.34, the eight C

atoms give the root name oct- and atom numbering begins at the left-hand

end of the chain because the C¼C bond is closest to this end. The compound

is oct-3-ene. Now for the isomer prefix: the substituents are arranged on

Constitutional isomers:
see Section 24.7

Stereoisomers:
see Sections 6.11 and 24.8

(24.33)

(24.34)

"
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opposite sides of the C¼C unit, and so 24.34 is (E)-oct-3-ene. Stereoisomers

of pent-2-ene and oct-3-ene are shown in Figure 24.5.

More generally, the (Z )- or (E )-relationship between substituents attached

to double bonds is determined by using a sequence rule of preferred atoms

or groups. This rule assigns priorities to groups based on atomic number.

If priorities cannot be assigned on this basis (e.g. in an isotopically labelled

compound), then assignments should be made on the basis of atomic mass.

Consider the alkene:

For the left-hand C atom, the priority is I>Br because the atomic number of

I is greater than that of Br. For the right-hand C atom, the priority is Br>Cl.

Hence, the stereochemical descriptor for the compound is based on the

relationship between I and Br, i.e. a (Z)-isomer.

The following two alkenes differ only in one subsituent: CH3 versus

CMe3:

The different stereochemical descriptors arise as follows. Look first at the

atoms attached directly to the atoms of the C¼C bond. Based on atomic

number, the substituent with the highest priority is Br. Now look at the

substituents on the other atom of the C¼C bond. In each compound, C

atoms are attached directly to the C atom of the double bond. Therefore,

no priorities can be made based on these atoms. Move on to the next

atoms in the substituents and, based on the atomic numbers of these

atoms, assign priorities to the substituents:

Fig. 24.5 Naming stereoisomers of alkenes. (Z)- derives from the German word zusammen meaning ‘together’ and (E )-
comes from entgegen meaning ‘opposite’.
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The assignment of (Z)- and (E)-labels for these compounds then follows.

We look further at the assignment of priorities to substituents when we

discuss R and S notation for chiral compounds in Section 24.8.

Dienes and trienes

When two C¼C bonds are present in the hydrocarbon chain, the hydrocarbon

is called a diene; this is a particular type of alkene. The rules for naming a diene

follow those outlined above, but include the use of two site numbers and the

prefix ‘di-’, e.g. buta-1,3-diene. Similarly, a triene contains three alkene function-

alities. Going from one to two C¼C bonds in a straight chain may result in a

greater number of possible stereoisomers. Whereas hept-2-ene possesses two

stereoisomers, hepta-2,4-diene has four (Figure 24.6).

An allene is a particular type of diene in which the two double bonds

are attached to the same C atom. The simplest example is propadiene.

Structure 24.35 illustrates that propadiene is non-planar and this is a

consequence of the formation of two mutually orthogonal �-bonds (see

end-of-chapter problem 24.1).

Alkynes

The rules for naming alkynes are similar to those for alkenes, although no

stereoisomers are possible because each C atom in the C�C unit is linear.

Numbering of the carbon chain begins at the end nearest to the alkyne func-

tionality. The names for alkynes 24.36 and 24.37 are hex-2-yne and but-1-yne

respectively.

24.5 Primary, secondary, tertiary and quaternary carbon atoms

A tetrahedral carbon atom is often designated as primary, secondary, tertiary or

quaternary depending on the number of other C atoms to which it is connected.

A primary C atom is attached to one other C atom in an organic group.

A secondary C atom is attached to two other C atoms in organic groups.

A tertiary C atom is attached to three other C atoms in organic groups.

A quaternary C atom is attached to four other C atoms in organic groups.

A diene contains two C¼C
bonds; a triene contains

three C¼C bonds.

An allene contains two

C¼C bonds which share a

common C atom

(�C¼C¼C�).

(24.35)

(24.36)

(24.37)

Fig. 24.6 Stereoisomers of hepta-2,4-diene. Each carbon chain is numbered from the left-hand end. The prefixes contain both
numerical and (Z) or (E) descriptors to ensure that there is no ambiguity.
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For example, ethane ( Table 24.1) contains two primary C atoms. Propane

(24.38) contains one secondary and two primary C atoms. In 2-methyl-

propane (24.39), there are one tertiary C atom and three primary C atoms,

and in 2,2-dimethylpropane (24.40), the central C atom is quaternary and

the remaining four are primary.

(24.38) (24.39) (24.40)

The distinction between the different types of centres is particularly

important when it comes to reactivity patterns of aliphatic compounds as

we shall discuss later.

24.6 Isomerism: overview

Earlier in the book (Sections 6.11 and 23.5), we discussed different types

of isomers in inorganic compounds. In this chapter, we have so far

introduced two types of isomerism in hydrocarbons. Figure 24.7 summarizes

isomerism in organic compounds in general. We can divide isomers into

two types:

. constitutional isomers have different connections of atoms;

. stereoisomers are isomers that differ in the arrangement of their atoms in

space.

Fig. 24.7 A summary of
isomerism in organic
compounds. The examples
shown are restricted to acyclic
(non-cyclic) structures.
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Examples of constitutional isomers are 2-methylpentane and hexane. Further

examples are shown in the left-hand side of Figure 24.7. Stereoisomers are of

two types: enantiomers and diastereoisomers. Enantiomers are mirror images

of each other. Diastereoisomers are all stereoisomers that are not enantiomers,

e.g. (Z)- and (E)-but-2-ene (Figure 24.7) are diastereoisomers. We return to

stereoisomerism in Section 24.8.

24.7 Constitutional isomerism

Alkanes

The alkanes CH4, C2H6 and C3H8 have no constitutional isomers. (Draw

their structures and confirm that there can be no ambiguity about the way

in which the atoms are connected.) For an acyclic alkane of formula

CnH2nþ2 with n � 4, more than one structural formula can be drawn

and the number of possibilities increases dramatically with increasing n

(Figure 24.8). Figure 24.9 shows constitutional isomers of C6H14. A mixture

of these isomers is used as a solvent often referred to as hexanes. Compositions

of mixtures of this type can be analysed using gas chromatography as described

in Box 24.3.

Alkyl substituents

Methyl and ethyl substituents are derived from CH4 (methane) and C2H6

(ethane) and there are no isomers of these alkyl groups:

Fig. 24.8 The number of isomers
(constitutionalþ enantiomers)
for an alkane of formula
CnH2nþ 2 increases dramatically
with n. The presence of one
structure of each of methane,
ethane and propane is counted to
be one isomer for consistency
with the other data. Enantiomers
are discussed in Section 24.8.
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In forming a propyl group from propane, there are two possibilities, and the

two isomeric propyl groups are distinguished in their names and abbreviations:

In going from butane (which has two constitutional isomers) to a butyl

group, four isomers can be formed. They are distinguished in their names

and abbreviations:

For longer chains, the situation becomes increasingly complicated.

Fig. 24.9 Constitutional
isomers of C6H14; only

isomers with acyclic structures
are included.
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APPLICATIONS

Box 24.3 Gas chromatography

Gas chromatography (GC) is used to separate the vola-

tile components of a mixture and depends upon the dif-

ferent interactions of the components in a mobile phase

(the carrier gas) with a stationary phase (e.g. alumina or

silica) contained within a chromatography column. In

gas–liquid chromatography, the stationary phase is a

liquid which is coated onto a solid support. The

sample to be analysed is first injected into a flow of

dried carrier gas which is heated to ensure the compo-

nents of the sample are in the vapour phase. The

sample is then carried into the chromatography column,

the temperature of which is controlled to maintain the

vapour state for the samples. The times taken for the vola-

tile components of the mixture to be eluted from the chro-

matography column are characteristic retention times.

Components in the sample mixture that interact least

well with the stationary phase have the shortest retention

times, while those that are more strongly adsorbed move

the most slowly through the column. Chromatography

columns can be of a variety of widths and lengths, and

include capillary columns (see Section 36.6).

As an example of the use of gas chromatography, we

consider the composition of the common laboratory

solvent, petroleum ether. ‘40–60 Petroleum ether’ is

not an ether at all, but is a fraction of petroleum with

a boiling point range of 40–60 8C (313–333K). The

components of 40–60 petroleum ether are alkanes and

the mixture can be analysed by using the GC technique.

The trace opposite shows the result of passing a sample

of 40–60 petroleum ether through a gas chromato-

graph. Each peak corresponds to a particular hydrocar-

bon and the relative areas of the peaks indicate the

relative amounts of each compound in the mixture.

The retention time of a fraction depends on the molecular

weight and whether the chain is straight or branched.

Typical components of 40–60 petroleum ether are isomers

of pentane and hexane. Components of mixtures can be

identified by comparisons of retention times with those

of authentic samples. Most usually, however, the GC is

interfaced with a detector such as a mass spectrometer

(GC-MS), or infrared or UV–VIS spectrometer to

permit rapid identification of the components. This will

be discussed further in Chapter 36.

Gas chromatography has widespread applications

in chemical, biological, medicinal, environmental and

forensic sciences. For example, it can be used in drug

testing, to analyse atmospheric gases and emissions

from oil and gas heating systems, to differentiate

authentic and fake perfumes, to analyse beverages,

and to detect trace quantities of volatile liquids in

forensic investigations. The photograph illustrates a

typical GC instrument. The carrier gas is contained in

a gas cylinder (not visible) at the left-hand end of the

equipment. The technician is injecting the sample into

a port positioned before the chromatography column

contained in the instrument in front of which he is

standing. The equipment is computer-controlled and

the resultant plot is seen on the monitor on the right

of the photograph. See also Figure 36.7.

Related information: Box 24.6 and Chapter 36

Sample analysis by gas chromatography in a forensic laboratory.
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24.8 Stereoisomerism and diastereoisomers

Stereogenic centres and enantiomers

A compound that is non-superposable on its mirror image is described as

being chiral. We have already met chirality in Chapter 23 when we discussed

enantiomers of coordination complexes. However, many chiral compounds

contain an asymmetric carbon atom, i.e. a carbon atom with four different

groups attached (Figure 24.10). Such a carbon atom is called a stereogenic

or chiral centre. A molecule containing one such centre and its mirror

image are enantiomers and are stereoisomers (see Figure 24.7). Enantiomers

of a compound possess identical chemical properties and differ only in their

interactions with other chiral objects. Hands and gloves are chiral: your

right hand will fit into a right-handed glove but not into a left-handed

glove. The real test for chirality is non-superposability of the mirror image

on the original object: the two structures in Figure 24.10 cannot be superim-

posed upon one another.

Enantiomers are mirror images of each other and are non-superposable.

Enantiomers are stereoisomers.

There are some quick tests that allow you to check if a molecule is likely to

be chiral, but these tests are not infallible:

. The presence of an asymmetric carbon atom is widely used as a test for

chirality. However, it must be remembered that many chiral compounds

are known which do not contain an asymmetric carbon atom (e.g. see

Section 23.5). More importantly, many compounds containing two or

more asymmetric carbon atoms are not chiral.

A compound that is non-

superposable on its mirror

image is chiral.

An asymmetric carbon atom

has four different groups

attached to it; in structural

representations a � may

be used to denote an

asymmetric carbon atom:

An asymmetric carbon

atom is also called a

stereogenic or chiral centre.

Fig. 24.10 An
asymmetric carbon

atom has four different groups
attached to it. The diagram
shows a molecule that contains
an asymmetric carbon atom.
The molecule is ‘looking’ into
a mirror. The mirror image is
non-superposable on the original
molecule. They are enantiomers.
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THEORY

Box 24.4 Planes of symmetry

Symmetry abounds in nature and the photographs

below illustrate three examples:

Molecular symmetry is usually described in terms of

symmetry operations such as axes of rotation and

planes of symmetry.

If amolecule is symmetrical with respect to a plane that

is drawn through themolecule, then it is said to contain a

plane of symmetry. A molecule may contain more than

one plane of symmetry. Consider 1,1,2-tribromoethene.

The molecule is planar, and the only plane of symmetry

is the one that contains all the atoms:

The plane of symmetry in 1,1,2-tribromoethene is

represented schematically on the left-hand side below.

In contrast, 1,2-dibromoethene contains two planes of

symmetry:

H

Br

The molecule and the

plane of symmetry both lie

in the plane of the paper.

There is only one plane of

symmetry.

The molecule lies in the

plane of the paper. One

plane of symmetry is in

the plane of the paper.

The second plane is

perpendicular to it.

None of the following molecules contains a plane of

symmetry, and all three compounds are chiral:

Note, however, that in only one example above is there

an asymmetric C atom. Compare these results with the

‘tests for chirality’ given in the text.

Symmetry in an insect: the dragonfly.

Symmetry by reflection.

Symmetry in flowers.
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. Look for a plane of symmetry (see Box 24.4). Compounds with a plane of

symmetry are not chiral. However, the reverse is not true: some types of

molecule which do not possess a plane of symmetry are, nonetheless,

achiral for reasons of molecular symmetry.

In 3-methylhexane, one of the C atoms (the central one in Figure 24.11a)

has an H atom, a methyl group, an ethyl group and a propyl group attached

to it. It is therefore an asymmetric carbon atom. The two enantiomers of

3-methylhexane are shown in Figure 24.11a. Figure 24.11b shows that

isomer B cannot be converted back to isomer A by a simple rotation, and

this confirms that the enantiomers are not superposable. Look carefully at

the perspective in Figure 24.11.

If the position and nature of a substituent destroy a plane of symmetry

in a molecule, then the act of substitution usually causes the molecule

Achiral = non-chiral

"

Fig. 24.11 (a) Isomers A and B are enantiomers of 3-methylhexane. The carbon atom at the centre of the molecule is a
chiral, or stereogenic, centre (an asymmetric carbon atom). The enantiomers are related to each other by reflection

through the mirror plane, and are non-superposable. This is made clearer in diagram (b) where we begin with isomer B and
rotate it about the vertical C�C bond indicated. The resultant structure is not equivalent to isomer A. Colour code: C, grey;
H, white. There is no substitute for model building or using computer modelling programs to help you to confirm this point.
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to become chiral. For alkanes that already possess a large number of

constitutional isomers, this significantly increases the total number of iso-

mers. In Figure 24.8, all possible enantiomers were included in the total

number of isomers.

Worked example 24.2 Chiral and achiral alkanes

Explain why heptane and 4-methylheptane are achiral, whereas 3-methylheptane

is chiral.

The heptane molecule contains a plane of symmetry passing through the

atoms of the central methylene (CH2) group. In the diagrams below, the

plane of symmetry is shown in yellow. The carbon atom through which

the plane of symmetry passes is C(4). When a methyl group is substituted

at this position, its presence does not destroy the plane of symmetry. Neither

heptane nor 4-methylheptane is chiral. However, placing the Me group at

the 3-position destroys the plane of symmetry and 3-methylheptane is

chiral. In this chiral compound, one C atom has four different groups

attached to it: an H, an Me group, an Et group and a Bu group:

Specific rotation and notation for enantiomers

One of the simplest ways of distinguishing between enantiomers involves their

interaction with polarized light. Plane-polarized light is a form of light in which

the electromagnetic wave lies in a single plane. When plane-polarized light

interacts with a chiral molecule, the plane in which the polarized light wave

lies changes. In effect, this plane rotates around the axis of propagation of

the light (Figure 24.12). A convenient way of characterizing a chiral compound

is by measuring the amount of rotation of this plane. The rotation, �, may be

A material that is able to

rotate the plane of

polarization of a beam of

transmitted plane-polarized

light is said to possess

optical activity.

The material is optically

active.
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measured in a polarimeter. In practice, the amount of rotation depends on the

wavelength of the light, temperature and the amount of compound in solution.

The specific rotation, [�], for a chiral compound in solution is defined in

equation 24.1.

½�� ¼ �

c� ‘ ð24:1Þ

where:

� ¼ observed rotation in degrees

c ¼ concentration (in g cm�3)

‘ ¼ path length of the solution in the polarimeter (in dm)

It is very convenient to use light of a common wavelength for such

measurements, and very often one of the lines from the atomic emission

spectrum of sodium is used. This emission is known as the sodium D line,

and the specific rotation at this wavelength (�=589nm) is denoted as

[�]D. The specific rotation of enantiomers is equal and opposite. For example,

the two enantiomers of glyceraldehyde (24.41, 24.42 and Figure 24.13) have

[�]D values of þ118 and �118. This leads to a common way of distinguishing

between enantiomers by stating the sign of [�]D. The two enantiomers of

glyceraldehyde are denoted (þ)-glyceraldehyde and (�)-glyceraldehyde.
Sometimes (þ) and (�) are denoted by the prefixes dextro- and laevo- (derived

from Latin for right and left) and indicate a right-handed and left-handed

rotation of the light respectively. These are often abbreviated to d and l.

The þ=� or d/l notations refer to the observed rotation of the light and

are temperature-, concentration- and wavelength-dependent. They give no

information about the absolute configuration of the chiral compound.

Note that these units
are non-SI

(24.41)

(24.42)

The specific rotation of

enantiomers is equal and

opposite.

"

Fig. 24.13 The two
enantiomers of

glyceraldehyde. The molecule
on the left-hand side is ‘looking’
into a mirror at its mirror
image. The mirror image is
non-superposable on the initial
molecule. Colour code: C,
grey; O, red; H, white.

Fig. 24.12 One enantiomer of
a chiral compound rotates
plane-polarized light through
a characteristic angle, �o. The
instrument used is a polarimeter.
The direction of rotation
indicated (a clockwise rotation
if one views the light as it emerges
from the polarimeter tube) is
designated þ�o. The other
enantiomer of the same
compound rotates the plane
of polarized light in the opposite
direction through an angle ��o.
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The absolute configuration

of a molecule specifies the

exact arrangement of

substituents around an

asymmetric carbon atom.

The convention for labelling chiral carbon atoms and assigning the absolute

configuration (i.e. the exact structure of a compound) uses sequence rules (also

called the Cahn–Ingold–Prelog notation). These are the same sequence rules

that we described for labelling (Z)- and (E)-isomers of alkenes. The four

groups attached to a chiral carbon atom are prioritized according to atomic

number, the highest priority being assigned to the highest atomic number.

Thus for the halogens F, Cl, Br and I, I has the highest priority and F has

the lowest. An H atom has the lowest priority of any atom or group of

atoms. The molecule is then viewed down the C�X vector, with X facing

away from you where X has the lowest priority. The enantiomers can now

be labelled according to whether there is a clockwise (rectus, R label) or anti-

clockwise (sinister, S label) sequence of prioritized substituents taking the high-

est priority first. As an example, consider the molecule CHFClBr. The lowest

priority atom is H and the priority sequence is Br > Cl > F > H. Draw out

the enantiomers so that the structural diagrams can be viewed along the

C�H vectors:

In the left-hand diagram, the clockwise sequence means that the asymmetric

carbon atom is labelled R, and in the right-hand diagram, the anticlockwise

sequence gives rise to the label S. These labels tell us the absolute configuration

of themolecule. If the substituent consists of a groupof atoms, e.g. CH3 or OH,

the priority of the group depends on the atomic number of the atomattached to

the asymmetric carbon atom. Thus, OH has a higher priority than CH3. If the

two groups have the same first atom, e.g. CH3 and CO2H, then the priorities

of the groups are determined by looking at the second atom. Therefore,

based on the atomic number of the second atom in the group, CO2H has a

higher priority than CH3. Glyceraldehyde (24.41 and 24.42) illustrates a final

priority problem. The asymmetric carbon atom has two C-attached groups:

CH2OH and CHO. In each case, the next atom is O, but in CH2OH there is

a C�O bond, and in CHO there is a C¼O bond. The double-bonded O is

counted as two O substituents and takes the higher priority. Thus, to assign

an absolute configuration to enantiomer 24.41, the steps are:

. identify the asymmetric C atom;

. find the substituent with the lowest priority – in 24.41, this is H;

. draw the structure of the molecule as viewed down the C�H bond;

. assign priorities to the OH, CH2OH and CHO groups: OH > CHO >

CH2OH;
. assign the R or S label:
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Diastereoisomers are

stereoisomers that are not

mirror images of each other.

(24.43)

Worked example 24.3 Assigning an absolute configuration

Assign an absolute configuration to the enantiomer of 1-aminopropan-2-ol with

the structure:

The stereogenic centre is the C atom with four different groups attached

and these groups are H, OH, CH3 and CH2NH2.

The substituent with lowest priority is H.

Redraw the structure looking down the C�H bond:

Assign priorities: OH > CH2NH2 > CH3.

Assign the R or S label:

We stated earlier that the observed specific rotation gave no information

about absolute configuration. This means that there is no connection

between the (þ) or (�) and R or S labels. Thus, some compounds with an

S-configuration are (þ) while others are (�), e.g. (S)-(�)-methylsuccinic

acid but (S)-(þ)-2-aminobutanol. Similarly for compounds with an

R-configuration. Chiral molecules are of particular importance in nature as

we illustrate in Box 24.5.

Diastereoisomers

We are now familiar with the idea that if a molecule contains a stereogenic

centre, it possesses a special pair of stereoisomers called enantiomers. If a

molecule contains more than one stereogenic centre, the situation becomes

more complicated and leads us to another class of stereoisomers called

diastereoisomers.

Consider 3-chloro-3,4-dimethylhexane (24.43). The molecule contains

two asymmetric carbon atoms marked by asterisks in structure 24.43.

Taking structure 24.43 into three dimensions, we can draw structure A in

Figure 24.14. Its mirror image is isomer B. A and B are enantiomers and

are also stereoisomers. We can draw another stereoisomer of 3-chloro-3,

4-dimethylhexane and this is shown as isomer C in Figure 24.14. The

mirror image of C is D. Isomers C and D are a pair of enantiomers. Because
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BIOLOGY AND MEDICINE

Box 24.5 Chirality and life

We live in a chiral world. On the macroscopic level,

gloves and shoes have a handedness, the tendrils of

vines coil in a particular direction, snail shells have a

specific helical twist, and water goes down the plug-

hole in a chiral, circular motion. At a molecular level,

the body is optimized to use only one enantiomer or

diastereoisomer of biological building blocks, and we

explore this is detail in Chapter 35: ‘Molecules in

nature’. You might think that using the ‘wrong’ diaster-

eoisomer of a sugar (one that the body cannot metabo-

lize) might provide an easy way to diet! However, the

sweet taste of a sugar is also specific to the biologically

occurring form.

The helical shell of the hairy snail (Trichia hispida).

Chirality is crucial to the scents of sandalwood and

patchouli, two of the aromas that are common in the

Middle East. Patchouli is extracted by steam distilla-

tion from the leaves of the plant Pogostemon cablin,

and is used in perfumes, body oils and soaps. Patchouli

oil contains a mixture of sesiquiterpenes (see Box 26.4),

but its characteristic smell is mainly due to

(�)-patchoulol and (þ)-norpatchoulenol. Stereoselec-
tive synthesis of (�)-patchoulol and (þ)-patchoulol
confirms that only the (�)-enantiomer exhibits the

odour associated with patchouli oil.

The male gall wasp Antistrophus rufus provides a

fascinating example of chiral recognition. The eggs of

this gall wasp are laid in the stems of specific prairie

plants which contain a number of terpenes, including

the chiral compound a-pinene. When a molecule of

a-pinene ‘looks’ in a mirror, the mirror image is

non-superposable on the original molecule:

The presence of the gall wasp larvae in their host plants

affects the ratio of (þ) : (�)-enantiomers of terpenes,

including a-pinene. Male gall wasps emerge in the

spring from dead plant material, before the females.

They are able to locate plant stems from which

female wasps will emerge by recognizing plant matter

with altered ratios of (þ) : (�)-enantiomers of specific

terpenes. A 50 : 50 ratio indicates that no females will

emerge. Studies show that the chiral recognition exhib-

ited by the male gall wasps arises from olfaction, i.e. the

sense of smell. [See: J. F. Tooker et al. (2002) Proc. Nat.

Acad. Sci., vol. 99, p. 15486.]
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Fig. 24.14 3-Chloro-3,4-dimethylhexane contains two asymmetric carbon atoms. There are two enantiomeric pairs
(A and B, and C and D), and four diastereoisomeric pairs (A and C, B and C, A and D, and B and D). Colour code:

C, grey; H, white; Cl, green. Only one H atom (that attached to an asymmetric C atom) is shown.

there are two asymmetric carbon atoms in 3-chloro-3,4-dimethylhexane,

there are two pairs of enantiomers: A and B, and C and D. But what

of the relationship between other pairs of stereoisomers: for example, are

A and C related? While A and C are non-superposable, they are not mirror

images of one another, and so they are not enantiomers. These stereoisomers

are called diastereoisomers. Similarly, pairsA andD, B andC, and B andD are

diastereoisomers.

If you look carefully at the stereoisomers of 3-chloro-3,4-dimethylhexane

in Figure 24.14, you will be able to see the following important points, which

are key to distinguishing between enantiomers and diastereoisomers:

. A and B are mirror images (enantiomers) and have the opposite config-

urations at both asymmetric carbon centres.

. C and D are mirror images (enantiomers) and have the opposite config-

urations at both asymmetric carbon centres.

. Molecules in each of pairs A and D, A and C, B and C, B and D are not

mirror images and are diastereoisomers. They have opposite configur-

ations at one asymmetric carbon atom, but the same configuration at

the other asymmetric carbon atom.

The stereoisomers of 3-chloro-3,4-dimethylhexane are distinguished by R,S-

notation in the same way that we applied this to chiral molecules with one

asymmetric carbon centre. Additional site-number labels must be added to

make the name unambiguous. Take each centre in turn in Figure 24.14

and confirm the labels:

. A¼ (3S,4S)-3-chloro-3,4-dimethylhexane;

. B¼ (3R,4R)-3-chloro-3,4-dimethylhexane;

. C¼ (3S,4R)-3-chloro-3,4-dimethylhexane;

. D¼ (3R,4S)-3-chloro-3,4-dimethylhexane.

Remember than a pair of enantiomers must have opposite configurations at

every stereogenic centre.

Stereoisomerism and diastereoisomers 905



 

Although we have discussed diastereoisomers in conjunction with enantio-

mers in this section, we must reiterate the point we made in Section 24.6. Dia-

stereoisomers are any stereoisomers that are not enantiomers. Examples of

diastereoisomers that do not possess asymmetric carbon atoms are:

. (Z)- and (E)-oct-2-ene;

. (Z)- and (E)-1,2-dichloroethene;

. cis- and trans-N2F2 (structures 22.41 and 22.42);

. cis- and trans-[PtCl2(NH3)2] (square planar complex, see Box 23.4).

Racemates and resolution of enantiomers

A 50 : 50 mixture of two enantiomers of a compound is called a racemate or

racemic mixture. Since the mixture contains equal amounts of the (þ) and (�)
enantiomers, it is designated (	). Alternatively, a dl-prefix can be used to

indicate equal amounts of d- and l-enantiomers. A racemate is characterized

by exhibiting no specific rotation because the (þ) rotation of one enantiomer

cancels out the (�) rotation of the other.

In some cases it is possible to separate a pair of enantiomers. The classic

example was the separation of enantiomers of sodium ammonium tartrate

(24.44) by Louis Pasteur. He observed that a carefully recrystallized

sample of 24.44 consisted of two distinct crystalline forms which could be

separated by hand-picking the crystals. Solutions of the two different types

of crystals rotated the plane of polarized light in opposite directions, whereas

a solution of the initial crystalline salt gave no rotation at all, i.e. it

was optically inactive whereas the individual crystals were optically active

but in different senses. These results were the start of our knowledge of chir-

ality, and can be interpreted in terms of sodium ammonium tartrate consist-

ing of a racemate which can be resolved into its component enantiomers.

The classical method of separating enantiomers involves conversion of the

compound to a cation or anion, and forming a salt with a chiral counter-ion.

Consider a chiral compound XA which can form a pair of enantiomeric

cations (þ)-Aþ and (�)-Aþ. When treated with an enantiomerically pure

anion (�)-B�, a pair of diastereoisomeric salts is formed, (þ)-A(�)-B and

(�)-A(�)-B. Whereas enantiomers possesses identical physical properties

because the relative arrangements of atoms in space are the same, diastereo-

isomers possess different physical properties because the relative arrangements

of atoms in space are different (look carefully at Figure 24.14). Very often, pairs

of diastereoisomers differ in their solubilities, and addition of (�)-B� to a race-

mate of Aþ results in the precipitation of only one of the diastereoisomeric salts,

(þ)-A(�)-B or (�)-A(�)-B. This process of separation of enantiomers is known

as resolution. Chiral resolving agents are commercially available. Typical

reagents that are used for the resolution of chiral compounds include anions

such as 24.45, or cations derived from alkaloids such as strychnine, 24.46.

(24.45) (24.46)

A 50 : 50 mixture of two

enantiomers of a compound

is a racemate or racemic

mixture.

     

(24.44)

When a chiral compound is

resolved, it is separated into

its enantiomers.

Alkaloids: see Box 34.1

"
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APPLICATIONS

Box 24.6 Column chromatography and HPLC

Chromatography is a separation technique, and in

Box 24.3 we considered gas chromatography. Another

common technique is column chromatography, which

is a form of liquid chromatography. The components

to be separated are adsorbed on to a stationary phase

(a solid support) such as alumina or silica. The

column is then eluted with a solvent or solvent mixture

(the mobile phase). The choice of solvent is made on its

ability to separate the components by utilizing their dif-

fering solubilities and interactions with the stationary

phase. Test separations are first carried out on a small

scale using thin-layer chromatography plates. As the

column is eluted with solvent, some components are

removed from the stationary phase more readily than

others, and separation of the mixture is achieved.

The diagram above depicts an open-column set-up,

which is suited to the separation of coloured com-

pounds because the separation can be monitored by

eye. One of the first applications of liquid chromatogra-

phy was in the separation of plant pigments. However,

as the technique was developed, the combination of

column chromatographywith differentmethods of detec-

tion (e.g. UV, see Chapter 36), permitted the separation

of colourless components. In open-column liquid chro-

matography, stationary phases typically consist of parti-

cles of diameter � 20mm. Fractions are eluted under

gravity flow, or under pressure (flash chromatography).

A significant advance in chromatographic techniques

came in the 1960s with the development of high-

performance liquid chromatography (HPLC) which

offersahighdegreeof controlover the separationprocess.

While the general principle is the same as open-column

chromatography, commercially manufactured columns

are packed with solid supports comprising particles of


10 mm diameter, and the mobile phase is pumped

through the column at a constant flow rate. In normal-

phase HPLC, the stationary phase is a polar adsorbent

such as silica, and the mobile phase is non-polar or of

low polarity. Components of the mixture being sepa-

rated are eluted from the column in order of their polar-

ity, with non-polar components eluting first. The steric

demands of substituents in a compound have a signifi-

cant influence on the rate of elution. In reversed-phase

HPLC, the surface of the stationary phase is modified

so that it is hydrophobic (i.e. ‘water-hating’), and

polar solvents are used. Common choices are water

mixed with MeOH, MeCN or THF, and the compo-

nents are eluted from the column in order of decreasing

polarity. The use of chiral stationary phases is extremely

important for separating enantiomers. In the pharma-

ceutical industry, this technique enables enantiomeri-

cally pure drugs to be manufactured (see Table 24.3).

The photograph below illustrates modern computer-

controlled HPLC equipment. The components of the

mobile phase are contained in the bottles shown at

the top of the photograph. The rate of flow of each sol-

vent is controlled so that the solvent mixture entering

the pump has a predetermined composition. After

injection of the sample, the mobile phase enters the

chromatography column which is contained in the

compartment with the open door in the photograph.

The eluted fractions are monitored using a detector

which is often a UV–VIS spectrometer. Further details

of HPLC are given in Section 36.7.

HPLC equipment at the University of Basel.
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More modern methods of separation involve column chromatography

(see Box 24.6) using a chiral stationary phase. The solid phase supports an

enantiomerically pure species which interacts specifically with one enantiomer

in a mixture of enantiomers of a compound, thereby removing it from the mix-

ture and allowing one enantiomer to pass through the column. The second

enantiomer can be removed in a later elution of the column. Once separated,

enantiomers may racemize, i.e. revert to racemic mixtures.

The separation of enantiomers is especially important in the manufacture of

drugs. A well-documented example is that of Thalidomide, prescribed in the

1960s to pregnant women as an anti-nausea drug. Thalidomide was used in

the form of a racemate, but only one enantiomer provided the anti-nausea

properties. The result of using the mixture of enantiomers was horrendous

birth defects. Even if the correct enantiomer had been specifically administered,

Thalidomide racemizes in vitro and side effects would again have been

observed. Many drugs are chiral, with only one enantiomer possessing the

desired therapeutic properties (Figure 24.15). The second enantiomer may be

inactive for the required therapy, active in a different way, or may produce

undesired side effects. Table 24.3 gives examples of the activities of selected drugs.

Meso compounds

We now return to a point we made near the beginning of this section:

compounds with a plane of symmetry are not chiral. We consider the case

of a molecule that contains two asymmetric carbon atoms and a plane of

symmetry. The structure of tartaric acid is shown in 24.47 without

any stereochemical information. Now consider the stereochemistry of the

molecule. We appear to be able to draw two pairs of enantiomers: 24.48

and 24.49 make one pair, and 24.50 and 24.51 appear to make the second

pair. The diagrams are simplified by omitting the carbon-attached H atoms:

(24.48) (24.49) (24.50) (24.51)

However, inspection of the second pair of structures shows that these

molecules are identical. By rotating 24.51 in the plane of the paper through

1808, we arrive at structure 24.50:

The crucial property of 24.50 (and 24.51) is that it possesses a plane of

symmetry. This makes it achiral, despite the fact that it contains two asym-

metric carbon atoms. The form of tartaric acid with structure 24.50 is called a

meso form, and tartaric acid therefore possesses one pair of enantiomers and

onemeso form. Themeso form has different chemical and physical properties

from the enantiomeric pair.

(24.47)

A meso form of a

compound contains chiral

centres, but is achiral.
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Fig. 24.15 Distribution of drugs approved by the US Food and Drug Administration
(FDA) between 1991 and 2002 according to chirality or achirality. [Data: H. Caner
et al. (2004) Drug Discovery Today, vol. 9, p. 105.]

Table 24.3 Examples of chiral drugs and their properties. The chiral centre is indicated by �.

Drug Structure Effects of first

enantiomer

Effects of second

enantiomer

L-Dopa (S)-(�)-enantiomer used
to treat Parkinson’s
disease

(R)-(þ)-enantiomer
contributes to side effects

Indacrinone (R)-(�)-enantiomer is a
diuretic

(S)-(þ)-enantiomer
induces uric acid excretion

Penicillamine (S)-(�)-enantiomer used
to treat copper poisoning

(R)-(þ)-enantiomer is
toxic

Timolol (S)-(�)-enantiomer is
used to treat angina and
high blood pressure

(R)-(þ)-enantiomer is
used to treat glaucoma

[Data from: E. Thall (1996) Journal of Chemical Education, vol. 73, p. 481.]
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24.9 Conformation

Staggered, eclipsed and skew conformations

Rotation about the internuclear axis of a single bond is usually possible, but

rotation about multiple bonds is restricted because of the �-component. By

looking back at Figure 4.19, you should be able to appreciate why this is.

In an acyclic alkane, rotation about all the single bonds in the molecule

can occur. In C2H6, rotation about the C�H bonds does not affect the

shape of the molecule, but rotation about the C�C bond alters the relative

orientations of the two CH3 groups. These different arrangements are called

conformers.

The two conformers of C2H6 that represent the two extreme positions of

the CH3 groups with respect to one another are shown in Figure 24.16a.

Between the staggered and eclipsed conformations lie an infinite number of

skew conformations.

Newman projections, sawhorse drawings and the use
of wedges

There are several schematic ways of representing conformations and these

are shown in Figures 24.16b–d with C2H6 as the example.

In theNewman projection (Figure 24.16b), the stereochemistry is shown by

looking along the C�C bond. Atoms attached to the C atom closest to you

Rotation can usually occur

about a single bond but not

about a multiple bond.

Conformers of a molecule

can be interconverted by

rotation about single bonds.

Stereochemistry:
see Section 24.2

"

Fig. 24.16 Conformers of C2H6. (a) ‘Ball-and-stick’ models of a molecule of C2H6 showing two views of the staggered
and eclipsed conformers. Colour code: C, grey; H, white. Three methods are in common use to represent conformations.

(b) In aNewman projection, atoms in front of the circle point towards you. (c) In a sawhorse diagram, the lower left-hand C atom
is, by convention, closer to you. (d) Solid wedges and hashed lines indicate, respectively, atoms or groups that point towards you
or away from you; the remaining lines are in (or close to being in) the plane of the paper.
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are drawn in front of a circle, and atoms attached to the more distant C atom

lie behind the circle.

In a sawhorse diagram of C2H6 (Figure 24.16c), the C�C bond is drawn at

an angle and, by convention, the C atom at the lower left-hand corner is

nearer to you.

A thirdmethodmakes use of the solid wedges and hashed lines with which we

are already familiar. Solid wedges represent bonds pointing up from the paper

(towards you), and hashed lines represent bonds pointing away from you.

Use of these schemes allows the stereochemistry of complicated molecules

to be shown in a relatively unambiguous manner.

Steric energy changes associated with bond rotation

When a C2H6 molecule is in a staggered conformation (Figure 24.16), the

steric interactions between H atoms on adjacent C atoms are at a minimum.

This represents the minimum steric energy. As rotation about the C�C bond

occurs, steric interactions increase as the H atoms get closer together. Further

rotation takes the H atoms further apart again and the steric interactions

decrease. The steric energy varies with the degree of rotation as shown in

Figure 24.17. The eclipsed conformation is the energy maximum. In a full

3608 rotation about the C�C bond, the molecule passes through three identi-

cal eclipsed and three identical staggered conformations. The energy difference

between the staggered and eclipsed conformations in C2H6 is �12.5 kJmol�1.
This is relatively small and means that, at 298K, we can consider the C2H6

molecule to be freely rotating about the C�C bond.

If we replace the H atoms in Figure 24.17 by alkyl groups, a staggered

conformation remains the most favourable, but the barrier to rotation

increases. Sterically demanding substituents (i.e. bulky ones such as tert-

butyl) hinder the rotation. Ethane has three equivalent eclipsed and three

equivalent staggered conformations. Once substituents are introduced, other

conformations become possible. These are summarized in Figure 24.18.

Steric interactions:
see Sections 6.8 and 6.9

"

Fig. 24.17 The relative steric energy of C2H6 changes as one CH3 group rotates with respect to the other one about the C�C
bond. Two of the six equivalent H atoms are marked in red to highlight their relationship throughout the rotation.
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The fully staggered (antiperiplanar or anti) conformation possesses the lowest

steric energy, and the fully eclipsed (synperiplanar or syn) conformation has the

highest steric energy. In between these conformations lie the anticlinal and

gauche (synclinal) conformations. In the gauche arrangement, one substituent

(R in Figure 24.18) lies over the gap between the second R group and one

H atom. In the anticlinal conformation, each R group eclipses an H atom.

It is important to recognize that the ability of an alkane molecule to

undergo C�C bond rotation means that the so-called ‘straight chains’ (an

extended conformation) can in fact roll up into ‘balls’ (see Box 24.2). The

flexibility of an alkane chain is best illustrated by using molecular models

or computer molecular modelling programs.

24.10 Some general features of a reaction mechanism

Before we can discuss the reactivity of organic compounds, we must consider

some general features of reaction mechanisms. Relevant topics that were

introduced in Chapters 15 and 16 are:

. activation energy

. reaction profiles

. transition states and intermediates

. rates of reaction

. rate equations

. elementary steps

. rate-determining step

. radical chain reactions

. equilibrium constants

. Brønsted acids and bases

. pKa and pKb values.

See end-of-chapter
problem 24.19

"

Fig. 24.18 The generation of
different conformers of an
RCH2CH2R molecule during
rotation about the central
C�C bond. The diagrams cover
1808 of rotation starting from a
fully staggered arrangement of
the two R groups.
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Bond cleavage

In the homolytic bond cleavage (or fission) of anX�Ybond, one electron is trans-

ferred to each of the two atoms and is represented by a ‘half-headed’ arrow. In

equation 24.2, two radicals are formed as a result of homolytic bond cleavage.

ð24:2Þ

The half-headed arrows are one type of curly arrows that are used through-

out organic chemistry to show the movement of electrons in a reaction

mechanism. The way that the arrows are drawn is very important: an

arrow must start and end where the electron or electrons come from and

go to. Arrows should never be vaguely positioned; they always begin from a

pair of electrons, or a single electron in the case of a radical such as Cl
�
.

In heterolytic bond cleavage, the two electrons in the X�Y bond are both

transferred to the same atom and the transfer is represented by a ‘full-

headed’ arrow (equation 24.3). A 2-electron transfer usually generates ions

(equations 24.3 and 24.4), but this is not always the case. In equation 24.5,

there is no change in the total number of ions.

       ð24:3Þ

ð24:4Þ

ð24:5Þ

In equation 24.4, the pair of electrons from the C�Cl bond becomes localized

on the Cl centre. If we consider all the valence electrons around the Cl atom,

the change is:

Similarly, in equation 24.5, the changes in the valence shell of the O atom as

the pair of electrons from the H�O bond becomes localized on the O centre,

leaving the H atom without electrons, can be summarized as:

These representations keep track of the electrons, and you may wish to

include valence electrons in diagrams of this type. However, we shall, in

general, only explicitly show pairs of electrons involved in the reaction (see

the discussion of nucleophiles below). For example, attack by a lone pair of

electrons on H2O is represented showing both lone pairs, or just the lone

pair involved in attack:

Bond cleavage (fission) can

occur either homolytically

or heterolytically.
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If only one lone pair is shown on H2O, do not forget that there are actually

two! If the attacking species is an anion, lone pairs of electrons may be shown

with the curly arrow starting at a lone pair. For example:

If only one of the lone pairs is shown, the representation is:

We use this representation in this book. Keep in mind that the curly arrow

indicates movement of a pair of electrons.

One final point regards the way in which we show charges in organic

mechanisms. For clarity, we draw the charge in a circle and position it by

the atom that carries the charge.

Homolytic bond cleavage (fission) of a single bond X�Y means a 1-electron

transfer to each atom and the formation of radicals X
�
and Y

�
. A 1-electron

transfer is represented by a ‘half-headed’ arrow

Heterolytic bond cleavage (fission) of a single bond X�Y means a 2-electron

transfer to either X or Y, and (usually) the formation of ions. A 2-electron

transfer is represented by a ‘full-headed’ arrow

The reactions above illustrate a single 2-electron transfer. In most reactions,

a series of 2-electron transfers are coupled together in steps in the reaction

mechanism. An important point to remember is that such a series of transfers

must involve the electron pairsmoving in the same direction. This may not be

true for 1-electron transfers in radical reactions (look at equation 24.2). We

illustrate these points in later chapters.

Electron movement and orbitals

In equations 24.4 and 24.5, we show the electron pairs being transferred to

atom centres. As we have seen in Chapters 3–5, electrons must be accommo-

dated in orbitals and therefore an atom accepting electrons must possess a

suitable, low-lying vacant molecular or atomic orbital. This concept has

already been explored with respect to the formation of Lewis base adducts

of BF3, BCl3 and BBr3 (see Figure 22.6). The Lewis bases that we studied

included pyridine (24.52) and are characterized by having a lone pair of

electrons in a high-lying molecular orbital. The molecular orbital (MO) in

BX3 (X¼ halogen) that accepts the pair of electrons from the Lewis base is

the lowest energy unoccupied MO (the LUMO) of the BX3 molecule. At

the end of Chapter 23, we discussed the formation of metal carbonyl com-

plexes. We saw how a lone pair of electrons in the highest occupied molecular

orbital (the HOMO) of CO is donated into a low-lying metal atomic orbital,

and how the M�C bond is further stabilized by donation of electrons from a

(24.52)
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high-lying filled MO on the metal centre into the LUMO of the CO ligand

(Figure 23.27). Both these examples illustrate the role of high-lying filled

MOs (often the HOMO) and low-lying unoccupied MOs (often the LUMO)

in bond formation.

Interactions between the HOMO and LUMO of species are crucial to the

movement of electrons in organic reactions. Although we usually represent

this movement by a curly arrow, you should bear in mind the orbital

criteria. Electrons cannot be transferred from one atomic centre to another

if there is no vacant orbital available, nor if there is amajormismatch in orbital

symmetry or energy. We look further at the role of orbitals in later chapters.

Electrophiles and nucleophiles

Heterolytic bond cleavage (equations 24.3–24.5) is the net consequence of

a reaction with an electrophile or a nucleophile. An electrophile is ‘electron

loving’ and seeks electrons. It is attracted to an electron-rich centre with

negative or �� charge. A nucleophile is a species that can donate electrons

and is attracted to a centre with a positive or �þ charge. In terms of the

orbital criteria discussed above:

. an electrophile accepts electrons into a low-lying vacant atomic or

molecular orbital;
. a nucleophile donates electrons from a high-lying occupied atomic or

molecular orbital.

Electrophiles include Hþ, Clþ, Meþ and NO2
þ. Examples of nucleophiles are

H2O, Cl� andNH3.More detailed discussion of electrophiles and nucleophiles

comes in later chapters.

HOMO¼ highest occupied

molecular orbital

LUMO¼ lowest

unoccupied molecular

orbital

An electrophile is electron

seeking. A nucleophile

donates electrons.

SUMMARY

Chapter 24 begins our coverage of the chemistry of carbon compounds and we have summarized the
general types of compound and important functional groups. A knowledge of basic nomenclature is
needed so that we can build upon it as we encounter more complicated molecules. We have elaborated
upon the introduction to isomerism given in Chapter 6, and have discussed constitutional isomers and
stereoisomers, with particular emphasis on chiral compounds. It is important that you can recognize
the various conformations that acyclic carbon chains can adopt; these affect properties that we discuss
later. The final part of this chapter has pulled together some topics from earlier in the book that
are needed for discussions of reaction mechanisms, and has introduced the concepts of ‘curly arrow
chemistry’, electrophiles and nucleophiles. The list of terms below may look daunting, but you should
become familiar with them now because we shall make constant use of them in the remaining chapters.

Do you know what the following terms mean?

. hydrocarbon

. carbon backbone

. aliphatic

. acyclic

. cyclic

. saturated

. unsaturated

. alkane

. stereochemistry

. homologous series

. methylene group

. methyl group
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. ethyl group

. propyl and isopropyl groups

. butyl, sec-butyl, isobutyl
and tert-butyl groups

. primary carbon atom

. secondary carbon atom

. tertiary carbon atom

. quaternary carbon atom

. constitutional isomers

. stereoisomers

. (E)- and (Z)-isomers

. enantiomers

. asymmetric carbon atom

. stereogenic centre

. plane of symmetry

. polarized light

. optically active

. specific rotation

. (þ) and (�) notation

. d and l notation

. absolute configuration

. (R) and (S) notation

. diastereoisomers

. racemate (racemic mixture)

. (	)-notation

. resolution of a chiral
compound

. racemization

. conformation

. extended conformation

. staggered conformation

. eclipsed conformation

. skew conformation

. antiperiplanar conformation

. synperiplanar conformation

. anticlinal conformation

. gauche conformation

. Newman projection

. sawhorse drawing

. steric energy

. homolytic bond cleavage
(fission)

. heterolytic bond cleavage
(fission)

. HOMO

. LUMO

. electrophile

. nucleophile

Do you know what the functional groups are in:

. an alkene?

. an allene?

. an alkyne?

. an alcohol?

. an aldehyde?

. a ketone?

. a carboxylic acid?

. a halo-compound?

. an ester?

. an ether?

. an amine?

. an amide?

. an acid chloride?

. a nitrile?

. a nitro-compound?

. a thiol?

You should be able:

. to state what is meant by a hydrocarbon and to
classify the different types of such compounds

. to distinguish between cyclic and acyclic
compounds

. to discuss (with examples) the different geo-
metries in which C atoms are found

. to relate suitable hybridization schemes to C
atoms in different environments

. to identify functional groups given the structural
formula of a compound

. to interpret a schematic structural formula (i.e.
‘fill in the gaps’ with atoms and interpret the
geometry of each atom)

. to name straight chain alkanes up to 20 C
atoms

. to name a branched alkane given the structural
formula, and to interpret a name in terms of the
structure

. to name a straight chain alkene or alkyne given
the structural formula, and to interpret a name
in terms of the structure

. to recognize primary, secondary, tertiary and
quaternary carbon centres in a molecule

. to classify the types of isomerism found in
organic compounds

. to discuss (with examples) constitutional
isomerism among alkanes

. to discuss (Z)- and (E)-isomers among alkenes

. to identify asymmetric carbon atoms (stereogenic
centres) in a molecule

. to explain how enantiomers of a compound are
related

. to give two ‘tests’ for chirality (are they
infallible?)

. to discuss how specific rotation is measured
and to explain the significance of (þ) and (�)
or d and l labels

. to state what is meant by absolute configuration
and explain how (R) and (S) labels are assigned

. to explain what diastereoisomers are

. to describe what a racemate is and how it might
be resolved
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PROBLEMS

24.1 (a) Give hybridization schemes appropriate

for the C atoms in structures 24.5–24.8.

(b) Why is propadiene (allene, 24.8) not

planar?

24.2 Redraw the following compounds showing

the C and H atoms, and give an appropriate

hybridization scheme for each C atom:

24.3 Draw structural representations of the functional

groups in the following types of compound:

(a) amine; (b) alcohol; (c) carboxylic acid; (d) ether;

(e) ester; (f ) thiol; (g) chloroalkane; (h) nitro-

compound; (i) alkyne; (j) aldehyde; (k) ketone;

(l) amide.

24.4 Identify the functional groups in each of the

following compounds:

24.5 In each of the formulae in problem 24.4, ‘fill in the

gaps’ with C and H atoms to give a full structural

formula.

24.6 In each of the formulae below, ‘fill in the gaps’ with

C and H atoms to give a full structural formula:

. to explain what the meso-form of a compound
is and when it may arise

. to discuss what is realistically meant by a
‘straight carbon chain’

. to describe the differences between staggered,
eclipsed and skew conformations of a molecule
such as ethane

. to draw Newman projections and sawhorse
drawings, and to use wedges to illustrate the
conformation of a given molecule

. to explain how steric energy is related to the
conformation of a molecule

. to distinguish between homolytic and heterolytic
bond fission

. to interpret the meanings of and
arrows

. to understand the criteria for moving electrons
along a ‘curly arrow’ pathway

. to distinguish between an electrophile and a
nucleophile
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24.7 Draw a schematic structural formula (i.e. no C

and carbon-attached H atoms shown) for each of

the following molecules:

24.8 Draw structural formulae for the following

compounds:

(a) octane;

(b) 2-methylpentane;

(c) 3-ethylheptane;

(d) 2,2-dimethylhexane.

24.9 Draw structural formulae for the following alkenes

and distinguish between (E)- and (Z)-isomers

where appropriate:

(a) hex-3-ene;

(b) but-2-ene;

(c) pent-1-ene;

(d) 3,4-dimethylhept-3-ene.

24.10 Give names for the following compounds:

24.11 (a) Draw structural formulae for the stereoisomers

of octa-2,5-diene and name the isomers. (b) How

many isomers does buta-1,3-diene possess?

(c) Draw the structures of the acyclic isomers

of C5H12.

24.12 Draw the structures of the following compounds

and identify the types of C centre (primary,

secondary, tertiary or quaternary):

(a) butane;

(b) 2-methylpentane;

(c) 2,2,4,4-tetramethylhexane;

(d) 3-ethylpentane.

24.13 Which of the following molecules contain

stereogenic centres?

24.14 Assign absolute configurations to the following

enantiomers.

24.15 Alanine has the structure:

Explain what is meant by the notation (S)-(þ)-
alanine and (R)-(�)-alanine.

24.16 2,3-Dibromopentane has the structure:

Explain why this compound has enantiomers and

diastereoisomers.

24.17 Pentane-2,4-diol has the structure:

What stereoisomers does it possess?

24.18 What isomers do the following molecules possess?

Consider only acyclic structures.

(a) C4H10

(b) C4H9Cl

(c) C4H6

(d) C4H8Cl2
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24.19 Figure 24.19 shows the variation in steric energy as

rotation occurs around the C(2)�C(3) bond in

butane. The energies are relative to a value of zero

for a staggered conformation (angle¼ 08).
(a) Draw Newman projections of the conformation

of butane at points A, B, C and D marked in the

figure. (b) Explain the shape of the graph.

24.20 Write out the products from the following steps in

reaction mechanisms:

(a)

(b)

(c)

(d)

(e)

24.21 Write out the products from the following steps in

reaction mechanisms in which bonding electron

pairs are not explicitly shown:

(a)

(b)

(c)

(d)

ADDITIONAL PROBLEMS

24.22 In each of the following, choose themost convenient

and routine experimental method appropriate.

(a) Suggest a method of distinguishing between the

following isomers of C8H12.

(b) How might the following unsaturated

hydrocarbons be distinguished?

(c) Suggest how 2,2-dimethylpropane and

2-methylbutane could be distinguished.

24.23 The general formula of the 20 naturally occurring

amino acids is drawn below.

In glycine, R¼H, in cysteine, R¼CH2SH, in

aspartic acid, R¼CH2CO2H, and in threonine,

R¼CH(OH)Me. (a) Which of these amino acids

are chiral? (b) For each chiral molecule, draw a

representation of the (R)-enantiomer. (c) What can

you say about the chiral or achiral nature of the

remaining 16 naturally occurring amino acids?

24.24 A compound A (which has a foul smell) shows a

parent ion in its mass spectrum at m/z 76. The 1H

NMR spectrum of A shows signals with relative

integrals as follows: � 2.10 (singlet, 3H), 2.53

(quartet, 2H), 1.27 (triplet, 3H) ppm. The 13CNMR

spectrum exhibits three resonances. Elemental

analysis for A gives C 47.3, H 10.6%. Compound B

is an isomer ofA and also has a foul smell;B also has

three signals in its 13C NMR spectrum. Suggest

identities and structures for A and B.

Fig. 24.19 For problem 24.19
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Table 24.4 Data for problem 24.27

Drug

(commercial name)

Structure Use Global

sales / US$

Salbutamol Bronchodilator
(asthma drug)

7.6 million
(in 2004)

Prozac Antidepressant 631 million
(in 2003)

Norethindrone Hormone
(contraceptive)

580 million
(in 2003)

Synthroid Hormone
(hypothyroidism
drug)

637 million
(in 2004)

Allegra Antihistamine 1.87 billion
(in 2004)

6-Mercaptopurine Anticancer drug 44.3 million
(in 2004)

[Sales data: Chemistry & Engineering News, 2005, June 20 issue.]
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CHEMISTRY IN DAILY USE

24.25 Lovastatin (shown below) is a cholesterol-lowering

drug manufactured by Merck. Worldwide sales of

cholesterol-lowering drugs were US$30 billion in

2004. How many asymmetric carbon atoms does

lovastatin contain?Mark the stereogenic centres on

the structural diagram of the drug.

24.26 Methyl jasmonate is a fragrant constituent of

jasmine and is used in the perfume industry. The

structure of methyl jasmonate is shown opposite,

but some of the stereochemical information is

missing. (a) In the structure given opposite, what

stereoisomer information is defined? What

prefix defines this stereochemistry? (b) How many

chiral centres does methyl jasmonate possess,

and to how many stereoisomers does this lead?

Explain how these stereoisomers are related in

terms of being pairs of enantiomers or pairs of

diastereoisomers. (c) Of the stereoisomers you

described in part (b), one (A) has an odour 400 times

stronger than another (B), while the remaining

stereoisomers are odourless. A racemic mixture

ofA and B is commercially available. How areA and

B related in terms of structure? How might you

attempt to separate A and B?

24.27 The importance of the pharmaceutical drugs in

Table 24.4 can be seen from their annual sales

figures. How many of these drugs are chiral? For

those that are chiral, identify the stereogenic

centres. Comment on the functional groups present

in each molecule.
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25
Acyclic and cyclic
alkanes

25.1 Cycloalkanes: structures and nomenclature

We are already familiar with the fact that saturated hydrocarbons are called

alkanes, and that acyclic alkanes have the general formulae CnH2nþ2. The

carbon chains may be straight or branched, but these descriptions hide the

fact that rotation around the C–C bonds leads to changes in

conformation. Before considering the physical and chemical properties of

alkanes in detail, we extend our general introduction to cycloalkanes.

Structures and nomenclature of monocyclic alkanes

An unsubstituted cycloalkane with a single ring (monocyclic) has the general

formula CnH2n. The compound name indicates the number of C atoms in

the cyclic portion of the molecule. Compound 25.1 is cyclohexane and 25.2

is cyclopropane.

(25.1) (25.2)

A substituted cycloalkane with only one substituent needs no position number.

Since all the C atoms in the parent unsubstituted ring are identical, it is

irrelevant which atom becomes substituted. Compound 25.3 is methyl-

cyclohexane and 25.4 is ethylcyclopentane. When the ring has more than one

alkyl substituent, it is named so that the position numbers of the substituents

are as low as possible. This means that one substituent is taken to be at

position C(1) and the ring is then numbered to place the second substituent at

Topics

Acyclic and cyclic

alkanes

Ring strain

Physical properties

Industrial

interconversions

Reactions of alkanes

Radical mechanisms

Conformation: see Box 24.2
and Section 24.9

A monocyclic compound

contains one ring.

(25.3) (25.4)

"



 

the lowest position number possible. For example, the compound below is

named 1,2-dimethylcyclohexane and not 1,6-dimethylcyclohexane:

If the alkyl substituents are different, an alphabetical sequence of

substituent names takes priority. Thus, 25.5 is 1-ethyl-3-methylcyclohexane

(not 1-methyl-3-ethylcyclohexane).

NMR spectra

The use of NMR spectroscopy in structural assignment is extremely

important as we have already seen. For example, one can distinguish

between related acyclic and cyclic alkanes. In an unsubstituted cycloalkane

CnH2n, all the C atoms are equivalent. This contrasts with their acyclic

counterparts, and the 13C NMR spectra of pairs of cyclic and acyclic

alkanes allow the compounds to be readily distinguished. Figure 25.1

shows the 13C NMR spectra of pentane and cyclopentane. Proton spectra

of unsubstituted cycloalkanes are also simple: cyclopentane exhibits a

singlet at � 1.50 ppm, cyclohexane a singlet at � 1.42 ppm and cyclooctane a

singlet at � 1.52 ppm. Even though rings with more than three C atoms are

non-planar, changes in conformation (see Section 25.2) lead to the protons

being equivalent on the NMR spectroscopic timescale.

Structures of bicyclic alkanes

Although we shall not have a great deal to say about the chemistry of bicyclic

compounds, their structures do appear quite often in this book, especially

(25.5)

NMR spectroscopy:
see Chapter 14

"

Fig. 25.1 The proton decoupled 13C NMR spectrum of pentane exhibits three signals; the three C environments are
labelled a–c in the structural diagram of pentane. In cyclopentane, all the C atoms are equivalent and the 13C NMR spec-

trum shows one signal. Colour code: C, grey; H, white.
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with respect to molecules that occur in nature. The framework structures can

be considered in terms of three classes of bicyclic cycloalkanes. The first

group consists of molecules in which two rings share a common C–C

bond. These fused bicyclics are represented by structure 25.6. Members of

the second group of bicyclics have bridged structures, e.g. 25.7 and 25.8;

bridged structures share more than one atom between the rings. When ring

linkage is through a single, shared tetrahedral C atom, the compound is

spirocyclic as in 25.9.

(25.6) (25.7) (25.8) (25.9)

a-Pinene and b-pinene are examples of commercially important bicyclics.

They are members of the terpene family (see Boxes 24.5 and 26.4) and play

a major role in the fragrance industry.

25.2 Cycloalkanes: ring conformation and ring strain

Ring conformation

Whereas there is usually rotation about the C–C bonds in an acyclic alkane,

such rotation is restricted in cycloalkanes, especially in those with small

rings. In cyclopropane (Figure 25.2), there is no rotation possible about

the C–C bonds and the C3 ring is constrained to being planar. This

imposes eclipsed conformations along each C–C bond. This unfavourable

conformation contributes to cyclopropane being a strained ring and its

chemistry reflects this. We return to ring strain in terms of orbital overlap

later in the section.

As the Cn ring size increases, partial rotation about the C–C bonds becomes

possible. If the Cn rings of cyclobutane and cyclopentane adopted planar

conformations, adjacent CH2 groups would be eclipsed. However, if partial

rotation occurs about one or more C–C bonds, the rings become non-

planar, non-bonded H:::H interactions are reduced, and the energy of the

system is lowered. In the lower energy conformations, the rings of

cyclobutane and cyclopentane are folded (or puckered). The conformation of

cyclopentane is also referred to as an envelope conformation because of its

relationship to an open envelope as shown in structure 25.10. In Figure 25.3,

we compare planar and folded conformations for cyclobutane and

cyclopentane. The folded conformations are close to those observed

experimentally. Despite possessing some degree of flexibility, the ring in

Bicyclic compounds contain

two rings and can be fused,

bridged or spirocyclic.

(25.10)

Fig. 25.2 Two views of
the structure of

cyclopropane. The ring is planar.
The right-hand diagram
emphasizes that the
conformation along each C�C
bond is eclipsed. Colour code: C,
grey; H, white.
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cyclobutane is strained. Larger rings have greater degrees of flexibility.

Partial rotation about the C–C bonds in cyclohexane results in ‘flipping’

(ring inversion) between the chair, twist-boat and boat conformations

(Figure 25.4a). The relative energies of the conformers are E(chair) �
E(twist-boat) < E(boat). Cyclohexane is a liquid at 298K and the chair

form is favoured to an extent of �104 : 1. The H:::H interactions are

greater in the boat form than in either the twist-boat or chair conformers.

In the chair form of cyclohexane (Figure 25.4b), there are two different

sites for the H atoms and these are called axial and equatorial. The origins

of the names can be appreciated by looking at the Newman projection in

Figure 25.4b; the projection is viewed along two of the six C–C bonds

in cyclohexane. The presence of different sites leads to the possibility of

constitutional isomerism, but it is important not to confuse isomers and

conformers. There are two conformers of methylcyclohexane (Figure 25.5a)

because as the C6-ring flips from one chair conformation to another, the

methyl group switches between axial and equatorial positions (Figure 25.6).

Figure 25.5b shows the three conformers of the two isomers of

1,3-dimethylcyclohexane. The space-filling diagrams of methylcyclohexane in

Figure 25.5a illustrate that the equatorial site is less sterically crowded

than the axial site. The equatorially substituted conformer is energetically

favoured although the energy difference is small, about 7 kJmol�1.
Similarly, of the structures shown in Figure 25.5b, the equatorial,equatorial

conformer of 1,3-dimethylcyclohexane is sterically favoured.

Chair and boat conformers:
see Section 9.8

"

Fig. 25.4 (a) The chair
and boat forms of

cyclohexane are the two extreme
conformations. The chair is
energetically favoured. The twist-
boat is an intermediate
conformation. (b) A ‘ball-and-
stick’ representation of the chair
conformation of C6H12; colour
code: C, grey; H, white. A
schematic form of the same
structure that shows the axial and
equatorial positions of the H
atoms. The Newman projection
of the chair conformation of
C6H12 is viewed along the two
C�C bonds that are highlighted
in bold in the middle diagram.

Fig. 25.3 Comparing planar and folded (experimentally favoured) conformations of (a) cyclobutane and (b) cyclo-
pentane. In the planar forms, the conformation is eclipsed along each C�C bond. An energetically more favourable

conformation is achieved if the ring is folded. This is the result of partial rotation about the C�C bonds. Colour code: C,
grey; H, white.
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The chair conformation of cyclohexane is preferred over the twist-boat or boat:

E(chair) � E(twist-boat) < E(boat)

Equatorial sites in the chair conformer of cyclohexane are less sterically

crowded than axial sites.

Ring strain

In a cycloalkane, each C atom forms four single bonds and can be considered

to be sp3 hybridized.The ideal angle for sp3 hybridization is 109.58 as is

found in CH4. Acyclic alkanes have H–C–C, C–C–C and H–C–H bond

angles that are close to 109.58. For cycloalkanes, the picture is different.

The C–C–C bond angle depends on the size of the ring. But caution is

needed! Representations of the carbon frameworks of cycloalkanes (e.g.

25.1–25.4) often make them look flat when this is not the case; the one

exception is cyclopropane. The C–C–C bond angles in cycloalkanes CnH2n

Fig. 25.5 (a) There are
two conformations of the

chair form of methylcyclohexane:
one with the Me group in an axial
site, and one with it in an
equatorial site. The space-filling
diagrams illustrate that the Me
group experiences more steric
crowding when in an axial
position. Colour code: C, grey; H,
white. (b) There are two isomers of
1,3-dimethylcyclohexane in which
the Me groups are either cis (same
side of the ring) or trans (opposite
sides of the ring). There are two
conformers of the cis-isomer. The
equatorial,equatorial conformer is
sterically favoured. (The cis and
trans labels are recommended in
preference to the (Z) and (E) labels
used for stereoisomers of alkenes.)

Fig. 25.6 When the cyclohexane
ring ‘flips’ from one chair
conformation to another chair
conformation, axial and
equatorial sites are interchanged.
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with 3 � n � 10 are listed in Table 25.1. In some rings, experimental angles

span a small range of values. Two points stand out:

. the C–C–C bond angles increase from 608 for n ¼ 3 to values of around

1168 for n � 7;
. rings with n ¼ 3 and 4 have C–C–C bond angles that are significantly

smaller than the ideal angle of 109.58 for sp3 hybridization.

Values of the standard enthalpies of combustion, �cH
o(298K) for cycloalkanes

provide an experimental indicator of the amount of strain that a ring

exhibits. For acyclic alkanes, values of �cH
o (defined for equation 25.1)

become increasingly negative as the number of C atoms increases

(Table 25.1). Because this is a comparative exercise, all data refer to

gaseous molecules.

CnH2nþ 2ðgÞ þ
3nþ 1

2
O2ðgÞ ��" nCO2ðgÞ þ

2nþ 2

2
H2OðlÞ ð25:1Þ

The right-hand column in Table 25.1 shows that the differences between

successive values of �cH
o(g, 298K) along the homologous series of acyclic

alkanes are virtually constant (��659 kJmol�1). This is consistent with

the combustion of each additional CH2 unit releasing the same amount of

energy. This is reasonable because the environment of every CH2 unit in

the straight chain alkanes is approximately the same. Table 25.1 also lists

values of �cH
o for gaseous cycloalkanes from cyclopropane to cyclodecane.

Each ring consists of n CH2 units, and as n increases, combustion becomes

increasingly exothermic as expected. However, on going from C3H6 to

C10H20, values of �cH
o per mole of CH2 units are not constant (Table 25.1).

The data in Table 25.1 can be analysed by comparing �cH
o per mole of

CH2 units in a cycloalkane with the typical value of �cH
o per mole of CH2

Table 25.1 Internal C�C�C bond angles in selected cycloalkanes and enthalpies of combustion. Enthalpies of combustion of
acyclic alkanes and the difference between successive values as n increases in CnH2nþ2 (see text). Values all refer to gaseous
compounds.

Cycloalkane nnCCC /
o �cH

o
(g, 298K)

/ kJmol
�1

�cH(298K)

permole of CH2

units / kJmol
�1

Alkane �cH
o
(g, 298K)

/ kJmol
�1

Difference between

successive values of

�cH(g, 298K)

/ kJmol
�1

C2H6 �1560

C3H6 60 �2091 �697 C3H8 �2219 �659

C4H8 88 �2746 �687 C4H10 �2877 �658

C5H10 105 �3320 �664 C5H12 �3536 �659

C6H12 111 �3953 �659 C6H14 �4195 �659

C7H14 113–115 �4637 �662 C7H16 �4854 �659

C8H16 115–117 �5310 �664 C8H18 �5512 �658

C9H18 115–118 �5985 �665 C9H20 �6172 �660

C10H20 114–118 �6640 �664 C10H22 �6830 �658
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units (�659kJmol�1) in an acyclic alkane. The differences between these values

(e.g. �659� ð�697Þ ¼ 38 kJmol�1 for n ¼ 3 from Table 25.1) are expressed

graphically in Figure 25.7, and are measures of the amount of ring strain

energy in the cycloalkanes. The data in Figure 25.7 illustrate that:

. C6H12 has no strain energy;

. C3H6 has the greatest strain energy, and C4H8 also suffers significant strain;

. C5H10, C7H14, C8H16, C9H18 and C10H20 have similar, relatively small

strain energies.

If the bar chart in Figure 25.7 were continued to higher values of n, we would

find that cycloalkanes with n � 15 suffer no ring strain.

By considering an sp3 hybridization model and the structural data in

Table 25.1, we can use an orbital approach to gain insight into the ring

strain in C3H6 and C4H8. Figures 25.8a and 25.8b show that an sp3

hybridization scheme is ideally suited to a tetrahedrally sited atom such as

the C atom in CH4. In cyclopropane, each C atom is 4-coordinate, but the

C–C–C bond angle is only 608. While we can adopt an sp3 hybridization

scheme to cope with the four bonds made by each C atom, the

orientations of the hybrid orbitals are not matched to the directions of the

C–C bonds (Figure 25.8c). A similar situation arises in cyclobutane

(Figure 25.8d) although the situation is not as bad as in cyclopropane.

Figure 25.8e illustrates that when interaction occurs between sp3 hybrid

orbitals on adjacent C atoms in cyclopropane, the regions of overlap lie

outside the 3-membered ring. This result indicates that the C–C bonds in

cyclopropane are ‘bent’ and the ring can be described as being ‘strained’. As

we emphasized in Chapter 7, all hybridization schemes are models.

However, support for a scheme analogous to that shown in Figure 25.8e

comes from experimental results: electron density maps obtained from

low-temperature X-ray diffraction data reveal that the electron density

associated with the C–C bonds does indeed lie outside the C3 ring.

Summary

Two factors contribute to the ring strain in cyclopropane:

. eclipsing of the CH2 units (torsional strain);

. unfavourable orbital overlap (angle strain).

Fig. 25.7 Strain energy in
cycloalkanes CnH2n for
3 � n � 10. The strain energy is
estimated from standard
enthalpies of combustion as
described in the text.

Fig. 25.8 (a) sp3 Hybridization is
compatible with tetrahedral
carbon. (b) Two sp3 hybrid
orbitals point directly along two
bond vectors in a tetrahedral
arrangement, e.g. in CH4. (c) In
cyclopropane, the C�C�C bond
angles are 608 and the C�C bond
vectors do not coincide with the
directions of two sp3 hybrid
orbitals. (d) A similar situation
arises in cyclobutane. (e) Regions
of overlap between sp3 hybrid
orbitals on adjacent C atoms in
cyclopropane lie outside the
C3 ring.
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Similar effects, but less severe, contribute to the ring strain in cyclobutane.

Rings with more than three C atoms are not constrained to being planar,

and partial rotation about the C–C bonds relieves torsional ring strain. In

addition, as the ring increases in size, the C–C–C bond angles are no

longer constrained to the unfavourable values observed in C3H6 and C4H8.

In C6H12, the bond angle of 1118 and the staggered conformation achieved

in the chair conformation lead to a situation not very different from that in

straight chain alkanes and C6H12 has no ring strain.

The fact that cyclopropane suffers from ring strain is not a reason to assume

that it and its derivatives are chemically or commercially insignificant. Pyrethrum

has been used as an insecticide since the early 19th century and is extracted from

the flowers of the pyrethrumdiasy (Tanacetum cinerariaefolium). Pyrethrumdaisies

are grown as a commercial crop in East Africa and Tasmania (Figure 25.9).

Tasmania supplied about 45% of the global market in 2007. Pyrethrum is

a mixture of pyrethrin I, pyrethrin II, cinerin I and cinerin II. Synthetic

pyrethroids (like natural pyrethrum) cause rapid paralysis of the insects they

target. Although efficient, pyrethrum is unstable to light. An advantage of its

photoinstability is that after application as an insecticide, pyrethrum quickly

breaks down and so, being biodegradable, does not pollute the environment.

Synthetic analogues of pyrethrum that are photostable include permethrin:

25.3 Physical properties of alkanes

We could consider the physical properties of alkanes from a range of

viewpoints. However, it is most useful to look for trends in behaviour and

for this, it is most profitable to consider homologous series.

Melting and boiling points

The Pauling electronegativity values of C and H are 2.6 and 2.2 respectively,

and the C–H bond dipole moment is small. Alkanes are essentially non-

polar molecules, and in both the solid and liquid states, the intermolecular

interactions are weak van der Waals forces. Figure 25.10 shows the trends in

melting and boiling points along the homologous series of alkanes CnH2nþ2

for 1 � n � 20. CH4 (see Box 25.1), C2H6, C3H8 and C4H10 are gases at

298K and atmospheric pressure, while straight chain alkanes from pentane

to heptadecane are liquids. Higher alkanes (n � 18) are solids at 298K.

Figure 25.11 shows ‘ball-and-stick’ and space-filling models of a pentane

molecule in an extended conformation. The ‘space-filler’ emphasizes the

Homologous series:
see Section 24.4

Pauling electronegativities
and polar bonds:

see Section 5.7

Intermolecular interactions:
see Sections 2.10 and 3.21

"

"

"

Fig. 25.9 Fields of pyrethrum
daisies, in Tasmania, Australia.
The crop is grown for the
production of pyrethrum-based
insecticides.
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ENVIRONMENT

Box 25.1 Methane: a ‘greenhouse gas’

The ‘enhanced greenhouse effect’ refers to the effects of

gaseous emissions originating from industrial and

agricultural sources and is distinct from a natural

greenhouse effect for which atmospheric water vapour

is mainly responsible. The major greenhouse gases of

human (anthropogenic) origins are CO2, CH4, N2O

and O3. We described the environmental impact of

CO2 emissions in Box 22.1, and now we look at the

sources and extent of methane emissions. Non-CO2

greenhouse gases account for approximately 30% of

the enhanced greenhouse effect.

It has been estimated that the global warming effect

of CH4 is approximately 21 times more than that of

CO2 over a 100 year period. Methane is produced by

the anaerobic (in the absence of O2) decomposition of

organic material and is released into the atmosphere.

The three major sources are landfill sites, natural gas

systems and enteric fermentation (see below). Other

sources of methane include manure and waste water

treatment plants, abandoned coal mines, marshlands

and rice paddy fields. The escape of bubbles of CH4

from wetlands gave the gas its original name of

‘marsh gas’. The chart below illustrates the relative

contributions of these sources to the total methane

emissions in the US (typical of an industrialized

nation) in 2003:

[Data: US Emission Inventory 2005: Inventory of US

Greenhouse Gas Emissions and Sinks: 1990–2003.]

Enteric fermentation is the microbial fermentation of

plant material that takes place in the stomachs of

ruminants such as cows and sheep. Non-ruminants

(e.g. pigs, horses, mules) also produce methane, but

since the microbial fermentation occurs in the large

intestine, the quantities of CH4 are less than for

ruminants. Although enteric fermentation is a natural

process, the numbers of domestic animals have

increased significantly since the 1700s, and the diet of

livestock influences the amount of CH4 released to

the atmosphere. Lower quality feed, or larger

amounts of food taken in, affects the CH4 emission

levels. Cattle, sheep and water buffalo together

account for about 90% of the methane emissions

from domestic livestock, with goats, pigs, camels,

horses and mules making up the remaining 10%.

Worldwide CH4 emissions from enteric fermentation

were estimated to be �85Tg (1 teragram ¼ 1012 g) in

2000. If current trends continue, the projected levels

by 2020 will be �112 Tg. One way to reduce enteric

fermentation CH4 emissions is to farm low-emission

animals in preference to cattle. For example, CH4

released from cattle and sheep makes up 11% of the

total greenhouse gas emissions from Australia.

Researchers at the University of New South Wales§

have suggested that kangaroos, which are non-

ruminants, are a viable alternative to cattle as a

source of meat. About 34 million (2007 estimate) wild

kangaroos roam freely in the temperate areas of

Australia which are also home to domestic cattle and

sheep. Allowing kangaroo numbers to increase, while

reducing the numbers of domestic cattle and sheep,

could lead to significant greenhouse gas emissions.

Although this looks a promising option, it does

require people adapting to eating meat from

kangaroos rather than cattle or sheep.

Grazing cows in Hochwald, Switzerland.

§ ‘Native wildlife on rangelands to minimize methane and produce low-emission meat: kangaroos versus livestock’: G. R.Wilson
and M. J. Edwards (2008) Conservation Letters, vol. 1, p. 119.
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overall rod-like shape of the molecule, whereas the environment about each

C atom and the zigzag backbone are clearer in the ‘ball-and-stick’ model. In

the solid and liquid phases, van der Waals forces operate between the atoms

on the periphery of the molecule and those of its neighbours. Figure 25.12

illustrates the way in which molecules of icosane are packed in the solid

state. The general rise in melting points with carbon chain length

(Figure 25.10) reflects the fact that the intermolecular interactions increase

as the surface area of the molecule increases.

Figure 25.10 also shows the trends in melting and boiling points of

cycloalkanes with 3 � n � 8. In general, values for a cycloalkane with a

given number of C atoms are higher than for its straight chain counterpart.

Van der Waals forces operate between molecules of cycloalkanes in the solid

state, but the trend in melting points is not regular, displaying an

Fig. 25.10 Trends in melting and
boiling points of straight chain
alkanes CnH2nþ 2 and
cycloalkanes CnH2n.

Fig. 25.11 Two
representations of a

pentane molecule shown in an
extended conformation:
(a) a ‘ball-and-stick’ model and
(b) a space-filling model. Colour
code: C, grey; H, white.

Fig. 25.12 In the crystal lattice, molecules of icosane (C20H42) are in an extended conformation and pack parallel to
one another. Colour code: C, grey; H, white. [X-ray diffraction data: S. C. Nyburg et al. (1992) Acta Crystallogr.,

Sect. B, vol. 48, p. 103.]
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alternating effect. This can be discussed in terms of the variation in molecular

shape and molecular packing efficiencies along the series C3H6, C4H8, C5H10,

C6H12, C7H14, C8H18. Contrast this with the rather similar rod-like shapes of

extended conformers of straight chain alkanes.

We exemplify the effects of chain branching by considering constitutional

isomers of C6H14, boiling points of which are listed in Table 25.2. In general,

an isomer that has a branched chain boils at a lower temperature than one

with a straight chain. The intermolecular forces decrease as the contact

area between molecules decreases. An alkane molecule becomes more

spherical in shape as the degree of branching increases.

Densities and immiscibility with water

The densities of straight chain alkanes increase as the carbon chain lengthens,

but values level off at about 0.8 g cm�3. All alkanes are less dense than water

(density¼ 1.00 g cm�3). The trend in densities for the liquid alkanes (at 298K)

is shown in Figure 25.13. In keeping with the fact that alkanes are non-polar

and water is polar, alkanes are immiscible with water. When a liquid alkane is

mixed with pure water, the alkane settles as the upper layer.

If two liquids are miscible, they form a solution. If they are immiscible, they

form two layers, with the more dense liquid as the lower layer.

Table 25.2 Boiling points (measured at 1 bar pressure) of constitutional isomers of C6H14.

Compound name Structural formula Boiling point /K

Hexane 341.7

2-Methylpentane 333.3

3-Methylpentane 336.3

2,3-Dimethylbutane 331.0

2,2-Dimethylbutane 322.7

Fig. 25.13 The trend in densities
of the liquid (at 298K) alkanes.
All are less dense than water.
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25.4 Industrial interconversions of hydrocarbons

Commercial demand for hydrocarbons is vast, and the major sources of

alkanes (from which unsaturated hydrocarbons are derived) are natural

gas and petroleum deposits. In this section, we give a brief overview of the

processes involved in the hydrocarbon industry.

Refining

After extraction from natural sources, crude oil is refined. This separates the

oil into the main alkane components (gases, motor fuels, kerosene, diesel oil,

wax, lubricants and bitumen) and involves fractional distillation and gas

separation processes. Crude oil first passes through a desalter to remove

water-soluble contaminants and other impurities, and is then introduced

into the fractionating columns (represented schematically in Figure 25.14)

at � 600K. The columns used for distillation each contain about 40

chambers. Vapours rise up through the column, which is cooler at the top

than at the bottom. Only components with the lowest boiling points

(correlating approximately to those with the lowest molecular weights)

reach the highest chambers in the column. Each chamber collects fractions

containing hydrocarbon components with different boiling ranges. The

highest boiling fractions remain as a residue which is further separated by

distillation under reduced pressure.

Cracking

The fractions obtained from refining do not all contain a commercially

viable distribution of hydrocarbons. Many higher molecular weight

residues remain. Such fractions are subjected to cracking, a process that

breaks down the long hydrocarbon chains into shorter ones and produces

alkenes. Alkenes (which are not present in crude oil) have major

Fig. 25.14 A schematic
representation of a fractionating
column used in crude oil
distillation.
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applications as precursors in the polymer industry. Cracking can be carried

out at high temperatures and pressures (thermal cracking) or in the presence

of a catalyst (catalytic cracking). Thermal cracking is used to treat both liquid

fractions and solid residues, but catalytic methods are suitable only for the

liquid components. Zeolite catalysts have now generally replaced the

alumina and alumina–silica catalysts that used to be used in fluid catalytic

cracking.

Reforming

Fractions to be used as fuels should burn as smoothly and cleanly as possible,

and this requirement leads to the process of reforming in which unbranched

alkanes are converted into branched compounds. Reforming is simply

isomerization. When straight chain alkanes burn in an engine, premature

ignition gives rise to ‘knocking’. The octane number of a motor fuel

indicates whether or not the fuel is resistant to knocking. The octane scale

runs from 0 to 100, with 100 assigned to a fuel that is completely resistant.

Anti-knocking agents such as tetraethyllead (25.11) were added to fuels.

However, lead compounds are environmental pollutants (see Boxes 22.4

and 25.2) and also destroy the catalysts that are used in catalytic

converters (see Box 22.7). Hence modern motor engines are designed to

run on unleaded fuels.

25.5 Synthesis of cycloalkanes

Whereas acyclic alkanes can be obtained from the fractionation of crude

petroleum, the relative amounts of cycloalkanes depend on the source of

the oil deposit. Syntheses of cycloalkanes of specific ring sizes have

therefore been developed. Two general strategies are:

. to use addition reactions to alkenes;

. to cyclize an acyclic compound.

Cycloadditions

Cyclopropane can be prepared by the addition of a CH2 unit to ethene.

Although we have seen CH2 groups as components of alkane chains, we

have not considered them as independent molecules. When, for example,

diazomethane is photolysed, N2 is released and carbene (25.12) is formed

(equation 25.2).

A photolysis reaction takes place upon irradiation and is designated by the

symbol h�.

CH2N2 ��"
h�

:CH2 þN2 ð25:2Þ

Polymers from alkenes:
see Section 26.8

Zeolites: see Figure 22.18
and discussion

(25.11)

Alkane synthesis using
Grignard reagents:

see Figure 28.3

Alkene additions are
discussed in detail in

Chapter 26

(25.12)

"

"

"

"
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ENVIRONMENT

Box 25.2 Wine as a monitor of lead pollution

A group of researchers in France and Belgium has used

the vintage wine Châteauneuf-du-Pape to monitor lead

pollution from motor engine emissions. Grapevines

grown at the side of French roads have been the

source of grapes for this wine for many years. Wines

made between 1962 and 1991 have been analysed for

their lead content and the concentration of tetraethyl

lead Et4Pb (the anti-knock additive) and its

decomposition product Me4Pb have varied as shown

in the bar chart. The initial rise follows an increase in

the amount of traffic passing the vineyard. The fall

after 1978 coincides with the introduction of unleaded

fuels, and the more drastic fall in the late 1980s to the

more common use of such fuels. The concentrations

of organolead compounds (Me4Pb and Et4Pb) vary

considerably with the vintage of the wine, but are

between 10 and 100 times higher than those typically

found in drinking water. Lead contamination of tap

water arises mainly in old houses because of the use

of lead piping. The World Health Organization’s

guideline is a limit of 0.01mg dm�3 (i.e. 0.01mg g�1)
of lead in drinking water. In the wines tested, the

maximum concentration in 1978 of 500 pg g�1 (pg ¼
picogram¼ 10�12 g) is 50 times the limit recommended

by WHO, and therefore posed a health risk.

Although organolead compounds are no longer

added to motor fuel, there are other sources of lead

contamination in wine, for example, brass tubes and

fittings in traditional wineries. Although brass is an

alloy of copper and zinc, it may contain 3–5% of

lead, and experiments have revealed that wine leaches

lead from brass. Analysis for lead content can be

carried out by a number of methods (see Sections

36.9–36.11), one of which is inductively coupled

plasma source mass spectrometry (ICP-MS). A lead

isotope ‘fingerprinting’ technique makes use of the

relative ratios of 204Pb, 206Pb, 207Pb and 208Pb to infer

the origin of the lead contaminant. The International

Organization for Wine and Vineyards recommends a

maximum lead content in wine of 200 ng g�1

(0.2 mg g�1).

Vineyard in Chinon wine region, Loire valley, France.

[Data from: R. Lobiński et al. (1994) Nature, vol. 370, p. 24.]

Synthesis of cycloalkanes 935



 

Carbene has a sextet of electrons and is electron deficient. It adds across the

C¼C bond in ethene to give cyclopropane (equation 25.3).§

ð25:3Þ

Substituted cyclopropanes can be prepared by starting with appropriate

alkenes, e.g. reaction 25.4. Reactions 25.3 and 25.4 are examples of

cycloadditions.

ð25:4Þ

Rather than use a free carbene, a better strategy is to start with an

organometallic reagent that produces a carbene in situ. The Simmons–

Smith reaction is a common method of making cyclopropane derivatives,

and involves treatment of an alkene with ICH2ZnI, prepared by reaction

25.5. If this reaction is carried out in the presence of an alkene, the

organometallic reagent acts as a source of CH2 as in reaction 25.6.

ð25:5Þ

ð25:6Þ

The dimerization of ethene gives cyclobutane, but the reaction works only

when driven photochemically (equation 25.7). Heating ethene does not

produce cyclobutane. Similar reactions occur between a range of alkenes and

in some cases it is possible to react one alkene specifically with a different one.

ð25:7Þ

The reason why the reagents must be photolysed can be understood in

terms of the symmetry properties of the HOMO and LUMO of ethene.

Each new C–C bond that forms corresponds to the movement of a pair of

electrons and the reaction can be written with curly arrows as follows:

As we discussed in Section 24.10, electron movement requires the interaction

of occupied and unoccupied MOs. Figure 25.15a shows the HOMO and

LUMO of ethene in its ground state. The interaction between the HOMO

of one ethene molecule with the LUMO of another cannot occur because

the symmetries of the two orbitals are different. (Look back at Chapters 4

A sextet is two electrons
short of an octet: octet rule,

see Section 7.2

Cycloadditions of

unsaturated molecules such

as alkenes or alkynes are

their reactions to form

cyclic molecules.

An organometallic

compound contains a

metal–carbon bond.

�-Orbitals in alkenes and
electronic transitions:

see Section 13.5

"

"

§ For details of the reactions of carbenes, see for example: M.B. Smith and J. March (2007)
March’s Advanced Organic Chemistry: Reactions, Mechanisms and Structure, 6th edn, Wiley,
New York.
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and 5 where we discussed symmetry-matching of orbitals.) However, if

ethene is photolysed, it absorbs light energy and an electron is promoted

from the HOMO to the LUMO. In this excited state, there are two MOs,

each containing one electron (Figure 25.15b). Orbital interactions are possible

between the excited state of one ethene molecule and the ground state of

the other. The resultant bonding interactions are shown in Figure 25.15c.

Corresponding antibonding interactions also arise. The evolution of the C4

framework of cyclobutane is evident in Figure 25.15c.

Cyclization using halogenoalkanes

The first synthesis of cyclopropane involved the reaction of sodium metal

with 1,3-dibromopropane (equation 25.8).

ð25:8Þ

This is an example of aWurtz reaction in which a halogenoalkane is used in a

C–C bond-forming process. The reactions are usually carried out in an inert

ether solvent. 1,3-Dibromopropane also undergoes ring closure when treated

with Zn and NaI.

Cyclization using alkenes

When we discuss radical polymerizations in Section 26.8, we view intra-

molecular ring closure as an undesired complication. However, intra-

molecular radical reactions are also convenient methods of preparing 5- and

6-membered cycloalkanes. An example is shown in equation 25.9. We

discuss radical reactions in more detail in Sections 25.7, 25.8 and 26.8.

The addition of two ethene

molecules to give

cyclobutane is an example

of a ½2þ 2� cycloaddition
and only takes place

photochemically.

Fig. 25.15 The �-orbitals of ethene in (a) its ground state and (b) its excited state. The excited state is produced photolytically.
(c) The formation of two bonding interactions that permit the dimerization of ethene. There are two corresponding antibonding
interactions.
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ð25:9Þ

25.6 Reactions of straight chain alkanes

Alkanes commonly undergo the following types of reactions:

. combustion;

. cracking (see Section 25.4);

. radical substitutions.

Combustion

Alkanes burn in O2 to give CO2 and H2O (equations 25.10 and 25.11) and

such combustions are exothermic (see Table 25.1).

CH4 þ 2O2 ��"CO2 þ 2H2O ð25:10Þ

C9H20 þ 14O2 ��" 9CO2 þ 10H2O ð25:11Þ

In practice, combustion is incomplete and varying amounts of elemental

carbon and other carbon compounds are formed in addition to CO2. The

presence of elemental carbon and large aromatic molecules results in the

well-known ‘sooty’ flame observed when higher hydrocarbons burn. When

the amount of O2 is limited (e.g. burning fuels in a closed room),

combustion can lead to CO. This has the potential for serious hazards: for

example, CO breathed in from fuel combustion in faulty or badly vented

domestic heating appliances can prove fatal.

Values of �cH
o (standard enthalpy of combustion) can be found

experimentally using a bomb calorimeter (Figure 17.5). Then �fH
o of the

compound can be determined by using a Hess cycle (see Section 2.7).

Combustion is also used to determine the molecular formula of a

compound as is illustrated in worked example 25.1.

Worked example 25.1 Determining the formula of an alkane

When it is fully combusted, an acyclic alkane X gives 211.2 g CO2 and 97.2 g

H2O. Suggest a possible identity for X.

The molecular formula of a hydrocarbon gives the ratio of moles of C :H

atoms. For alkanes CnH2n+2, this can be determined from the ratio of

moles of CO2 and H2O formed on complete combustion.

See end-of-chapter
problem 25.7

"
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First find the amount of CO2 and H2O produced. Relative atomic masses

(see inside the front cover of the book) areC ¼ 12:01,O ¼ 16:00,H ¼ 1:008.

For CO2: Mr ¼ 12:01þ 2ð16:00Þ ¼ 44:01

For H2O: Mr ¼ 2ð1:008Þ þ 16:00 ¼ 18:016 ¼ 18:02 ðto 2 dec. pl.Þ

Amount of CO2 formed ¼Mass

Mr

¼ ð211:2 gÞ
ð44:01 gmol�1Þ

¼ 4:799 mol

Amount of H2O formed ¼Mass

Mr

¼ ð97:2 gÞ
ð18:02 gmol�1Þ

¼ 5:39 mol

Amount of C in the quantity of compound X combusted

¼ Amount of CO2

¼ 4:799 mol

Amount of H in the quantity of compound X combusted

¼ Twice the amount of H2O

¼ 10:78 mol

Ratio of moles of C:H ¼ 4:799 :10:78

¼ 1 :2:25

The formula of X is therefore CnH2:25n. We know that X is an acyclic

alkane and so has a general formula CnH2nþ2. Therefore:

2nþ 2 ¼ 2:25n

0:25n ¼ 2

n ¼ 2

0:25
¼ 8

Compound X is C8H18 (octane or an isomer of octane).

Exercise Why can this type of calculation not be applied to find the

formula of an unsubstituted cycloalkane?

Halogenation

If a mixture of CH4 and Cl2 is left in sunlight or is photolysed with radiation

of wavelength in the range 200–800 nm, a reaction occurs. The products are

HCl and members of the family of chloroalkanes CH4�nCln where n ¼ 1, 2, 3

or 4. Equations 25.12–25.15 summarize the formation of chloromethane

(CH3Cl) followed by sequential reactions with Cl2.

CH4 þ Cl2 ��"
h�

CH3ClþHCl ð25:12Þ

CH3Clþ Cl2 ��"
h�

CH2Cl2 þHCl ð25:13Þ

CH2Cl2 þ Cl2 ��"
h�

CHCl3 þHCl ð25:14Þ

CHCl3 þ Cl2 ��"
h�

CCl4 þHCl ð25:15Þ

These are substitution reactions, i.e. substitution of the H atoms in CH4 by Cl

atoms has taken place. This particular substitution is a chlorination reaction.

Bromination of CH4 occurs when CH4 and Br2 are photolysed, but no such

reaction occurs with I2. The reaction with F2 is explosive and proceeds even

In a substitution reaction,

one atom or group in a

molecule is replaced by

another.
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in the absence of light. The relative order of reactivities of the halogens with

CH4 is:

F2 � Cl2 > Br2 � I2

Although there is no reaction between CH4 and I2, we include I2 in the series

because this order of reactivities is encountered inmany halogenation reactions.

The fluorination, chlorination and bromination of higher alkanes lead to

complex mixtures of substituted products. As the number of C atoms in

the chain increases, the number of possible sites of substitution increases.

As an exercise, write down the possible products of the monochlorination

of C2H6 and C6H14 and compare the results with equation 25.12.

Examples of halocarbons in common use include a family of general

anaesthetic drugs (Figure 25.16). Halothane was first used clinically in 1956,

but has now been mostly replaced by isoflurane, enflurane, sevoflurane and

desflurane. The synthesis of halothane involves the high temperature,

radical (see below) chlorination of 1,1,1-trifluoroethane followed by

bromination (equations 25.16 and 25.17). In order to obtain an optimum

yield of halothane, chlorination must be carried out before bromination.

The reaction is carried out over silica, the surface of which acts as a catalyst.

See end-of-chapter
problem 1.43

"

Fig. 25.16 Structures of halogenated inhalation anaesthetics. Colour code: C, grey; H, white; F, small green; Cl, large
green; Br, brown.
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The introduction of chlorine is the last step in the synthesis of isoflurane

(equation 25.18).

CF3CH3 þ Cl2 ����"
SiO2

650K
CF3CH2ClþHCl ð25:16Þ

CF3CH2Clþ Br2 ����"
SiO2

700K
CF3CHBrClþHBr ð25:17Þ

CF3CH2OCHF2 þ Cl2 ��"
h�

CF3CHClOCHF2 þHCl ð25:18Þ

25.7 The chlorination of CH4: a radical chain reaction

In this section, we discuss the mechanism by which the chlorination of CH4

occurs. Why is it necessary to irradiate the mixture of gases? The mechanisms

described are general for the chlorination and bromination of other alkanes.

Reactions with F2 may proceed by a different mechanism. The reaction

between CH4 and Cl2 is an example of a radical chain reaction.

General features of a radical chain reaction

A radical chain reaction involves a series of steps, classified as being one of:

. initiation, or

. propagation, or

. termination.

In the initiation step, radicals are produced from one or more of the reactants.

The generation of radicals may result from heating or irradiating the reaction

mixture, or by adding a chemical initiator. Alternatively, a ‘stable’ radical

(a radical initiator) may be added to initiate the reaction. Equation 25.19

shows a common initiation step in which X
	
radicals are formed from X2

by homolytic bond fission on irradiation of X2.

Initiation step ð25:19Þ

Organic radicals are often (but not necessarily) short-lived. As they collide

with other species, reactions may occur and can result in either propagation

or termination. If a radical collides with a non-radical species, then a

propagation step may take place in which a new radical is generated

(equation 25.20).

Propagation step ð25:20Þ

The newly generated radical can now react with a second species to produce a

third radical (equation 25.21).

Propagation step ð25:21Þ

Although reactions 25.20 and 25.21 show the radical reacting with a different

species, it may combine with a like radical (equation 25.22). This removes

radicals from the system without generating any new ones and is a

Kinetics of radical chain
reactions: see Section 15.14

"
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termination step. It is also possible for X
	
to combine with other radicals, e.g.

R
	
, in a termination step.

Termination step ð25:22Þ

The overall sequence of events combines to give a chain reaction with the

propagation steps keeping the chain ‘alive’ (see Figure 15.24). The

concentration of radicals in the reaction system at any given time is low.

Thus, the interaction of a radical with a non-radical species (i.e. propagation)

is far more likely than the reaction between two radicals (i.e. termination).

After the initiation process, a large number of propagation steps can occur

before radicals are removed in termination steps. Very often, the generation

of a single radical allows the formation of many thousands of product

molecules before the chain is terminated. Combustion of alkanes and other

organic compounds and halogenation of alkanes are radical chain reactions.

Radical chain reaction

1. Initiation (radicals generated)

2. Propagation (radicals react and more are formed)

3. Termination (radicals are removed from the reaction)

8>><
>>:

The mechanism of the chlorination of CH4

The absorption of light by Cl2 causes homolytic fission of the Cl–Cl bond.

This is shown in equation 25.23; compare with general reaction step 25.19.

Cl2 ��"
h�

2Cl
	 ð25:23Þ

Collisions can occur between Cl
	
radicals and CH4 molecules. A sequence of

propagation steps begins that includes those shown in equations 25.24–25.27

(compare with general reaction step 25.20). In each step, a radical is

consumed and another radical is formed. In equations 25.24 and 25.26, a Cl
	

radical abstracts an H atom (H
	
) from one of the initial reactants to give HCl.

Cl
	 þ CH4 ��"HClþ CH3

	 ð25:24Þ

CH3
	 þ Cl2 ��"CH3Clþ Cl

	 ð25:25Þ

Cl
	 þ CH3Cl��"HClþ 	

CH2Cl ð25:26Þ
	
CH2Clþ Cl2 ��"CH2Cl2 þ Cl

	 ð25:27Þ

Termination of the chain occurs when two radical species combine.

Equations 25.28–25.30 show three possible steps, but others involving

chloroalkane radicals such as
	
CH2Cl may also take place.

2Cl
	 ��"Cl2 ð25:28Þ

Cl
	 þ CH3

	 ��"CH3Cl ð25:29Þ

2CH3
	 ��"C2H6 ð25:30Þ

Step 25.28 is the reverse of the initiation step 25.23, while step 25.29 illustrates

the formation of a desired product. Reactions of the type shown in step 25.30

complicate the process by extending the carbon chain. The C2H6 molecules can

participate in a reaction step similar to step 25.24 and this may ultimately lead

to further growth of the carbon chain and production of higher alkanes. A

radical chain reaction is, therefore, not specific.
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ENVIRONMENT

Box 25.3 Depletion of the ozone layer

The ozone layer is the layer in the atmosphere that is

15–30 km above the Earth’s surface. Ozone absorbs

strongly in the ultraviolet (UV) region and the ozone

layer shields the Earth from UV radiation from the

Sun. An effect of UV radiation on humans is skin cancer.

One group of pollutants from the Earth comprises

chlorofluorocarbons (CFCs). These have had extensive

use as propellants in aerosols, as refrigerants, in air

conditioners, as solvents and in foams for furnishings.

After use, CFCs escape into the atmosphere and in the

stratosphere they undergo photochemical reactions

such as:

CCl2F2 ��"
h�

Cl
	 þ 	

CClF2

A radical chain reaction then begins, and reactions with

ozone (O3) include:

O3 þ Cl
	 ��"O2 þ ClO

	

The devastating result is that the ozone layer is

slowly being depleted. In the satellite image shown on

the right, the ozone layer thicknesses are colour coded

from purple (lowest thickness) through blue, green,

yellow and orange (greatest thickness). In the purple

area, the ozone layer is about 40% thinner than is

considered normal. The area of the ozone hole in

September 2007 was 24.7 
 106 km2, smaller than in

September 2006 when it spanned 29.5 
 106 km2.

The presence of the ozone hole was first recognized in

the 1970s and, in some countries, action was taken

swiftly legislating against the use of CFCs. Although

so-called ozone-friendly aerosols and other products

are now increasingly available, the problem of the

depletion of the ozone layer remains. Emissions of

CFCs from the Earth must be drastically reduced if

we are to remain protected from the intense UV

radiation of the Sun. In 1987, the Montreal Protocol

for the Protection of the Ozone Layer was established

and legislation was implemented to phase out the use

of CFCs. An almost complete phase-out of CFCs was

required by 1996 for industrial nations, with developing

nations following this by 2010. Taking the 1986

European consumption of CFCs as a standard (100%),

the graph below shows the reduction in usage of CFCs

from 1986 to 1993. More recently, asthma inhalers that

use CFCs have been phased out.

CFCs are categorized as ‘Class I’ ozone-depleters.

Other ‘Class I’ halocarbons include CCl4, CHCl3,

CH2ClBr, CBr2F2, CF3Br and CH3Br. Methyl

bromide has been widely used for agricultural pest

control but, under the Montreal Protocol, CH3Br was

banned from 2005 onwards (2015 in developing

countries). Hydrochlorofluorocarbons (HCFCs) are

also ozone-depleting. They appear to be less harmful

to the environment than CFCs, and are classified as

‘Class II’ ozone-depleters. HCFCs will be phased out

by 2020, but in the meantime they remain in use as

refrigerants in place of CFCs. In contrast, hydro-

fluorocarbons seem to have little or no ozone-depleting

effect and are permitted for use in refrigerants and

aerosol propellants.

[Data from: Chemistry & Industry (1994) p. 323.]

False colour satellite image of the atmospheric ozone hole over

Antarctica (taken on 13th September 2007).
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25.8 Competitive processes: the chlorination of propane
and 2-methylpropane

For alkane chains that possess more than two C atoms, an additional

complication arises during radical reactions: a radical can attack at one of

several different sites. We illustrate the problem by considering the

chlorination of propane and 2-methylpropane. These compounds contain

different types of C atom as shown in structures 25.13 and 25.14.

(25.13) (25.14)

The reaction between Cl2 and propane

When a mixture of Cl2 and C3H8 is irradiated, the initiation is step 25.23, i.e.

generation of Cl
	
. Propagation steps then follow one of two sequences

depending on whether the H involved is attached to a primary or secondary

C atom. Equation 25.31 shows the abstraction of H
	
from a primary C

atom, and in equation 25.32, Cl
	
abstracts H

	
from the secondary C atom.

ð25:31Þ

ð25:32Þ

The competitive processes are summarized in equation 25.33.

ð25:33Þ

The abstraction of H
	
to give an alkyl radical with a secondary C atom is

preferred to abstraction of H
	
to give an alkyl radical at a primary C

atom. Thus, step 25.32 dominates over step 25.31. Reaction between an

alkyl radical and Cl2 now leads to either 1-chloropropane (equation 25.34)

or 2-chloropropane (equation 25.35).

ð25:34Þ
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ð25:35Þ

Because of the relative stabilities of the two radicals formed in scheme

25.33, the final product mixture contains more 2-chloropropane than

1-chloropropane.

Radical stability

The reaction described above leads us to a more general, and important,

result. In a radical reaction, a radical derived from a tertiary C atom is

formed in preference to one from a secondary C atom, and one derived from

a secondary C atom is formed in preference to one from a primary C atom.

Thus, for the formation of radicals from propane where the competition is

between secondary and primary C centres respectively, the relative

stabilities of alkyl radicals are:

Experimental data indicate that the alkyl radical stability series can be

generalized as:

R3C
	
> R2HC

	
> RH2C

	
> H3C

	

The relative stabilities of alkyl radicals and the preferential formation

of one over another has an effect on the final product distribution in a

chain reaction as we have already seen. Hydrogen abstraction involves

C�H bond cleavage and, as we saw in Chapter 4, the bond enthalpy term

for a C�H bond depends on its environment. In CH4, the cleavage of the

first C�H bond requires 436 kJmol�1. In contrast, typical C�H bond

enthalpies along the series RH2C�H (primary C), R2HC�H (secondary

C), R3C�H (tertiary C) are 420, 400 and 390 kJmol�1. Thus, the least

amount of energy is needed to break the C�H bond when the C atom is a

tertiary centre. Enthalpy changes for the reactions of Cl
	
with RH2C�H,

R2HC�H and R3C�H can be determined by considering appropriate

bond enthalpy terms. In each case, a C�H bond is broken and an H�Cl
bond is formed. Formation of the H�Cl bond releases 432 kJmol�1 (see

Table 4.5), and the schemes below show the approximate enthalpy changes

for each reaction:

 

 

Look back at the
discussion in Box 4.3

"
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Now let us return to the reaction of Cl
	
with propane. Figure 25.17 shows

schematic reaction profiles for the competitive pathways to alkyl radical

formation. Both are exothermic, but abstraction of H
	
from the secondary

C atom releases more energy (see above) and the radical intermediate is

stabilized with respect to that formed by abstraction of H
	
from the

primary C atom. Figure 25.17 also shows that the activation energy for H
	

abstraction from the secondary C atom is lower than that for primary H
	

abstraction. As a result, the rate of formation of the radical from the

secondary C atom is greater than that from the primary centre.

In an alkyl radical, the C atom at the radical centre has only seven

electrons in its valence shell and is electron-deficient. Alkyl groups are

better able to stabilize an electron-deficient centre than H atoms because

an alkyl group is electron-releasing and in a C–R bond, the electrons are

polarized towards the C atom in the sense C��–R�þ.
Now let us consider the competitive pathways in another example, one

that involves competition between H
	
abstraction at primary and tertiary

C atoms.

Reaction rates and
activation energies: see

Section 15.1

Alkyl groups are electron-

releasing and can stabilize

electron-deficient centres.

"

Fig. 25.17 Reaction profiles for
competitive alkyl radical
formations in the reaction of
propane with Cl

	
.
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The reaction between Cl2 and 2-methylpropane

When a mixture of Cl2 and 2-methylpropane (25.14 and margin) is

irradiated, initiation step 25.23 occurs. After this, Cl
	
radicals react with

2-methylpropane in competitive steps. One step involves abstraction of H
	

from a primary C atom (equation 25.36), while in the other, H
	
is

abstracted from a tertiary C atom (equation 25.37).

ð25:36Þ

ð25:37Þ

The competitive processes are summarized in equation 25.38.

ð25:38Þ

Thealkyl radicals nowgoon to reactwithCl2 togive1-chloro-2-methylpropane

(equation 25.39) and 2-chloro-2-methylpropane (equation 25.40).

ð25:39Þ

ð25:40Þ

Experimental data reveal that 1-chloro-2-methylpropane predominates

over 2-chloro-2-methylpropane (65% : 35%) even though the radical

intermediate formed from the abstraction of H
	
from a tertiary C atom

(the lower pathway in scheme 25.38) is energetically favoured over that

formed from abstraction of H
	
from a primary C atom (the top pathway

in scheme 25.38). The experimental observations can be rationalized by

considering that there are nine H atoms attached to primary C atoms in

2-methylpropane and only one H atom attached to a tertiary C atom.

While abstraction of H
	
from the tertiary C centre is favoured on energetic

grounds and is faster than abstraction of H
	
from a primary C atom, the

Competitive processes: the chlorination of propane and 2-methylpropane 947



 

statistical chance of abstracting H
	
from a primary C atom is higher than that

of removing H
	
from a tertiary centre. Thus, there are two competing factors,

and the observed product distribution confirms that abstraction of H
	
from a

primary C atom wins over the increased reactivity of the tertiary C atom.

25.9 Reactions of cycloalkanes

Cycloalkanes undergo similar reactions to straight chain alkanes: combustion

(see Table 25.1) and radical substitution reactions. In addition, they undergo

ring-opening reactions.

Substitution reactions

Equation 25.41 shows the monochlorination of cyclopentane. The

mechanism is similar to that outlined in Sections 25.7 and 25.8. Since all

the H atoms in cyclopentane are equivalent, only one monosubstituted

product is possible. Further substitution may lead to a mixture of isomers

of multisubstituted products.

ð25:41Þ

Ring-opening reactions

Cyclopropane, in particular, undergoes ring-opening reactions that are

additions. Reactions 25.42–25.44 are examples of additions that lead to the

opening of the carbon ring of cyclopropane and relieve its ring strain.

ð25:42Þ

ð25:43Þ

ð25:44Þ

SUMMARY

In this chapter, we have described the physical and chemical properties of acyclic alkanes and cycloalk-
anes. These hydrocarbons are saturated and do not possess functional groups. Apart from combustion,
typical reactions of alkanes are radical substitutions. We have used chlorination of straight chain and
branched alkanes to introduce the mechanism of radical substitution and the effects of different radical
stabilities on product distribution. Reactions of cyclopropane include additions that relieve its ring strain.
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Do you know what the following terms mean?

. acyclic alkane

. cycloalkane

. monocyclic

. bicyclic

. spirocyclic

. ring conformation

. chair conformation

. boat conformation

. twist-boat conformation

. ring strain

. torsional strain

. angle strain

. immiscible

. miscible

. thermal cracking

. catalytic cracking

. photolysis

. photochemical

. cycloaddition

. ½2þ 2� cycloaddition

. organometallic

. cyclization

. radical substitution reaction

. initiation

. propagation

. termination

. radical abstraction

. electron-releasing group

You should be able:

. to draw the structures of an alkane or
cycloalkane given a name or formula

. to name an alkane or cycloalkane given a
structure

. to relate the number of signals in a 13C NMR
spectrum to the structure of an alkane or
cycloalkane

. to relate the number of signals and coupling
patterns in a 1H NMR spectrum to the
structure of an alkane or cycloalkane

. to discuss how partial rotation about C�C
bonds in cycloalkanes alters the ring
conformation

. to draw diagrams to show the chair and boat
conformations of C6H12 and to distinguish
between axial and equatorial sites in the chair
conformer

. to explain how axial and equatorial sites
interconvert in C6H12

. to distinguish between isomers and conformers
of substituted cyclohexanes

. to describe what is meant by ring strain

. to discuss why C3H6 and C4H8 are particularly
strained, but why C6H12 suffers no ring strain

. to illustrate trends in the physical properties of
straight chain alkanes and relate these trends to
a homologous series of compounds

. to give a brief account of the processes by which
crude oil is converted to commercially viable
hydrocarbons

. to give examples of syntheses of cycloalkanes

. to explain why [2þ 2] cycloadditions are carried
out photochemically

. to illustrate how measurements of �cH
o(298 K)

are used to determine values of �fH
o(298 K)

for alkanes

. to determine the formula of an alkane from the
amounts of CO2 and H2O produced on
complete combustion of the compound

. to discuss typical reactions of alkanes and
cycloalkanes

. to outline the mechanism by which radical
substitutions in alkanes occur

. to illustrate the competitive processes that
occur in radical substitutions in alkanes with
different types of C centres

. to place a series of alkyl radicals in order of
stability

PROBLEMS

25.1 Draw structures of the following cycloalkanes:

(a) cyclobutane;

(b) cycloheptane;

(c) methylcyclopentane;

(d) 1,4-dimethylcyclohexane;

(e) 1-ethyl-3-propylcyclooctane.

25.2 Name the following compounds:

(a) (b) (c) (d)
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25.3 How many signals would you expect to see in the

proton decoupled 13C NMR spectra of the

compounds in problem 25.2?

25.4 Give names and structures for isomers of

dimethylcyclobutane.

25.5 (a) Draw a diagram to show cyclohexane in a

chair conformation. Label the axial and equatorial

sites. (b) Distinguish between conformers and

isomers of 1,3-dimethylcyclohexane.

25.6 Discuss ring strain with reference to cycloalkanes

CnH2n for 3 � n � 8.

25.7 The standard enthalpy of combustion for C3H6(g)

at 298K is –2091kJmol�1. Determine �fH
o(C3H6,

g). Other data: �fH
o(CO2, g) and �fH

o(H2O, l) ¼
�394 and �286kJmol�1 respectively.

25.8 When fully combusted, an acyclic alkane A gives

13.20 g CO2 and 6.306 g H2O. Suggest a possible

identity for A.

25.9 Write out each of reaction steps 25.24–25.30

showing appropriate curly arrows.

25.10 Distinguish between initiation, propagation and

termination steps in a radical chain reaction and

give examples of each.

25.11 Outline the steps involved in the reaction of Cl2
with butane to give monochlorinated products.

Comment on factors that affect the product

distribution.

25.12 How would 1H NMR spectroscopy allow you to

distinguish between the products of the

monochlorination of 2-methylpropane?

25.13 Give possible monochlorinated products,

including isomers, of the photolysis reactions of

Cl2 with the following alkanes:

25.14 The reaction of Cl2 with propane gives 55%

2-chloropropane and 45% 1-chloropropane. In

our discussion, we rationalized the product

distribution in terms of the relative stabilities of the

intermediate alkyl radicals. (a) Are the statistics of

abstracting H
	
from a primary versus secondary C

atom in propane also consistent with the observed

product distribution? (b) What can you say about

the relative rates of formation of the two alkyl

radical intermediates?

25.15 Why do you think that O2 has a dramatic effect on

many radical reactions?

25.16 Suggest products for the following reactions.

Where appropriate, comment on complications

caused by non-selectivity:

ðaÞ

ðbÞ

ðcÞ

ðdÞ

25.17 1H NMR spectroscopic data for five compounds

A–E are as follows:

Compound
1
H NMR �/ppm (coupling pattern)

A 2.2 (quintet), 3.7 (triplet)

B 0.9 (singlet)

C 1.5 (triplet), 3.6 (quartet)

D 2.2 (singlet), 4.0 (singlet)

E 6.1 (doublet), 4.5 (triplet)

Assign A–E to the following compounds:

25.18 Figure 25.18 shows the mass spectrum of heptane.

Account for the observed pattern of peaks.

ADDITIONAL PROBLEMS

25.19 Rationalize the following observations.

(a) When n-octane is photolysed with Cl2, the

product distribution is 14% 1-chlorooctane,

31% 2-chlorooctane, 28% 3-chlorooctane and

27% 4-chlorooctane.

(b) A bicyclic isomer of C7H12 exhibits three

resonances in its 13C NMR spectrum.
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(c) Photolysis of Cl2 and ethane is a poor method

of preparing chloroethane.

25.20 (a) An alkane A exhibits signals at � 34.4, 22.6 and

14.1 ppm in its 13C NMR spectrum. Elemental

analysis shows C 83.2, H 16.8%. Identify A and

comment on what you would expect to see in its

low-resolution mass spectrum. (b) A second isomer

ofA (B) exhibits a singlet in its 1H NMR spectrum.

Suggest a structure for B. How might the mass

spectrum of B differ from that of A? (c) Suggest

(with reasons) whether A or B has the higher

boiling point.

CHEMISTRY IN DAILY USE

25.21 Figure 25.16 shows a number of inhalation

anaesthetics which are commonly employed during

surgery. (a) What is the structural relationship

between isoflurane and enflurane? (b) How many

of the drugs shown in Figure 25.16 are chiral? For

those that are, mark the stereogenic centres on

diagrams of the molecules.

25.22 The most common fuels for gas barbecue grills are

butane and propane. These are purchased in

cylinders containing the fuel in the liquid phase.

The boiling points of propane and butane are 230

and 272K, respectively (Figure 25.10). (a) Under

what pressure conditions are these boiling points

quoted? (b) Under what conditions is a cylinder

filled with butane or propane? (c) Why is propane a

better choice than butane for year-round, outdoor

grilling?

25.23 Quadricyclane has been considered as a possible

rocket propellant by the US Air Force.

Quadricyclane is a liquid at room temperature.

Between 473 and 573K, it isomerizes according to

the following equation:

(a) Suggest a reason why quadricyclane isomerizes

spontaneously upon heating. (b) The standard

enthalpy of combustion of quadricyclane is

�4114 kJ mol �1. Determine �fH8(298K), using

appropriate data from Appendix 11. (c) Write

down the structural formulae of two other isomers

of C7H8. (d) Do you expect the enthalpies of

combustion of quadricyclane, norboradiene and of

the two other isomers that you have drawn to be

the same? Rationalize your answer. (e) Why is

quadricyclane of interest to the US Air Force

rather than other isomers of C7H8?

Fig. 25.18 Mass spectrum of
heptane. See problem 25.18.

Problems 951



 

26
Alkenes and
alkynes

26.1 Structure, bonding and spectroscopy

We have already covered a number of topics concerning the nomenclature,

structures and spectroscopic characteristics of alkenes and alkynes:

. naming alkenes – see Section 24.4;

. hybridization schemes – see Sections 7.2 and 24.3;

. isomerism – see Sections 6.11 and 24.4;

. IR spectroscopy – see Section 12.6;

. electronic spectra of �-conjugated alkenes – see Section 13.5;

. 13C NMR spectra – see Section 14.7;

. 1H NMR spectra – see Sections 14.8 and 14.9.

The first few problems at the end of the chapter review these topics.

Bonding schemes

Although one can develop molecular orbital schemes in terms of the

interactions between atomic orbitals of C and H atoms in a hydrocarbon,

it is often more convenient to use an orbital hybridization approach. In

Section 7.2, we described how to choose an appropriate hybridization

scheme for an atom, using the geometry of the atom as the starting point.

In an alkene, the C atoms in the C¼C unit are trigonal planar (26.1), the

exception being an allene in which one C atom is involved in two C¼C
bonds and is in a linear environment (26.2). In an alkyne, C atoms in the

C�C unit are linear (26.3). Appropriate hybridization schemes for the C

atoms are sp2 (trigonal planar) or sp (linear).

The formation of three sp2 hybrid orbitals uses three of the four valence

atomic orbitals of a C atom and one 2p orbital remains unhybridized. This

Topics

Structure and bonding

Synthesis of alkenes

Reactivity of alkenes

Electrophilic addition

Radical substitutions

Radical polymerization

Hydroboration

Synthesis of alkynes

Reactivity of alkynes

Overlap of atomic orbitals
and MO diagrams:

see Chapter 4

"



 

orbital is available for �-bond formation (see Section 7.6). Thus, for ethene,

we can describe the bonding in terms of the scheme in Figure 26.1a. Each C

atom forms three �-bonds and one �-bond.

The formation of two sp hybrid orbitals uses two of the four valence atomic

orbitals of carbon, leaving two 2p orbitals unhybridized. These orbitals are

orthogonal to one another and can form two �-bonds. The bonding in

ethyne can therefore be described in terms of the scheme in Figure 26.1b.

Each C atom forms two �- and two �-bonds.

Effect of �-character on bond rotation

Overlap between two p atomic orbitals is efficient only if the p orbitals are

oriented correctly and this is essential for �-bond formation. The interaction

is ‘turned off’ if the p orbitals are not properly aligned:

This has important consequences with respect to rotation about the C¼C
bond. For rotation to occur, the �-contribution to the carbon–carbon bond

Compare with the
bonding scheme for CO2 in

Figure 7.17

�-Bond formation: see
Figure 4.19

"

"

(26.1) (26.2) (26.3)

Fig. 26.1 Using a hybridization
approach to generate bonding
schemes for (a) ethene and
(b) ethyne.
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must be destroyed and then reformed. As a result, the energy barrier to

rotation is high (� 250 kJmol�1 in ethene) and the alkene is locked in a

planar configuration. This means that, under normal conditions, (Z )- and

(E )-isomers of alkenes do not interconvert. The only way to facilitate their

interconversion is to temporarily convert the double bond to a single

bond, thereby reducing the barrier to rotation. This can be achieved by

using an acid catalyst (see Section 26.9) or by photolysis. Photolysis of an

alkene promotes an electron from the HOMO to LUMO as we have already

seen when we considered the [2þ 2] cycloaddition of alkenes in Section 25.5.

In the excited state, �1��1 configuration (Figure 25.15b) there is a net �-bond

order of zero, and hence a total C�C bond order of 1 (the �-bond is

unaffected by the photolysis). The excited state of the alkene can therefore

undergo C�C bond rotation and, provided that rotation takes place

within the lifetime of the excited state, (E )–(Z) isomerization can occur

(equation 26.1). Such a photochemical conversion occurs in the human eye

(see Box 26.1).

ð26:1Þ

Steric interactions between R groups on the same side of the double bond are

greater than those between an R group and H atom and so, on steric

grounds, the (E )-isomer is favoured over the (Z )-isomer. For example, the

steric energy of (E )-but-2-ene is lower than that of the (Z )-isomer:

This preference increases as the substituents become more sterically

demanding.

26.2 Cycloalkenes: structures and nomenclature

Names and structures

The general formula for an unsubstituted monocyclic alkene containing

one C¼C bond is CnH2n�2. Its name must indicate the number of C

atoms, the fact that the structure is cyclic, and the presence of the C¼C
functionality. Compound 26.4 is cyclohexene, and 26.5 is cyclobutene. No

position numbers are needed.

(26.4) (26.5)

Look back at problem 11.15
and Figure 11.11:

isomerization of RN=NR by
flash photolysis

"
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BIOLOGY AND MEDICINE

Box 26.1 Alkene isomerization in the visual pigment rhodopsin

Dim-light vision in humans and animals depends upon

a membrane-bound visual pigment (photoreceptor)

called rhodopsin which absorbs light of wavelength

�500 nm. Rhodopsin consists of the protein opsin, a

lysine residue (see Table 35.2) which binds the chromo-

phore (11Z)-retinal (also referred to as 11-(Z)-retinal

and 11-(cis)-retinal). The single crystal structure of

the receptor has been determined and is shown below.

The protein is depicted in a ribbon representation,

with a-helices in red, b-sheets in pale blue, turns in

green and coils in silver-grey (see Section 35.7). The

(11Z)-retinal molecule is shown in ball-and-stick repre-

sentation, and a schematic diagram of the molecule is

given at the bottom of the page.

[Data: K. Palczewski et al. (2000) Science, vol. 289, p. 739.]

When rhodopsin absorbs a photon, isomerization of

(11Z)-retinal to (11E)-retinal occurs as shown in the

scheme below. This light-induced change occurs in

�200 femtoseconds (1 fs ¼ 10�15 s), and is followed

by hydrolysis of the (E)-isomer and its release from

the protein. As a consequence of these reactions, the

conformation of the protein backbone changes and

this triggers a series of processes which result in a

signal being sent to the brain. Another molecule of

(11Z)-retinal is then bound by opsin, and the process

is repeated.

The retinoids are a family of compounds which

include retinol (an alcohol), retinal (an aldehyde) and

retinyl esters. (11Z)-Retinal originates from vitamin A

which consists mainly of retinyl esters, exemplified

by retinyl palmitate. Dietary sources of vitamin A

include liver, milk and eggs, but other foodstuffs (e.g.

carrots) are a source of the provitamin A carotenoids.

Cleavage of b-carotene (see Box 13.1) within the body

produces retinal. Retinyl esters such as retinyl palmitate

have an all-(E)-configuration. Vitamin A is stored in

the retinal epithelium (tissue) where the esters undergo

enzyme-catalysed hydrolysis (to retinol and a car-

boxylic acid) and isomerization to produce (11Z)-

retinol. This alcohol is then oxidized to the aldehyde

(11Z)-retinal:

A lion’s eye.
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When there is more than one C¼C bond in the ring, position numbers

are needed to distinguish between isomers, e.g. cyclohexa-1,3-diene (26.6)

and cyclohexa-1,4-diene (26.7). Exceptions are cyclobutadiene and

cyclopentadiene: the two double bonds cannot be adjacent to one another

because the 4- and 5-membered rings are too small to accommodate a

linear C environment (look back at structure 26.2). Thus, the names

cyclobutadiene and cyclopentadiene are unambiguous and refer to structures

26.8 and 26.9, respectively.

When naming a substituted cycloalkene, the position of the C¼C bond

takes priority over the substitution positions. Thus, the ring in compound

26.10 is numbered so as to place the C¼C bond at position C(1). This

information does not appear in the name because it is assumed knowledge.

Cycloalkene 26.10 is therefore 3,5-dichlorocyclohexene. For a substituted

cyclic diene, position numbers for the C¼C bonds and the substituent are

needed, and again the first C¼C bond is placed at atom C(1). The direction

of numbering the C atoms in 26.11 is chosen so as to give the C¼C bonds the

lowest position numbers, and then the ethyl substituent the lowest position

number possible. Thus, 26.11 is 5-ethylcyclohexa-1,3-diene.

(26.10) (26.11)

Ring conformation

The presence of one double bond in a cyclic hydrocarbon means that two of

the C atoms are in planar environments. This makes a cycloalkene ring less

flexible than its cycloalkane counterpart. Figure 26.2a shows a ‘ball-and-

stick’ model of cyclopentene and a schematic representation of the structure.

The planar part of the ring imposed by the HC¼CH unit is clearly seen in

the model. The part of the ring that has tetrahedral C atoms is puckered to

prevent adjacent CH2 units being eclipsed. When two (or more) C¼C bonds

are present, the flexibility of the ring is further reduced. Figure 26.2b shows

the structure of cyclopentadiene. The C5-ring is planar, a consequence of

there being four trigonal planar C atoms. In general:

. the ring conformation is constrained to being planar at each alkene

functionality;
. partial rotation can occur around any C�C single bonds in the ring.

(26.6) (26.7)

(26.8) (26.9)

Fig. 26.2 (a) A ‘ball-and-stick’ model and the structural formula of cyclopentene.
There are three tetrahedral and two trigonal planar C atoms in the ring. (b) A ‘ball-

and-stick’ model and the structural formula of cyclopentadiene. The ring contains one
tetrahedral and four trigonal planar C atoms. Colour code: C, grey; H, white.
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26.3 Syntheses of acyclic and cyclic alkenes

Elimination reactions

The industrial formation of alkenes by cracking of alkanes was described in

Section 25.4; the process involves dehydrogenation (elimination of H2).

Laboratory syntheses of alkenes usually employ elimination reactions. We

discuss the details of such reactions in Chapter 28, but for now we simply

illustrate their application in alkene synthesis. The elimination of HX

(X¼Cl, Br) from a halogenoalkane or H2O from an alcohol leads to an

alkene. Elimination of HX is usually base-catalysed (equation 26.2) while

elimination of H2O is catalysed by a strong acid (equations 26.3 and 26.4).

The role of the base in reaction 26.2 is to remove a C�H proton and we

discuss this further when we return to elimination reactions in Chapter 28.

ð26:2Þ

ð26:3Þ

ð26:4Þ

Diels–Alder cyclization

The dehydrogenation of a cycloalkane to give a specific cycloalkene or

cyclodiene is synthetically difficult and is not usually a viable strategy.

Cyclohexenes may be prepared by [4þ 2] cycloadditions called Diels–Alder

reactions. The [4þ 2] notation comes from the fact that the reaction is between

a 4�-electron species (a diene) and a 2�-electron species. In Section 25.5, we

stated that [2þ 2] cycloadditions only occur photochemically. In contrast,

[4þ 2] cycloadditions occur thermally. In such a reaction, a double bond

adds across the 1,4-positions of a 1,3-conjugated diene (see Section 13.5) to

give a cyclohexene (equation 26.5). The reaction involves three 2-electron trans-

fers, and the conversion of three C¼Cbonds and oneC�Cbond into oneC¼C
and five C�C bonds. Note that your ability to draw a mechanism using curly

arrows tells you nothing as to whether the reaction will proceed or not. For

example, the [2þ 2] cycloaddition in equation 25.7 occurs photochemically,

whereas the [4þ 2] cycloaddition in equation 26.5 occurs thermally. To under-

stand these differences, one must investigate the behaviour of the molecular

orbitals in detail, something which is beyond the scope of this book.§

ð26:5Þ

Dehydrogenation is the

elimination of H2.

Elimination of H2O from
alcohols: see Section 30.5

Product distributions and
isomer preferences are

discussed in Chapter 30

In a Diels–Alder reaction, a

double bond adds across

the 1,4-positions of a

1,3-conjugated diene.

[4 + 2] Cycloadditions

(Diels–Alder reactions)

occur thermally.

"

"

§ For detailed discussion, see: J. Clayden, N. Greeves, S. Warren and P. Wothers (2001)Organic
Chemistry, Oxford University Press, Oxford, Chapters 35 and 36.
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The precursor containing one C¼C is called a dienophile (it ‘loves dienes’).

Ethene (X¼H in equation 26.5) is a poor dienophile. For a successful

reaction, the dienophile should carry at least one electron-withdrawing

substituent. For example, X could be Cl, CN, CH2Cl, CH2OH, CHO, CO2H

or CO2R. Equation 26.5 illustrates a further prerequisite: for the [4þ 2] cyclo-

addition, the diene must be able to undergo rotation about the central C�C
bond so as to adopt the correct conformation (the so-called s-cis conformation)

for ring closure. Dienes such as buta-1,3-diene can undergo rotation about the

C�C bond (equation 26.6), and a Diels–Alder reaction is possible even though

the required conformation is not the one that is sterically favoured.

ð26:6Þ

In some dienes, the s-cis conformation is fixed and such molecules are

inherently prepared for [4þ 2] cycloadditions. Examples include cyclopenta-

diene (26.12) and diene 26.13.

(26.12) (26.13)

Atom electronegativities:
see Table 5.2

"

THEORY

Box 26.2 Endo and exo labels in bicyclic compounds

Substituents in bicyclic compounds are often labelled

exo or endo and this provides information about the

relative orientation of the substituents. Consider the

following structure:

The rings are conformationally fixed with respect to

each other and the R group always faces up and the

H atom points down. The ‘up’ and ‘down’ descriptors

are with respect to the CH2 bridge. This bicyclic

molecule can be described as containing three bridges,

which are shown in blue, red and black below:

In order to decide whether the R group is exo or endo,

we must look at the two unsubstituted bridges and

decide which is the shorter bridge. In the diagram

above, the red and blue bridges are the unsubstituted

ones, and of these, the red bridge is the shorter (one

CH2 unit as opposed to two). Now we apply the rule

that endo refers to the substituent that lies closer to

the longer unsubstituted bridge, and exo refers to the

substituent that is closer to the shorter bridge. In

the example above, therefore, the R group is exo. The

endo-isomer of this compound has the structure:

In cases where the two unsubstituted bridges are of

equal length, the exo and endo labels are not required.

For example in the compound:

the H and R groups both face unsubstituted bridges

that are the same length and so the H and R groups

are in equivalent sites.
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Reaction of a cyclic diene with a dienophile leads to a bridged bicyclic

molecule, for example reaction 26.7. The fate of the cyclopentadiene ring

in equation 26.7 is highlighted in blue.

ð26:7Þ

In equation 26.7, we have drawn the product with a specific stereochemistry.

This can be better appreciated if we put in twoH atoms as shown below. There

are two possible products (see Box 26.2) and only the one on the left is formed:

In order to explain the stereoselectivity of the Diels–Alder reaction, we

turn to molecular orbital theory and consider the interactions between the

HOMO and LUMO of each reactant. The �-molecular orbitals of ethene

and buta-1,3-diene were drawn in Figures 13.6a and 13.7, and these MOs

are general for alkenes and 1,3-conjugated dienes. Interactions between the

HOMO of the alkene and the LUMO of the conjugated diene, and between

the HOMO of the diene and LUMO of the alkene, are required in order that

the new C�C �-bonds (equation 26.5) can form during the Diels–Alder

cyclization. Figure 26.3 shows the HOMO and LUMO of each reactant,

and illustrates that their symmetries are compatible with the evolution of

�-bonding interactions. Notice that the two reactants must approach one

under the other so that �-interactions evolve. The orbital interactions are

Diels and Alder shared the 1950

Nobel Prize in Chemistry ‘for their

discovery and development of the

diene synthesis’.

Otto Paul Hermann Diels

(1876–1954).

Kurt Alder (1902–1958).

Fig. 26.3 In a Diels–Alder
reaction, the HOMO and LUMO
of the diene overlap with the
LUMO and HOMO of the
dienophile (the alkene) to
generate two C�C
�-interactions.
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further enhanced if the dienophile is so oriented that its electron-withdrawing

substituents, X, are facing under the diene. The origin of this is an enhance-

ment of orbital overlap. The crucial result of this orientation effect is that the

dienophile adds to give the endo-product that we described earlier:

In related reactions, alkynes with electron-withdrawing substituents act

as dienophiles and reaction 26.8 shows the formation of a substituted

hexa-1,4-diene.

ð26:8Þ

The Diels–Alder reaction was applied to the manufacture of a group of

extremely effective insecticides which included aldrin and its epoxy-derivative,

dieldrin. These had widespread use from around 1950 to control termites. On

the downside, these insecticides are not biodegradable and this is a major

factor that led to their withdrawal from use in the 1980s.

Cyclizations of acetylene

The trimerization and tetramerization of acetylene are also cycloadditions

and occur when acetylene is heated in the presence of a nickel(0) or nickel(II)

catalyst (equation 26.9).

ð26:9Þ

The cycloaddition of buta-1,3-diene is also catalysed by nickel and other

d-block metal compounds. This reaction is non-specific and yields dimers,

trimers and tetramers (equation 26.10) as well as other products.

ð26:10Þ

A stereoselective reaction

gives, specifically, one

product when, in theory,

two or more products

that differ in their

stereochemistries are

possible.
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26.4 Reactions of alkenes 1: an introduction

In this section, we introduce some reactions of alkenes. In the next section,

we go on to discuss the mechanism of electrophilic addition, and in Section

26.6 we continue our overview of alkene reactivity, using what we have learnt

about mechanisms to explain the observed selectivity of the reactions.

Like alkanes, alkenes burn in O2 to give CO2 and H2O (equations 26.11

and 26.12).

C4H8

Butene

þ 6O2 ��" 4CO2 þ 4H2O ð26:11Þ

C6H10

Cyclohexene

þ 17
2
O2 ��" 6CO2 þ 5H2O ð26:12Þ

Whereas alkanes undergo substitution reactions, the C¼C functionality in

an alkene undergoes addition reactions, a general representation of which is

reaction 26.13.

ð26:13Þ

Addition reactions may be radical or electrophilic in nature, and can be

summarized as follows:

Typical addition reactions of alkenes are:

. electrophilic addition;

. radical addition;

. polymerization.

Hydrogenation

The hydrogenation of an alkene involves the addition of H2 and converts an

unsaturated hydrocarbon into a saturated one (assuming all the C¼C bonds

undergo reaction). The reaction requires a catalyst, often a Ni, Pd or Pt metal

surface (equation 26.14).

ð26:14Þ

The metal surface is an example of a heterogeneous catalyst. The H2 is

adsorbed (equation 26.15), thereby providing a source of H atoms that can

react with the alkene. This pathway has a lower activation energy than one

in which H2 reacts directly with the alkene.

Pd Pd Pd Pd

H H

Pd Pd Pd Pd

H H ð26:15Þ

Hydrogenation is the

addition of H2.

Catalysts: see Section 15.8

"
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Equation 26.15 can also be represented in terms of the dissociation of the H2

molecule on a surface of close-packed metal atoms:

Similar hydrogenations convert cycloalkenes into cycloalkanes (reaction

26.16).

ð26:16Þ

Addition of X2 (X¼Cl or Br): formation of vicinal dihalides

The addition of Cl2 or Br2 to alkenes gives dichloro- or dibromo-derivatives

(equations 26.17 and 26.18). In the products, the halogen atoms are attached

to adjacent C atoms. Such compounds are known as vicinal dihalides.

ð26:17Þ

ð26:18Þ

Reactions with F2 are extremely violent, while those with I2 are extremely

slow or fail altogether. Chlorination and bromination take place at or below

298K without the need for irradiation. This suggests that the addition does

not involve radicals. However, if a source of radicals is available, addition

still occurs butmaybe complicated by competing radical substitution reactions.

The decolorization of an aqueous solution of Br2 (bromine water) is com-

monly used as a qualitative test for the presence of a C¼C bond (Figure 26.4),

although it is by no means definitive. Mixed products are obtained (see the

discussion of the reactions of alkenes with Br2 and H2O in Section 26.6).

Addition of HX (X = Cl, Br or I): formation of halogenoalkanes

Equation 26.19 shows the reaction between an alkene and HCl, HBr or HI.

The substrate in this example is a symmetrical alkene and when HBr is added,

the product can only be 2-bromobutane.

ð26:19Þ

Compare with the use of the
term vicinal coupling
between H atoms on

adjacent C atoms: see
Section 14.9

"
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With an unsymmetrical alkene, two products are possible, as shown in

equation 26.20 for the addition of HBr to propene. In practice, one product

predominates and in reaction 26.20, 2-bromopropane is the major product.

Notice that the reaction favours attachment of the halide to the secondary

(rather than primary) C atom in the product.

ð26:20Þ

Similarly, when HCl reacts with 2-methylpropene, the major product is

2-chloro-2-methylpropane (equation 26.21). The preference is for the Cl

atom to be attached to the tertiary (rather than primary)C atom in the product.

ð26:21Þ
The selectivity that is observed in reactions 26.20 and 26.21 can be explained

if we look in detail at the mechanism of electrophilic addition.

26.5 The mechanism of electrophilic addition

Additions to alkenes can occur by radical or electrophilic mechanisms. An

electrophilic mechanism is favoured when the reaction is carried out in a

polar solvent, while a radical mechanism requires a radical initiator.

Fig. 26.4 Addition of hex-1-ene
to an aqueous solution of Br2
results in a colour change, but
when hexane is added, the
solution remains orange in
colour.
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Addition of HBr to a symmetrical C=C bond

The HOMO of an alkene such as ethene or propene possesses C�C �-bonding

character (Figure 13.6). The alkene can therefore act as a nucleophile, donating

electrons from its HOMO to a species that has a suitably low-lying,

unoccupied orbital to accept electrons. That species is an electrophile. Consider

the reaction between C2H4 and HBr to give C2H5Br. The HBr molecule is

polar (26.14), the Pauling electronegativity values being �PðHÞ ¼ 2:2 and

�PðBrÞ ¼ 3:0. H�þ is attracted towards the region of electron density of

the C¼C bond and, as a result, the H�Br bond is polarized even more.

The first step in the reaction is shown in equation 26.22. Two �-electrons

are transferred to the electrophile with the formation of a new C�H
�-bond and the heterolytic cleavage of the H�Br bond.

ð26:22Þ

The C atom that does not form the new �-bond is electron-deficient. It has a

sextet of electrons and bears a formal positive charge. This carbon centre is

called a carbenium ion or carbocation. The carbenium ion is an intermediate in

the reaction, and is susceptible to attack by a nucleophile. In equation 26.22,

the cleavage of the H�Br bond produces Br� and this acts as a nucleophile

in the next step of the reaction as shown in equation 26.23.

ð26:23Þ

Figure 26.5 shows the reaction profile for the reaction of C2H4 with HBr.

The formation of the carbenium ion intermediate is the rate-determining step,

i.e. the step in the pathway with the highest activation energy. Reaction of the

carbenium ion with Br� occurs in a faster step (lower activation energy). The

first transition state, {TS(1)}‡, may be described in terms of a species that is

(26.14)

A carbenium ion or

carbocation has the general

formula [R3C]
þ where

R¼H or an organic group.

Activation energy
and reaction profiles:

see Section 15.1

"

Fig. 26.5 A schematic
representation of the reaction
profile of the addition of HBr
to C2H4. The rate-determining
step is the formation of the
intermediate carbenium ion.
The intermediate is at a local
energy minimum.
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part way between the reactants and intermediate. The second transition state,

{TS(2)}‡ in Figure 26.5, is considered as a species in which Br� has begun to

form a bond with the carbenium ion, and a stretched bond may be drawn as

in structure 26.15. The mechanism described above can be extended to the

addition of HCl and HI.

Addition of HBr to an unsymmetrical C=C bond

When an electrophile attacks an unsymmetrical alkene, there are two possible

pathways to carbenium ion formation. Consider the reaction of propene with

HBr. The first step in the reaction is shown in scheme 26.24.

ð26:24Þ

We saw in Section 25.8 that carbon-centred radicals are stabilized by

electron-releasing groups and, in the same way, electron-deficient carbenium

ions are stabilized by electron-releasing substituents attached to the positively

charged C centre. Hyperconjugation contributes to the stabilizing effects of

having alkyl groups attached to the Cþ centre. Carbenium ions are planar

at the central C atom and an sp2 hybridization scheme is appropriate. This

leaves a vacant 2p atomic orbital. Hyperconjugation arises because electron

density from the C�H �-bonds in the alkyl groups can be donated into the

vacant 2p atomic orbital as shown in diagram 26.16. (Donation of electron

density into the C 2p orbital can also take place from C�C, C�Si and
other �-bonds of adjacent substituents.) The more alkyl groups there are

attached to the central C atom, the more the positive charge can be stabilized

by electron donation. As a result, the order of stabilities of carbenium ions,

where R is an alkyl group, is:

½R3C�þ > ½R2CH�þ > ½RCH2�þ > ½CH3�þ

i:e: tertiary > secondary > primary > methyl:

In the competitive steps in scheme 26.24, the formation of the secondary

carbenium ion is therefore favoured over that of the primary carbenium

ion. The next step in the reaction is nucleophilic attack by Br� on the

carbenium ion intermediates to give 1-bromopropane and 2-bromopropane

(equations 26.25 and 26.26).

ð26:25Þ

ð26:26Þ

Because the secondary carbenium ion ismore stable than the primary ion and

is preferentially formed, it follows that the formation of 2-bromopropane is

(26.15)

The relative stabilities of

carbenium ions follow the

order:

½R3C�þ > ½R2CH�þ

> ½RCH2�þ > ½CH3�þ

where R¼ alkyl substituent.

 

(26.16)

The mechanism of electrophilic addition 965



 

favoured over that of 1-bromopropane. This corresponds to the experimental

result we gave for reaction 26.20. The reaction is said to be regioselective

because, although the alkene can form two carbenium ions and hence two

products, one product is formed preferentially.

The mechanism described for the addition of HBr to propene can be

extended to the additions of HX (X¼Cl, Br, I or other �� group) to other

unsymmetrical alkenes. The general observation is that the H atom becomes

attached to the less highly substituted C atom, thereby forming a tertiary

carbenium ion in preference to a secondary or primary one, or a secondary

carbenium ion in preference to a primary one. This is often referred to as

Markovnikov addition.

In the Markovnikov addition of HX to an unsymmetrical alkene, the H atom

attaches to the less highly substituted C atom, and the X atom attaches to the

more highly substituted C atom. This follows from the carbenium ion

intermediate being the most highly substituted possible.

Addition of X2 (X = Cl or Br)

Both Cl2 and Br2 are non-polar, but approach towards the C¼C �-cloud

induces a dipole, as shown for Cl2 below:

In the rate-determining step of the chlorination of an alkene, the

�-electrons from the C¼C bond are donated into the vacant �� MO

(the LUMO) of Cl2. This results in the formation of a C�Cl bond and the

heterolytic cleavage of the Cl�Cl bond (equation 26.27). This step generates

Cl�, which then acts as a nucleophile and attacks the carbenium ion in a

faster step (equation 26.28).

ð26:27Þ

ð26:28Þ

When the halogen is Br2, there is experimental evidence that the inter-

mediate is a bromonium ion. Just as we saw that carbenium ions are stabilized

by hyperconjugation, we can view the stabilizing influence of the Br

When a reaction that could

proceed in more than one

way is observed to proceed

only or predominantly in

one way, the reaction is

regioselective.

Induced dipole:
see Section 3.21

"
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substituent in the intermediate by considering lone pair donation from Br to

Cþ and evolution of the 3-membered ring. Structure 26.17 illustrates this.

The reaction mechanism for the reaction of Br2 with C2H4 is represented

in equations 26.29 (the rate-determining step) and 26.30.

ð26:29Þ

ð26:30Þ

Evidence for the bromonium ion comes from structural studies on an

extremely sterically hindered cation (Figure 26.6) and from the stereo-

selectivity shown in bromination reactions. For example, when cyclohexene

is treated with Br2, the reaction is completely selective (equation 26.31). None

of stereoisomer 26.18 (the axial, equatorial conformer) is formed.

ð26:31Þ

This observation is consistent with the presence of a bromonium ion

intermediate, because the formation of the BrC2 ring will block one side of

the C�C bond from attack by the incoming nucleophile. The scheme

below illustrates that attack by the Br� nucleophile leads to antiperiplanar

opening. This anti-addition gives a diaxial product that rearranges into the

final diequatorial conformer (scheme 26.31). Look back at Figure 25.6 to

(26.17)

(26.18)

Antiperiplanar: see
Figure 24.18

"

Fig. 26.6 With extremely
bulky substituents, it has

been possible to isolate an
example of a bromonium ion. (a)
The structure of [R2CBrCR2]

þ

(R¼ adamantyl) determined
for the [Br3]

� salt by X-ray
diffraction [H. Slebocka-Tilk
et al. (1985) J. Am. Chem. Soc.,
vol. 107, p. 4504] and (b) a
scheme for its preparation. In the
3-membered ring in the cation,
C�Br¼ 219 and 212 pm and
C�C¼ 150 pm (in between a
typical carbon–carbon single and
double bond length). Colour
code: C, grey; H, white; Br,
brown.
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appreciate the effects of the ring flip in the scheme:

Br

Br

Antiperiplanar 
opening

Br

Br

Diaxial conformer 
is formed first

Br

Br

Ring flip

Diequatorial 
conformer is 

favoured

In a cyclic system, the stereoselective addition can be seen clearly. In an

acyclic system, interpreting experimental data must take into account the

fact that once an XY molecule has added to the C¼C bond, the product can

undergo rotation about the newly formed C�C bond. We now consider this

scenario.

Syn- and anti-addition

Let us consider the addition of HX to the alkene ABC¼CAB shown in

Figure 26.7. The two C atoms in the C¼C bond are sp2 hybridized and

because of the bonding restrictions imposed by the C�C �-bond, the A

and B substituents all lie in the same plane. Figure 26.7 shows syn- and

anti-addition of HX to the alkene. If all the substituents had been equivalent

(i.e. A¼B in the figure), then the stereochemistries of the products formed

from the syn- and anti-additions would have been the same. To test this

out, draw two planar C2A4 molecules. To one, add HX in a syn-manner,

and to the other, add HX in an anti-manner, copying the modes of additions

from Figure 26.7. The products will be identical.

Now look at the case described in Figure 26.7. Each C atom in the alkene

bears non-equivalent groups. syn-Addition of HX pushes all the A and B

substituents on to the same side of the plane that contains the alkene

In the syn-addition of XY

to a C¼C bond, X and Y

add to the same side of the

plane containing the two sp2

C centres in the alkene. In

the anti-addition, X and Y

add to opposite sides.

Fig. 26.7 An alkene ABC¼CAB is planar (sp2 hybridized C). When H and X atoms of HX add to the C¼C bond, they can do so
from the same side (syn-addition) or from different sides (anti-addition). The presence of the two A and B substituents on the
alkene means that the stereochemistries of the products of the syn- and anti-additions are not the same.
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molecule. Once addition has taken place, the molecule contains a C�C single

bond, about which rotation can occur. One staggered conformer of the

product is shown at the right-hand side in Figure 26.7. When anti-addition

of HX occurs, one set of A and B substituents is pushed down and one set

is pushed up. This gives an arrangement of substituents in the product

that is different from that in the product formed from the syn-addition.

The stereochemistries of the products are different.

In most cases, the nucleophile adds after the electrophile, as we have

seen in the examples described earlier in this section. The nature of the

intermediate cation is therefore of importance in dictating whether

syn-, anti- or both types of addition occur. In an intermediate such as the

bromonium ion, we have already seen that one side of the molecule is

blocked with respect to attack by the nucleophile, with the result that

anti-addition takes place. If the intermediate is a carbenium ion like that in

equation 26.28, the Cþ centre is in a planar environment and can be attacked

from either side:

26.19 is the carbenium ion that may be formed in the example in

Figure 26.7 when the alkene adds Hþ. If this carbenium ion has a relatively

long lifetime, rotation about the C�C bond may occur before X� attacks.

This will lead to non-specific addition:

and there will also be nucleophilic attack from the lower side. In practice,

other factors such as steric demands of the substituents may favour syn- or

anti-addition.

The outcome of the syn- and anti-additions shown in Figure 26.7 can be

represented in terms of the Newman projections shown in equation 26.32.

These projections correspond exactly to the products drawn in Figure 26.7.

ð26:32Þ
Because there are different substituents in each C atom in the alkene,

the addition of HX creates two asymmetric C centres in the product. Each

product in equation 26.32 consists of a pair of enantiomers and these are

shown in Figure 26.8. The four stereoisomers in Figure 26.8 consist of two

(26.19)

Newman projections
and use of wedges: see

Section 24.9

"
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enantiomeric pairs and four diastereoisomeric pairs, and the labels threo- and

erythro- allow one to distinguish between the stereoisomers. These names

originate from the aldoses threose and erythrose (structures 26.20 and

26.21) and can be assigned as follows:

. Draw Newman projections of the enantiomers of the addition product in

staggered conformations. View the molecule along the C�C bond that

was originally the C¼C bond of the alkene (Figure 26.8).
. Ensure that the H and X groups from the reagent HX point up and down

in the Newman projection.
. Two of the stereoisomers (a pair of enantiomers) have identical groups on

the same side of the Newman projection and these enantiomers make up

the threo-pair.
. Two of the stereoisomers (a pair of enantiomers) have different groups on

the same side of the Newman projection and these enantiomers make up

the erythro-pair.

26.6 Reactions of alkenes 2: additions and C=C oxidation
and cleavage

In this section we continue our survey of reactions of alkenes by considering

more electrophilic additions in which we apply the mechanistic details

from the previous section. We also consider some oxidation reactions and

reactions that cleave the C¼C bond.

Addition of H2O: formation of alcohols

Alkenes do not react directly with water, but if the reagents are heated in

the presence of concentrated H2SO4, the alkene adds H2O and is converted

into an alcohol. This reaction is used industrially to manufacture ethanol

(equation 26.33) from petroleum feedstocks. The synthesis of bioethanol, on

theotherhand, involves the conversionof sugar crops to ethanol (seeBox 30.4).

ð26:33Þ

There is, however, a problem with using reaction 26.33 as a general method

for preparing alcohols from alkenes: heating an alcohol with a strong acid

Look back to Figure 24.14
and review enantiomers and

diastereoisomers

(26.20) (26.21)

"

Fig. 26.8 The two pairs of
enantiomers (drawn as Newman
projections related by reflections
through a mirror) formed from
the syn- and anti-addition
of HX to an alkene ABC¼CAB
(see equation 26.32). The grey
planes in the figure represent
mirror planes.
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can dehydrate the alcohol, giving an alkene (see equation 26.3). Thus, the

reaction can be driven in either direction. The acid-catalysed addition of

H2O to an alkene may be useful synthetically if the intermediate is a tertiary

carbenium ion. For example, 2-methylpropene undergoes the reaction shown

in equation 26.34. Two products are possible, depending on whether a

primary or tertiary carbenium ion is formed. The latter predominates and

2-methylpropan-2-ol is the favoured product. Equation 26.34 shows the

formation of the tertiary carbenium ion and subsequent attack by H2O.

Water is polar (26.22) and acts as a nucleophile by donating a pair of

electrons. The positive charge is transferred to the O atom and this triggers

loss of Hþ to give the alcohol.

ð26:34Þ

An alternative and successful strategy for adding H2O to an alkene is by

using mercury(II) acetate, Hg(O2CMe)2. The reaction of an alkene with

Hg(O2CMe)2 gives an organometallic complex that reacts with H2O to yield

an organomercury compound. On treatment with sodium borohydride, this

produces the desired alcohol. In reaction 26.35, the product contains the

OH substituent attached to the secondary rather than the primary C atom.

ð26:35Þ

Mercury(II) acts as an electrophile and is attacked by the electron-rich C¼C
bond. This forms a cyclic intermediate as shown in the first step in scheme

26.36. Nucleophilic H2O then attacks the more highly substituted C centre

in the intermediate, opening the C2Hg ring as shown in scheme 26.36.

The positive charge now resides on the 3-coordinate O atom and a proton

is readily lost to give the OH group.

ð26:36Þ

Molecular dipole moments:
see Section 6.13

(26.22)

"
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Addition of H2O and X2 (X = Cl or Br): formation of halohydrins

If Cl2 or Br2 andH2O react together with an alkene, the reactions proceed as

illustrated in equations 26.37 and 26.38. The products are halohydrins: a

chlorohydrin in reaction 26.37, and a bromohydrin in reaction 26.38.

ð26:37Þ

ð26:38Þ

The OH group shows a preference to be attached to the secondary or

tertiary, rather than primary, C atom. This is readily explained in terms of

the relative stabilities of the intermediate carbenium ions. The first step in

reaction 26.37 is attack on Cl2 by the �-electrons of the C¼C bond (equation

26.39). This is exactly the same as the rate-determining step in chlorination of

an alkene. The secondary carbenium ion is stabilized to a greater extent than

the primary carbenium ion.

ð26:39Þ

If water is present, it competes with Cl� during the second step of the

reaction. Nucleophilic attack by Cl� on either carbenium ion in equation

26.39 leads to 1,2-dichloropropane. Nucleophilic attack by H2O leads to

1-chloropropan-2-ol as the major product and 2-chloropropan-1-ol as the

minor product. The mechanism for the more favoured pathway is shown

in scheme 26.40.

ð26:40Þ

Addition of HBr to 1-methylcyclohexene

We use the reaction between HBr and 1-methylcyclohexene as an example of

addition to a cycloalkene that is substituted at one of the C¼C sites so as to

give an unsymmetrical alkene. Equation 26.41 shows the favoured pathway

of this reaction which goes through a tertiary (rather than a secondary)
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carbenium ion.Keep inmind that the cyclohexane ring is not planar. Structures

26.23 and 26.24 show the two conformers of the product in reaction 26.41.

ð26:41Þ

Oxidation: formation of diols

The oxidation of an alkene by OsO4 (tetrahedral, osmium(VIII) oxide) leads

to the formation of a vicinal diol. The diol part of the name indicates that

there are two OH groups, and vicinal indicates that the OH groups are

attached to adjacent C atoms. Reaction 26.42 shows the conversion of

but-1-ene to butane-1,2-diol.

ð26:42Þ

The proposed mechanism involves the formation of an OsO4-bridged

intermediate (equation 26.43) which is cleaved by H2O in the next step of

the reaction. The addition of the two OH groups is specifically syn, i.e. the

OH substituents add to the same side of the C¼C bond. During the reaction

Os(VIII) is reduced to Os(VI) and the alkene is oxidized.

ð26:43Þ

Now let us look more closely at the stereochemistry. Although the addition

is syn, we must remember (see Figure 26.7) that once the C¼C bond has been

converted into a C�C bond, conformational changes occur to minimize the

steric energy of the molecule. The molecule of pent-2-ene shown in equation

26.43 has been drawn in the (Z)-configuration, but we have not specified

anything about the stereochemistry of the product. The syn-addition to a

(Z)-alkene can be represented schematically as follows:

(26.23)

(26.24)
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After the product has taken up a minimum energy conformation, a

Newman projection drawn with the R groups from the alkene facing up

and down has the two OH groups on opposite sides. Now consider syn-

addition to an (E)-alkene. This is shown schematically as follows:

After allowing the product to adopt a favourable staggered conformation

with the R groups anti to one another, a Newman projection confirms that

the OH groups are now syn. Thus, although syn-addition occurs to both the

(Z)- and (E)-isomers of an alkene, the stereoisomers (diastereoisomers) that

are formed are not the same (unless R¼H).

The conversion of a non-terminal alkene to a diol can also be carried out

using cold alkaline KMnO4. It is proposed that the tetrahedral [MnO4]
� ion

acts in the same way as OsO4, forming a similar intermediate, and syn-

addition is again observed. During the reaction, Mn is reduced from

Mn(VII) to Mn(V).

The old name for a diol is a glycol and this name is still used. Ethylene

glycol (ethane-1,2-diol, 26.25) is commercially important as an ‘anti-freeze’

additive to motor vehicle radiator water. It has a low melting point

(261K), high boiling point (471K) and is completely miscible with water.

Industrially, it is not made by the method described here, but rather by the

hydration of ethylene oxide (or oxirane). Ethylene oxide is an example of

an epoxide, itself a member of the family of cyclic ethers. We discuss their

preparation and properties in Chapter 29.

Alkene cleavage: reaction with O3

The reaction of an alkene with O3 leads to a cyclic ozonide. The initial

addition product of the alkene and O3 rapidly isomerizes to the ozonide

shown in equation 26.44. The C¼C bond is completely cleaved during

the reaction; the two C atoms in the C2O3 ring are the original atoms of

the C¼C functionality. Caution! Ozonides are often explosive.

ð26:44Þ

(26.25)

Ethylene oxide
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An important application of this reaction lies not in the isolation of

ozonides, but in their hydrolysis products. Reductive hydrolysis yields

aldehydes or ketones depending on the substituents present in the original

alkene. Reactions 26.45 and 26.46 are two examples. The Me2S or thiourea

(26.26) acts as a reducing agent and is converted into Me2SO (dimethyl-

sulfoxide, DMSO) or 26.27 respectively. Although Me2S is efficient in this

role, it has the disadvantage of having an offensive smell.

ð26:45Þ

ð26:46Þ

26.7 Radical substitution and addition in alkenes

Radical substitution: bromination

Many alkenes contain alkyl groups in addition to the C¼C functionality, and

radical substitutions are possible. Hydrogen atoms attached directly to the C

atoms of the C¼C bond are called vinylic H atoms (structure 26.28) and are

difficult to abstract. An H atom attached to the C atom adjacent to a C¼C
bond is called an allylic H atom (structure 26.28) and is more easily

abstracted.

After initiation (see Section 25.7), the radical reaction of propene with Br2
continues with propagation steps 26.47 and 26.48. An allylic H atom is

abstracted in step 26.47 in preference to a vinylic H atom.

ð26:47Þ

ð26:48Þ

The radical formed in step 26.47 is an allyl radical and is more stable

than any of the alkyl radicals that we discussed in Section 25.7. The radical

stability order (where R¼ alkyl) is:

H2C

H
C

CH2

>

R
C

R

R

>

R
C

R

H

>

R
C

H

H

>

H
C

H

H

This enhanced stability can be attributed to the contributions made by the

two resonance structures drawn in 26.29. In general, the more resonance

(26.26) (26.27)

(26.28)

See end-of-chapter
problem 26.16

(26.29)

"
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structures that can be drawn, the more stable a species is. (Look back at

Section 7.2.) In terms of a delocalized picture, the �-bonding in the allyl

radical can be described in much the same way as in the allyl anion

(see Figure 13.6). Both the allyl radical and allyl anion are planar and a

�-system can therefore develop over the C3 framework. Delocalizing the

odd electron over the three C atoms is a stabilizing influence, and tells the

same story as the combination of the two resonance structures in 26.29.

Radical substitution in other alkenes follows the same pattern as above,

with an allylic H atom being preferentially abstracted. For example, in

reaction 26.49, substitution is specifically at the site adjacent to the C¼C
bond.

ð26:49Þ

Specific though this H abstraction is, using Br2 as the brominating agent

leads to a problem: competitive radical addition to the C¼C bond. Usually,

Br2 is replaced by the brominating agent N-bromosuccinimide (NBS,

26.30) in CCl4 solution. Initiation of the reaction requires the use of a radical

initiator, the normal choice being an organic peroxide (26.31a), often with

R¼C6H5C(O) (26.31b).

Radical addition: bromination

We exemplify radical addition to a C¼C bond by considering the reaction

between HBr and 2-methylpropene, an unsymmetrical alkene. To facilitate

a radical rather than electrophilic addition, a radical initiator must be

present. Photolysis of the peroxide 26.31 results in homolytic fission of the

O�O bond and formation of RO
�
radicals (equation 26.50). Propagation

step 26.51 produces Br
�
radicals for reaction with the alkene.

ð26:50Þ

ð26:51Þ

The Br
�
radical now adds to the C¼C bond and two pathways are possible

(scheme 26.52). The more stable radical is the more highly substituted one

and the more favoured pathway is highlighted in scheme 26.52. Note that

reaction of Br
�
with the alkene does not abstract a vinylic H atom, but

competitive abstraction of allylic H atoms will occur. Collision between an

alkyl radical and HBr leads to the formation of the brominated product

(equation 26.53). Termination steps in the radical chain involve reactions

between two radicals.

(26.30)

(26.31a) (26.31b)
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ð26:52Þ

ð26:53Þ

The important point to notice in this final step is that the radical addition of

HBr to an unsymmetrical alkene leads to a product in which the Br atom is

attached to the C atom with the lesser number of R substituents. This is in

contrast to the electrophilic addition of HBr which leads to a product in

which the Br atom is attached to the C atom with the greater number of R

substituents. In both cases, the product selectivity is controlled by the stability

of the intermediate and the differences can be summarized as follows:

26.8 Polymerization of alkenes

A polymer is a macromolecule that consists of repeating units. Alkenes

undergo addition polymerization, a process in which the alkene units (mono-

mers) add to one another to gives a polymer. Addition polymerization is of

huge commercial importance (see Box 26.3). Figure 26.9a shows the ways in

which ethene is currently used, and Figure 26.9b illustrates the diversity of

uses of polyvinylchloride (PVC).

A polymer is a

macromolecule containing

repeating units derived from

a monomer.
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APPLICATIONS

Box 26.3 Addition polymers

Some commercial polymers are listed in the table below along with the monomer from which they are made:

Commercial name of polymer Name of monomer Structure of monomer

Polythene (polyethylene) Ethene

Polyvinylchloride (PVC) Chloroethene

Polypropene (polypropylene, PP) Propene

Teflon (PTFE) Tetrafluoroethene

Polystyrene Styrene (phenylethene)

Perspex Methyl 2-methylpropenoate (methyl methylacrylate)

Copolymers

All the above polymers are examples of homopolymers: only one monomer is used in the manufacture of the

polymer. When more than one monomer is used, the product is a copolymer. Copolymerization is one method

of ‘tuning’ the properties of a polymer to meet commercial demands. Three types of copolymer in which the

monomer units are represented by A and B are:

. an alternating copolymer in which the monomer sequence is ABABABABAB . . .

. a block copolymer which may possess a sequence such as AAABBBAAABBB . . .

. a random copolymer in which the arrangement of monomers is irregular, e.g. ABBABAABA . . .

Isotactic, syndiotactic and atactic polymers

In a polymer such as polypropene, the substituents can be arranged in several ways with respect to the carbon

backbone of the polymer chain. This arrangement is important, because it affects the way that the chains pack

together in the solid state.
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In an isotactic arrangement, all the methyl groups (shown in red in the diagrams below) in polypropene are on

the same side of the chain (shown in green):

In a syndiotactic arrangement, the methyl groups are regularly arranged in an alternating sequence along the

carbon chain:

In an atactic arrangement, the methyl groups are randomly arranged along the carbon backbone:

In the solid state, molecules of both isotactic and syndiotactic polypropene pack efficiently and the material is

crystalline. Atactic polypropene, however, is soft and elastic. Whereas isotactic and syndiotactic polypropene can

be used, for example, as a material for plastic pipes and sheeting, atactic polypropene has no such commercial

application.

Recycling of plastics

Polymers have an enormous range of applications,

e.g. uses of PVC are illustrated in Figure 26.9b. Life

without polymers and plastics seems unthinkable.

However, an environmentally conscious society must

consider what to do with the many thousands of

tonnes of waste artificial plastics that are awaiting dis-

posal every year, and many recycling schemes are now

in place. ‘Mechanical recycling’ of plastic involves first

sorting the material and removing components that are

unsuitable for recycling. The sorted plastic is then

washed and broken up into small pieces. This is

followed by a flotation process that grades the plastic

by density. After drying, the graded plastic is melted

and extruded, and the strands of plastic so produced

are cut into pellets ready for use in, for example,

bottles, containers, clothing and carpets.
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Radical addition polymerization

The polymerization of an alkene such as ethene may be a radical reaction

requiring an initiator such as an organic peroxide (structure 26.31). Equation

26.54 shows the initiation step where the initiator is represented by Y2.

ð26:54Þ

When the radicals collide with alkene molecules (the monomers), propaga-

tion of the radical chain reaction begins. Equation 26.55 shows how attack

of Y
�
at a C atom of ethene leads to an alkyl radical.

ð26:55Þ

The propagation of the polymerization reaction continues according to

equations 26.56 and 26.57, and the polymer chain grows in sequential radical

steps of this type.

ð26:56Þ

Fig. 26.9 (a) End uses of
C2H4, estimated world
consumption in 2000.
[Data: www.shellchemicals.com]
(b) Worldwide uses of PVC
in 2001; the total demand
was 26.3 million tonnes.
[Data: Chemical & Engineering
News (2002) November 25
issue, p. 12.]
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ð26:57Þ

Alternatively, a non-radical product may be formed in a propagation step

(equation 26.58) or termination step (equation 26.59).

ð26:58Þ

ð26:59Þ

The overall polymerization process with initiator Y2 is summarized in

reaction 26.60 where n is any integer between 1 and 1. The length of the

polymer chain depends on the point at which termination occurs.

ð26:60Þ

If the monomer is of the type RHC¼CH2 where R 6¼H, then a propaga-

tion step analogous to, say, reaction 26.55 could lead to either a primary

or secondary radical. The preference for the secondary radical intermediates

controls the formation of regular polymer and end-of-chapter problem 26.18

asks you to consider this aspect of polymer growth.

An interesting complication occurs if the monomer is a diene. Consider

attack by radical Y
�
on one of the C¼C bonds in octa-1,7-diene (equa-

tion 26.61).

ð26:61Þ

The radical produced in this propagation step can react with another

molecule of the monomer, or can undergo intramolecular reaction 26.62.

The cyclic species formed can become involved in the polymerization process,

or can react with the initiator or another organic radical in a termination step.

ð26:62Þ
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BIOLOGY AND MEDICINE

Box 26.4 Natural odours: terpenes and terpenoids

Terpenes are hydrocarbons found in nature and their

basic building block is 2-methylbuta-1,3-diene, com-

monly called isoprene:

Terpenes comprise monoterpenes (with a C10 frame-

work), hemiterpenes (C5 skeleton), sesquiterpenes

(C15 framework), diterpenes (C20 framework), sester-

terpenes (C25 skeleton), triterpenes (C30 skeleton),

tetraterpenes (also called carotenoids and having a

C40 framework, see Box 13.1) and polyterpenes

(C5n, n> 8). Terpenoids are related to terpenes but con-

tain oxygen in different functional groups (e.g. alcohol,

aldehyde, ester). In 1887, Otto Wallach proposed the

‘isoprene rule’ which stated that structures of terpe-

noids could be constructed by joining together isoprene

units. Wallach was awarded the 1910 Nobel Prize in

Chemistry ‘in recognition of his services to organic

chemistry and the chemical industry by his pioneer

work in the field of alicyclic compounds’. Wallach’s iso-

prene rule dealt only with the formal construction of

structural frameworks. In the 1950s, Leopold Ruzicka

formulated the ‘biogenic isoprene rule’ which set out

the biosynthetic principles of triterpene alcohols, and

in recognition of ‘his work on polymethylenes and

higher terpenes’, Ruzicka shared the 1939 Nobel Prize

in Chemistry.

The biosynthesis of terpenes and terpenoids starts

from isopentenyl diphosphate (IPP) which is produced

in plant cells. Condensation of IPP leads to the

formation of geranyl diphosphate (GPP), farnesyl

diphosphate (FPP) and geranyl-geranyl diphosphate

(GGPP) which are, respectively, the precursors of

monoterpenes, sesquiterpenes and diterpenes.

Once the basic monoterpene, sesquiterpene and

diterpene frameworks have been synthesized, enzyme-

catalysed transformations take place to produce a

wide range of derivatives. Terpenes and terpenoids pos-

sess characteristic odours and are the most important

members of the family of ‘essential oils’, a term first

used by the alchemist Paracelsus (1493–1541). The

Otto Wallach (1847–1931). Leopold Ruzicka (1887–1976).
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second most important group of essential oils com-

prises aromatic compounds such as cinnamaldehyde

(responsible for the aroma of cinnamon) and eugenol

(the aroma of cloves).

Examples of spices that depend upon terpenes for

their aroma are black pepper (in which a-pinene and

sabinene are principal components), nutmeg (con-

taining a-pinene, b-pinene, sabinene and limonene)

and ginger (the aroma arising mainly from (�)-
zingiberene, b-bisabolene and (�)-sesquiphellandrene).
The structure of (�)-sesquiphellandrene is related to

that of (�)-zingiberene shown below. Common

methods for the extraction of essential oils from plant

materials include distillation (e.g. steam distillation)

and extraction using an organic solvent or supercritical

CO2 (see Figure 1.4 and related discussion). The latter

is a ‘clean’ alternative to organic solvents, and has

many applications in extraction processes in the food

and pharmaceutical industries.

Spice shop in Gilgit Northern Provinces, Pakistan.
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It is not difficult to envisage how many problems there are associated with

the control of a radical polymerization process in which the monomer is an

alkene or diene. Nonetheless, the radical addition polymerization of alkenes

remains an important method of producing polymers on an industrial scale.

Polymers that are made by the radical method include polyethene

(polythene), polystyrene, PVC and PTFE (see Box 26.3).

Cationic polymerization

Another method of polymerizing alkenes is cationic polymerization and this

is a suitable strategy when a tertiary carbenium ion can be formed from

the alkene monomer. 2-Methylpropene (isobutene) is used in the manufac-

ture of butyl rubber. This is a copolymer of 2-methylpropene and isoprene

(26.32, see Box 26.4) containing 1–3% of isoprene. Butyl rubber is resistant

to atmospheric degradation (initiated by O3) and has widespread uses in, for

example, vehicle tyre inner tubes and liners for garden ponds. The poly-

merization of 2-methylpropene is initiated by providing a source of Hþ.
Electrophilic addition of Hþ to the monomer gives the tertiary carbenium

ion which then undergoes nucleophilic attack by the �-bond of another

monomer (scheme 26.63).

ð26:63Þ

Anionic polymerization

So far, we have seen alkenes acting as nucleophiles and attacking electro-

philes. However, when an alkene has an electron-withdrawing substituent

such as CN that can stabilize a negative charge, the alkene may act as an

electrophile. Use is made of this characteristic in the polymerization of

acrylonitrile to give synthetic fibres manufactured as Orlon and Acrilan.

The addition polymerization is an example of anionic polymerization. The

initiation step is the reaction of [NH2]
� with the monomer to give an

active nucleophile; [NH2]
� is generated in liquid NH3 by adding Na (see

the end of Section 21.11). The chain reaction continues by attack on a

second monomer, and so on as shown in scheme 26.64.

(26.32)
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ð26:64Þ

26.9 Double bond migration and isomerization in alkenes

When an alkene with four or more C atoms is treated with Hþ, isomerization

may occur by migration of the C¼C bond along the carbon chain. A strong

base such as potassium amide, KNH2, can also promote double bond

isomerization. The acid or base acts as a catalyst, i.e. the reactions are

acid-catalysed or base-catalysed isomerizations. The C¼C bond moves to a

more substituted position within the carbon chain, for example but-1-ene

isomerizes to but-2-ene in the presence of Hþ (equation 26.65).

    ð26:65Þ

The preference for the C¼C bond to be in the more highly substituted

position follows from the greater electronegativity of an sp2 C centre with

respect to an sp3 C centre. The electron-releasing alkyl groups should be

attached to the sp2 C atoms. (We return to the electronegativities of

different C centres in Section 26.12 when we discuss the acidity of terminal

alkynes.)

The longer the carbon chain, the more isomers that can be formed by

migration of the C¼C functionality. In practice, mixtures of isomers

are usually obtained with the thermodynamically preferred isomer

predominating.

The tendency is for the

C¼C bond to migrate along

a carbon chain so as to

increase the number of alkyl

groups attached to it.
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The mechanism of acid-catalysed C=C bond migration

We have already seen that the addition of Hþ to an alkene promotes the

formation of a carbenium ion. Equation 26.66 shows that the reaction of

pent-1-ene with Hþ gives a secondary carbenium ion in preference to a

primary one.

ð26:66Þ

In previous examples (e.g. reaction 26.34), the carbenium ion formed has

reacted with a nucleophile to give a final addition product. In the absence

of a nucleophile, the carbenium ion intermediate can lose Hþ. Starting

from the carbenium ion in reaction 26.66, there are two competitive elimina-

tions to give pent-1-ene or pent-2-ene (scheme 26.67). One reaction is simply

the reverse of protonation step 26.66, but the competitive elimination of Hþ

gives the isomerization product and this is the favoured pathway.

ð26:67Þ

The mechanism of base-catalysed C=C bond migration

Not only is an allylic H atom susceptible to radical abstraction (see equation

26.47), it is also susceptible to attack by base and removal as Hþ. In reaction

26.68, the base B� removes Hþ from the C atom adjacent to the C¼C bond

(see structure 26.28). The intermediate is a carbanion.

ð26:68Þ

The carbanion formed in step 26.68 is related to the allyl carbanion and

is resonance stabilized by the contributing structures 26.33. This allows the

�-bonding to be delocalized over the three C atoms (see Figure 13.6).

Structure 26.34 is an alternative way of representing resonance pair 26.33.

(26.33) (26.34)

The carbanion can be protonated at one of two sites (equation 26.69) and

the favoured product is the alkene with the greater number of R groups

attached to the C¼C bond. The net result of steps 26.68 and 26.69 is the

migration of the C¼C functionality along the carbon chain. The source of

protons in reaction 26.69 is protonated base BH. The catalyst B� is regener-

ated in the last step of the isomerization process.

An allylic H atom is

relatively acidic.

A carbanion has the general

formula [R3C]
� where

R¼H or organic group.
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ð26:69Þ

26.10 Hydroboration of alkenes

Hydroboration with BH3

The reaction of an alkene with BH3 leads to the addition of the B�H bond to

the C¼C double bond (equation 26.70). This reaction is called hydroboration.

ð26:70Þ

If the alkene is sterically hindered by the presence of organic substituents,

only one or two B�H bonds will be involved in the hydroboration as, for

example, in reaction 26.71.

ð26:71Þ

Hydroboration reactions can therefore be used to form organoborane

compounds of the general type RBH2 and R2BH (R¼ alkyl) and further

reactions with different alkenes can yield organoboranes with different

alkyl substituents. Addition of a borane to an unsymmetrical alkene is

regioselective:

When a B�H bond adds to a C¼C bond, addition is regioselective with the

B atom becoming attached to the C atom that possesses the most H atoms; this

is anti-Markovnikov addition.

The regioselectivity arises from the fact that B, not H, is the electrophile

and so the reaction differs from the electrophilic addition of, for example,

HCl or HBr. The mechanism is summarized in scheme 26.72. The electro-

philic nature of BH3 is due to its vacant 2p atomic orbital which can

When we write ‘BH3’ in this
section, we are referring

either to B2H6 or to a Lewis
base adduct: see

Section 21.5

"
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accept a pair of electrons (see Section 21.5). Notice that in the first step in

scheme 26.72, a secondary carbenium ion forms in preference to a primary

one, and so the ‘usual’ rules are obeyed even though we end up with a

so-called anti-Markovnikov product.

ð26:72Þ
The importance of the organoborane products is in their synthetic applica-

tions. For example, treatment with H2O2 oxidizes an organoborane to an

alcohol (equation 26.73).

ð26:73Þ

26.11 Synthesis of alkynes

We now turn our attention to alkynes, in which the functional group is the

C�C bond. In this section, we look at ways to prepare alkynes and then

we move on to look at their reactivity.

In reaction 26.2, we showed how the elimination of HCl from a chloro-

alkane yields an alkene. If we begin with a vicinal dihalide, the elimination

of HX can take place twice to give an alkyne. A strong base is needed (as

in reaction 26.74) to remove Hþ and encourage the elimination of HX. We

look at elimination reactions in detail in Chapter 28.

 

ð26:74Þ

This method is the most common strategy for alkyne synthesis.

26.12 Reactions of alkynes

In this section, we consider typical reactions of alkynes and we shall often

need to distinguish between an internal and terminal alkyne:

 

Synthesis of alcohols:
see Section 30.2

Naming alkynes:
see Section 24.4

Vicinal dihalides:
see Section 26.4

"

"

"
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Combustion

Like alkanes and alkenes, alkynes burn in O2 to give CO2 and H2O (equation

26.75).

2MeC�CMeþ 11O2 ��" 8CO2 þ 6H2O ð26:75Þ

Hydrogenation

The addition of H2 to give alkenes takes place readily in the presence of a

metal catalyst such as Ni, Pd or Pt. Activation of H2 occurs as in equation

26.15. Unlike addition of H2 to an alkene where only one product is possible,

addition to internal alkynes may give (E)- or (Z)-isomers. An additional

problem is the possibility of further reduction to the alkane.

ð26:76Þ

Selectivity can be achieved by careful control of reaction conditions.

Reaction of H2 with an alkyne in the presence of a Pd/BaSO4 catalyst

produces (Z)-isomers. If reduction is carried out using Na in liquid NH3

as the reducing agent, the products are (E)-isomers. (Sodium/liquid NH3

cannot be used for the reduction of terminal alkynes; see later in the section.)

A selective means of producing alkenes (rather than alkanes) is by using

Lindlar’s catalyst. This consists of Pd metal supported on a CaCO3/PbO

surface which is treated with Pb(O2CMe)2. Further, Lindlar’s catalyst is

selective towards the production of (Z)-alkenes, i.e. H2 undergoes syn-

addition to the C�C bond.

Addition of X2 and HX (X = Cl, Br)

The mechanisms of the electrophilic additions of X2 and HX to alkynes are

similar to those that we described for additions to alkenes. It is possible to

halt reactions after the addition of one equivalent of X2 or HX, but under

appropriate conditions, the reaction continues to give a saturated product

(equation 26.77). The addition of X2 to the alkyne may, in principle, give

rise to (E)- or (Z)-isomers of the dihalo-product. In practice, the (E)-isomer

is favoured.

ð26:77Þ

The reaction of HX with an alkyne gives a vinylic halide and then a

gem-dihalide; gem stands for geminal and means that the two X atoms are

attached to the same C atom. The mechanism of addition is given in

scheme 26.78, exemplified by the reaction between propyne and HCl. Only

Na in liquid NH3: see
the end of Section 21.11

"
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the more favoured carbenium ion is shown in each addition and this

preference explains why the gem-dihalide is the predominant product.

ð26:78Þ

The carbenium ion that forms in the first step in scheme 26.78 is linear at the

Cþ centre, and is stabilized by hyperconjugation. This involves the donation

of electron density from an alkyl C�Hbond into the vacant 2p atomic orbital

on the Cþ centre and is similar to that described in diagram 26.16.

When HX adds to an internal alkyne, (Z)- and (E)-isomers (with respect to

the carbon chain as in equation 26.76) could, in principle, be produced. In

most cases, the mechanism follows scheme 26.79 with the favoured addition

of HX being anti across the C�C bond.

ð26:79Þ

Addition of H2O: formation of a ketone

In reactions 26.35 and 26.36, we described the conversion of an alkene to an

alcohol by using Hg(O2CMe)2 followed by treatment with H2O and NaBH4.

However, the reaction between an alkyne and Hg(O2CMe)2 followed by

treatment with H2O leads to a ketone rather than to an alcohol. Before we

look at this reaction in detail, we need to introduce the concept of keto–

enol tautomerism.When an OH group is attached to a C¼C bond, the species

is unstable with respect to rearrangement to a carbonyl compound. The

rearrangement involves the transfer of a proton and is called keto–enol

See end-of-chapter
problem 26.22

Carbonyl compounds
are discussed in detail in

Chapter 33

"

"
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tautomerism. The ‘keto’ part of the name comes from ketone, and ‘enol’

is a contraction of alkene-alcohol. The two tautomers are in equilibrium

(equation 26.80) and the keto-form is usually favoured.

ð26:80Þ

Nowconsider the reaction between analkyne andHg(O2CMe)2 followedby

treatment with H2O. The first step is nucleophilic attack by the carbon-rich

C�C bond on the Hg(II) centre and formation of an unsaturated C2Hg

ring. Nucleophilic attack by H2O is followed by proton loss. This is shown

in scheme 26.81 which should be compared with scheme 26.36.

ð26:81Þ

The product is an enol and is unstable with respect to rearrangement to the

keto-tautomer (equation 26.82). The C�Hg bond in the organomercury

product is converted to a C�H bond by treatment with acid, the mechanism

for which also involves rearrangement from an enol to keto-tautomer

(scheme 26.83).

ð26:82Þ

ð26:83Þ

Tautomerism involves the

transfer of a proton

between sites within a

molecule with an associated

rearrangement of multiple

bonds.
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Oxidation: carboxylic and dione formation

The oxidation of a terminal alkyne using KMnO4 gives a carboxylic acid,

whereas oxidation of an internal alkyne produces an a-dione. Reactions

with KMnO4 may be carried out in CH2Cl2, but a phase transfer agent

is required to facilitate dissolution of KMnO4 into the organic layer. Reac-

tions 26.84 and 26.85 show examples of permanganate oxidation of terminal

and internal alkynes.

ð26:84Þ

ð26:85Þ

Ozone oxidations of terminal and internal alkynes are analogous to those of

[MnO4]
� oxidations. As with the O3 oxidation of alkenes (equations 26.44–

26.46), a reducing agent is needed for the second stage of the reaction.

Suitable reductants for the formation of a-diones include tetracyanoethene

(TCNE, 26.35) as shown in reaction 26.86.

ð26:86Þ

Alkynes as acids

In Table 5.2, we listed the Pauling electronegativity value of C as 2.6, and that

of H as 2.2. However, we added a note of caution, stating that the electro-

negativity of an atom depends on the oxidation state and bond order.

As the hybridization of a C atom changes from sp3 to sp2 to sp, the

electronegativity changes (Table 26.1). The trend in electronegativity values

means that a C�H bond in an alkyne is more polar than in an alkene, and

this in turn is more polar than one in an alkane. The values also predict

that an [RC�C]� ion should be more stable than an [R2C¼CR]�, which
in turn should be more stable than an [R3C]

� ion. This is indeed the case

and approximate pKa values are listed in Table 26.1. The decrease in pKa

(and corresponding increase in Ka) shows that the terminal alkyne is the

most acidic species of those listed. Note that it is only terminal alkynes that

are acidic; internal alkynes do not possess a C�H bond. In Section 26.9, we

stated that an allylic H atom is relatively acidic; this particular acidity arises

because of the resonance stabilized allyl carbanion (26.33 and 26.34).

While there is evidence for the acidity of terminal alkynes in the reactions

described below, it is important to keep in mind that these are very weak

An a-dione has the general

formula:

(26.35)
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acids; HC�CH is a weaker acid than H2O. Since acetylene is such a weak

acid, [HC�C]� must be a strong base (equation 26.87).

pKa � 25 ð26:87Þ

Terminal alkynes react with potassium amide (equation 26.88) or sodium

metal (equation 26.89) to give alkali metal salts of acetylides.

ð26:88Þ

ð26:89Þ

Reaction also occurs with Agþ ions (equation 26.90), and Cu(I) salts are

formed by similar reactions.Caution!When dry, silver acetylides are explosive.

 

ð26:90Þ

An important use of alkali metal acetylides is in the preparation of alkynes

with longer carbon chains. The driving force for the reactions is the elimina-

tion of an alkali metal halide (e.g. reaction 26.91). Look back at discussions

of lattice energies in Chapter 8; significant energy is released when an ionic

salt such as NaCl is formed.

ð26:91Þ

Acids and pKa values: see
Chapter 16

See also Section 28.9

"

"

Table 26.1 Electronegativity valuesa of C atoms with different hybridizations and relative
acidities of C�H bonds.

Compound Hybridization of

C atom

Electronegativity

value of C

pKa

sp3 2.5 48

sp2 2.75 44

sp 3.3 25

a These electronegativity values are calculated from ionization potential and electron affinity
data and are on the Mulliken–Jaffé scale (see Section 5.10). The values are then scaled so as
to be comparable with Pauling electronegativity values.
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This strategy can be used to increase the length of a carbon chain, and the

alkyne functionality then reacted further as required, e.g. reduced as in

scheme 26.92.

ð26:92Þ

This last scheme is one of the first examples we have shown in which a series

of reactions are put together to achieve a multi-step synthetic pathway. We

shall see many more examples in later chapters, and examples are also

given in the end-of-chapter problems.

Coupling reactions to give multi-functional alkynes

When terminal alkynes are heated with Cu2þ salts in pyridine (py, 26.36), a

coupling reaction can take place to give a diyne, i.e. a molecule in which there

are two C�C functionalities. Reaction 26.93 shows an example. This is quite

a general reaction with wide application. Equation 26.94 shows how it can

be used to give a cyclic hexyne starting from a terminal diyne.

ð26:93Þ

ð26:94Þ

Terminal alkynes can be coupled to aryl halides using the Sonogashira

coupling method. The conditions are a Pd(0) catalyst, CuI and Et3N

(equation 26.95). The Pd(0) catalyst is usually [PdCl2(PPh3)2] (Ph¼ phenyl).

ð26:95Þ

(26.36)

Aryl groups possess
aromatic rings and the

simplest is phenyl, C6H5: see
Chapter 32

"
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26.13 Protection of a terminal alkyne: the Me3Si protecting
group

As we have seen, the C�H group of a terminal alkyne is relatively reactive and

in multi-step reactions, it may be necessary to protect the C�H group. This is

one example of many in which a protecting group is introduced temporarily

into a molecule and is later cleaved at the point in the multi-step synthesis

when the functional group is restored. Common protecting groups are trialkyl

silyl groups such as Me3Si (trimethylsilyl, abbreviated to TMS). The protect-

ing group is chosen because it is not readily attacked by ‘normal’ reagents

during a reaction or series of reactions, but can easily be replaced by a hydro-

gen atom in the final step. Silyl-protected alkynes are also conveniently used in,

for example, a Sonogashira coupling if the desired final product is a terminal

alkyne; (TMS) C�CH is commercially available and, being a liquid at room

temperature, is easier to handle than gaseous acetylene. The general strategy

for introducing a trialkylsilyl protecting group is to use an organometallic

reagent such as nBuLi to react with the terminal �C�C�H group. This

produces an organolithium compound that readily reacts with a trialkylsilyl

halide. Equation 26.96 shows the general method, using an Me3Si (TMS)

group as the example.

ð26:96Þ

Once the desired reactions have been carried out on the R group of the

product in scheme 26.96, the compound can be deprotected using a base.

If we assume that R is transformed into a new substituent R’, then equation

26.97 represents the deprotection step.

ð26:97Þ

Now let us put this protection–deprotection strategy into action in an

example (scheme 26.98). The use of (TMS)C�CH permits selective coupling

of one end of the carbon–carbon triple bond to the aromatic ring. In

the Sonogashira coupling, the order of reactivities of the aryl haide is

I > Br� Cl.

Protection of �OH groups:
see Section 30.6

Organolithium compounds:
see Section 28.4

"

"
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ð26:98Þ

Later in the book we describe further examples of the protection of

vulnerable functional groups in multi-step syntheses.

SUMMARY

In this chapter, we have looked at the syntheses and reactivity of alkenes and alkynes and have intro-
duced Diels–Alder cyclizations, electrophilic addition and radical addition reactions, oxidation reactions
of C¼C bonds and addition polymerization. We have seen that some reactions are regioselective. Studies
of mechanisms help us to rationalize why the same reaction carried out under different conditions may
lead to different products, e.g. electrophilic and radical additions of HBr to an unsymmetrical alkene give
Markovnikov and anti-Markovnikov products respectively. An understanding of the stereoselectivity of
some reactions is also gained by looking at reaction mechanisms. Finally, we have seen that internal and
terminal alkynes have different reactivity patterns and terminal C�C�H groups may require protection
in multi-step syntheses.

Do you know what the following terms mean?

. alkene

. diene

. dehydrogenation

. elimination reaction

. Diels–Alder reaction

. [4þ 2] cycloaddition

. 1,3-conjugated diene

. dienophile

. electron-withdrawing substituent

. s-cis conformation

. endo- and exo-configurations

. stereoselective

. hydrogenation

. vicinal

. carbenium ion

. carbocation

. primary carbenium ion

. secondary carbenium ion

. tertiary carbenium ion

. hyperconjugation

. regioselective

. Markovnikov addition

. bromonium ion

. syn-addition

. anti-addition

. halohydrin

. diol

. glycol

. ozonide

. allyl radical

. allyl anion

. allylic H atom

. vinylic H atom
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. radical initiator

. anti-Markovnikov addition

. polymer

. monomer

. addition polymerization

. radical polymerization

. cationic polymerization

. anionic polymerization

. double bond migration

. acid-catalysed reaction

. base-catalysed reaction

. carbanion

. hydroboration

. terminal alkyne

. internal alkyne

. diyne

. geminal

. tautomer

. keto–enol tautomerism

. a-dione

. protecting group

. protection-deprotection
of a terminal alkyne

. Sonogashira coupling

Some abbreviations have been used in this chapter. Do you know what they mean?

. DMSO

. NBS

. PVC

. PTFE

. TCNE

. TMS

You should be able:

. to describe the bonding in alkenes and alkynes

. to explain how the presence of a �-bond in an
alkene affects rotation about the C¼C bond

. to name a cycloalkene given a structural formula

. to draw the structural formula of a cycloalkene
given its name

. to compare the flexibility of a cycloalkene ring
with that of the corresponding cycloalkane

. to give representative reactions to prepare
alkenes and cycloalkenes

. to discuss the mechanism of a Diels–Alder
cycloaddition and comment on its stereo-
selectivity

. to comment on how [4þ 2] cycloadditions
differ from [2þ 2] cycloadditions

. to give an overview of typical reactions of alkenes

. to discuss the mechanism and selectivities
of electrophilic additions using appropriate
examples

. to explain the role played by hyperconjugation
in stabilizing carbenium ions

. to discuss the evidence for the formation of
carbenium ion intermediates

. to discuss the evidence for the formation of
bromonium ion intermediates

. to explain what is meant by syn- and anti-
additions and illustrate how the different
additions affect the stereochemistries of
addition products

. to describe ways to convert an alkene to an
alcohol and to discuss relevant mechanisms

. to give an account of the competitive reactions
that occur when H2O is present in reactions
between alkenes and a halogen X2

. to comment on the stereochemistry of the
addition of HBr to a cycloalkene substituted at
the C¼C bond

. to describe ways of converting an alkene to a diol
and to rationalize the observed stereochemistries
of addition to (E)- and (Z)-isomers

. to explain (with examples) the role of a radical
initiator

. to distinguish between vinylic and allylic H
atoms and compare their characteristic
properties

. to outline how and why the radical addition of,
for example, HBr to an unsymmetrical alkene
differs from its electrophilic addition

. to give a short account of radical addition
polymerization of alkenes and give examples
of some commercially important polymers that
are made by this method

. to describe the mechanism of cationic addition
polymerization and give an example of a
commercial polymer manufactured by this
method

. to describe the mechanism of anionic addition
polymerization

. to give an account of double bond
isomerization in alkenes

. to explain what is meant by hydroboration and
comment on its synthetic utility

. to give examples of synthetic methods to form
alkynes

. to give an overview of typical reactions of
alkynes

. to describe the mechanisms of additions to
alkynes and explain why the addition of HX
leads to a gem- rather than vicinal dihalide
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. to explain what is meant by keto–enol
tautomerism and illustrate how it affects the
outcome of the addition of H2O to an alkyne

. to illustrate the synthetic utility of oxidations of
C¼C and C�C bonds with reagents such as
OsO4, KMnO4 and O3

. to give an account of differences between the
behaviour of internal and terminal alkynes

. to illustrate the synthetic utility of alkynes as
building blocks in multi-step syntheses

PROBLEMS

26.1 Give systematic names to the following

compounds:

26.2 The IR spectrum of octa-1,7-diyne is shown in

Figure 26.10. Assign the absorptions above

1800 cm�1.

26.3 How many signals would you expect to see in

the proton decoupled 13C NMR spectra of

(a) penta-1,4-diene and (b) penta-2,4-diene?

Could you distinguish the (E)- and (Z)-isomers of

penta-2,4-diene using 13C NMR spectroscopy?

26.4 (a) Two isomers of cyclooctadiene exhibit two and

four signals respectively in their 13C NMR spectra.

Draw the structures of the isomers and assign one

of the spectra to each. (b) A third isomer of C8H12

has a bicyclic structure and its 13C NMR spectrum

contains three signals. Suggest a structure for this

isomer. Rationalize why the 1H NMR spectrum of

this compound has four signals.

26.5 Draw the structure of hexa-1,5-diyne and interpret

the following spectroscopic data. (a) The IR

spectrum contains strong to medium absorptions

at 3665, 2922, 2851 and 2123 cm�1 in addition to

bands in the fingerprint region. (b) The 13C NMR

spectrum has signals at � 82.4, 69.5 and 18.6 ppm.

(c) The 1H NMR spectrum has singlets at � 2.06
and 2.43 ppm.

26.6 Develop a bonding scheme (similar to those in

Figure 26.1) for allene, H2C¼C¼CH2.

26.7 Draw structural formulae for the following

compounds: (a) cyclohepta-1,3-diene;

(b) 2-methylpentene, (c) 4-methylhexene,

(d) 1,2-dibromocyclopentene and

(e) cyclododeca-1,5,9-triene.

26.8 Why is a [2þ 2] cycloaddition driven

photolytically, while a [4þ 2] cycloaddition is

thermally promoted?

26.9 Suggest what products are formed in the reactions

of buta-1,3-diene with:

(a) (b)

Fig. 26.10 IR spectrum for
problem 26.2.
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26.10 Suggest products for the following reactions:

26.11 Values of the bond enthalpy terms for C¼C, C�C,
H�H and C�H bonds are 598, 346, 436 and

416 kJmol�1. Determine the enthalpy change

associated with the hydrogenation of C2H4.

Compare your answer with that determined using

values of �fH
o for C2H4(g) and C2H6(g) of þ52.5

and �83.8 kJmol�1.

26.12 (a) Suggest a mechanism for the reaction of HBr

with 2-methylbut-1-ene under polar conditions

and indicate the relative product distribution that

you might expect. (b) How does the reaction differ

if it is carried out in the presence of a radical

initiator?

26.13 What happens when Br2 reacts with cyclohexene in

the absence of a radical initiator? Include in your

answer discussion of the mechanism, evidence for

proposed intermediates, and an explanation of the

stereochemistry of the product.

26.14 Consider the addition of HCl to (Z)-but-2-ene.

Discuss how the stereochemistry of the product

is affected by whether HCl adds in a syn- or

anti-manner.

26.15 Oxidations of alkenes include reactions with O3

and OsO4. Using hex-3-ene as the example, discuss

the use of these reagents to produce diols and

aldehydes, paying attention to the stereochemistry

of the products where appropriate.

26.16 (a) Rewrite equations 26.47–26.49 showing

appropriate curly arrows. (b) Suggest the product

of the reaction of hex-1-ene with NBS.

26.17 How would you carry out the following

transformations?

26.18 The commercial polymerization of propene

requires the formation of a stereoregular polymer

(see Box 26.3). Suggest a mechanism for the radical

polymerization of propene that is consistent with

the formation of a stereoregular polymer with

methyl side chains.

26.19 Using the isomerization of hex-1-ene to hex-2-ene

as an example, explain how (a) an acid and (b) a

base catalyse the migration of a C¼C double bond.

26.20 9-Borabicyclo[3.3.1]nonane (commonly called

9-BBN) is a selective hydroborating agent and has

the following structure:

Starting from a suitable cyclic diene, suggest a

method of preparing 9-BBN. What other isomers

might be formed in the reaction?

26.21 Comment on the complications that may be

encountered when an alkyne such as hept-3-yne

reacts with H2. What methods are available to

overcome the problems you describe?

26.22 Using diagram 26.16 to help you, draw a schematic

representation of the hyperconjugation that

stabilizes the carbenium ion formed in the first

step in scheme 26.78. Comment on the

stereochemistry of the carbenium ion.

26.23 Which of the following species can undergo

keto–enol tautomerism? Give the keto-form where

appropriate.

(b)

(c)

(d)

(a)

(b)

(c)

(d)

(e)

(a)
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26.24 Suggest products for the following reactions:

ADDITIONAL PROBLEMS

26.25 Suggest suitable reagents to carry out the

multi-step syntheses shown below.

26.26 (a) The bromination of (Z)-pent-2-ene produces a

mixture of (2R,3R)-2,3-dibromopentane and

(2S,3S)-2,3-dibromopentane. Rationalize this

observation. (b) What is the stereochemistry of

the product of the reaction of pentene and Br2?

26.27 Two acyclic isomers of C6H10, A and B show the

following signals in their 1H NMR spectra:

A �/ppm1.13 (doublet, 6H), 1.78 (singlet, 3H),

2.50 (septet, 1H)

B �/ppm0.99 (doublet, 6H), 1.86 (multiplet,

1H), 1.96 (singlet, 1H), 2.08 (doublet, 2H)

Compound B reacts with KNH2, but A does not

undergo an analogous reaction. Both A and B add

Br2 to give compounds C and D which analyse as

having 17.9% C and 2.5% H. Suggest possible

structures for A, B, C and D.

CHEMISTRY IN DAILY USE

26.28 The following alkenes are pheromone sex

attractants in several families of moths. Draw the

structure of each compound, showing clearly the

stereochemistry. Why do not all the C¼C bonds

require stereochemical descriptors? (a) (11Z)-

Pentadeca-1,11-diene, (b) (3Z,6Z,9Z)-nonadeca-

3,6,9-triene, (c) (3Z,6Z)-icosa-3,6-diene, (d) (S)-14-

methyloctadec-1-ene, (e) (3E,6Z,9Z)-nonadeca-

1,3,6,9-tetraene.

26.29 The polymerization of alkenes leads to many

materials that are in daily use. Three examples of

polymers are shown below:

(a) What is the monomer used in the production of

each polymer? (b) By what name or abbreviation

is each polymer known? (c) Give one application of

each polymer. (d) Assuming a radical mechanism,

outline how polymer A is formed from its

monomer.

The next problem assumes a knowledge of IR spectroscopy

from Chapter 12.

26.30 The structures of polyvinyl alcohol (PVA) and

polyvinyl acetate (PVAc) are shown below:

Whereas PVA is used in some contact lens

solutions, PVAc is commonly encountered as

‘PVA white glue’ which is used, for example, as an

adhesive for wood products. Hydrolysis of PVAc

with NaOH leads to the replacement of some or all

of the acetate groups by OH groups. Figure 26.11

shows the IR spectrum of the monomer used to

(a)

(b)

(c)

(d)
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make PVA white glue. (a) Draw the structures of

the monomers used for the formation of PVA and

PVAc. (b) Assign the absorptions in Figure 26.11

that come at 3100, 1762 and 1649 cm�1. What

general term is used to describe the region of

the spectrum below 1500 cm�1? (c) What will

be the most significant change in the IR spectrum

in Figure 26.11 on going from monomer to

polymer? (d) What changes in the IR spectrum

would you monitor to see whether all the acetate

groups are replaced by OH groups during the

hydrolysis?

Fig. 26.11 The IR spectrum
of the monomer used to
manufacture PVA white glue.
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27
Polar organic
molecules:
an introduction

27.1 Chapter aims

In Chapters 25 and 26, we were concerned with saturated and unsaturated

hydrocarbons containing C�C (single, double and triple) and C�H bonds.

Most of our discussions centred on the chemistry of molecules containing

non-polar bonds. In later chapters, our attention switches to polar organic

molecules. The aim of Chapter 27, therefore, is to remind you about

electronegativities, bond polarities and molecular dipole moments, and to

introduce new concepts of the inductive and field effects.

27.2 Electronegativities and polar bonds

In Chapter 5, we introduced electronegativity. Of the various electronegativity

scales that have been developed, that of Pauling is commonly used. Pauling

electronegativity values (�P) relevant to polar organic molecules are listed in

Table 27.1; a fuller listing is given in Table 5.2. Using values of �P, we can

determine whether a heteronuclear bond is polar or non-polar. For example,

values in Table 27.1 lead to the following conclusions about C�O, C�N,

C�F, C�Cl and O�H bonds:

By SI convention, the direction of the arrow showing the bond dipole

moment points from the �� to �þ end of the bond. In the next few chapters,

we shall be dealing with molecules containing these and related types of

Topics

Polar bonds

Polar molecules

Inductive effect

Field effect

Trends in pKa values

Bond and molecular dipole
moments: see Section 6.13

"



 

bonds: halogenoalkanes (e.g. 27.1), alcohols (e.g. 27.2), ethers (e.g. 27.3) and

amines (e.g. 27.4).

(27.1) (27.2) (27.3) (27.4)

27.3 Molecular dipole moments

Polar and non-polar molecules

Dipole moments are vectors and a molecular dipole moment (�) is the

resultant of the individual bond dipoles and, therefore, the presence of a

polar bond does not necessarily mean that a molecule is polar. For example,

tetrahedral CF4 is non-polar despite possessing four polar C�F bonds

because the bond dipoles (shown in blue below) cancel out:

  

Many molecules contain more than one type of substituent and the various

bond dipole moments act in different directions. Whether or not there is a

resultant molecular dipole moment depends on:

. the shape of the molecule;

. the relative magnitudes and directions of the individual bond dipoles; and

. the presence of any lone pairs.

More on naming
these compounds in

Chapters 28�31

In a polyatomic molecule,

the resultant molecular

dipole moment depends on

the magnitude and

directions of the bond dipole

moments, the presence of

lone pairs and the shape of

the molecule.

"

Table 27.1 Pauling electronegativity values for selected elements, chosen because of their
relevance to organic compounds.

Group

14

Group

15

Group

16

Group

17

H

2.2

C

2.6

N

3.0

O

3.4

F

4.0

S

2.6

Cl

3.2

Br

3.0

I

2.7
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Consider CH3F (27.5). The molecule is near tetrahedral, and the only lone pairs

are on the F atom. Electronegativity values from Table 27.1 show that each

C�H bond has a small dipole moment in the sense C���H�þ, and the C�F
bond is polar in the sense C�þ�F��. The bond moments reinforce each other

and the resultant molecular dipole moment is shown in pink in structure 27.5.

(27.5) (27.6)

Now consider CCl3F (27.6). The molecule is polar, but has a smaller dipole

moment than CH3F. Each C�Cl bond is polar in the sense C�þ�Cl�� (see

Table 27.1) and the resultant of these three bond dipole moments opposes

the moment of the C�F bond (C�þ�F��). The direction and magnitude of

the molecular dipole moment in CCl3F are shown in pink in diagram 27.6.

The effects ofmolecular geometry and lone pairs are not always easy to assess

qualitatively. In ethanol, for example, the molecular dipole moment depends

on the resultant of the C�O and O�H bond dipole moments, and the dipole

moments associated with the two lone pairs of electrons on the O atom. The

right-hand diagram below summarizes the problem schematically:

Ethanol

Qualitatively, all we can conclude is that the ethanol molecule is polar and

that the OH end of the molecule will be �� with respect to the alkyl chain. The

exact direction in which the molecular dipole moment acts cannot be

deduced without the aid of quantitative vector resolution.

Limitations of quantitative predictions

One must be cautious when drawing conclusions about the magnitude and

direction of a molecular dipole moment. Although we can use the three

criteria above to predict or rationalize whether a molecule is polar or not,

other factors contribute to the actual magnitude of the dipole moment. To

illustrate this, we look at two examples. First, consider the trend in values of

molecular dipole moments for the gas phase halogenoalkanes shown below:
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Each molecule is near tetrahedral and on the basis of the electronegativity

values listed in Table 27.1, we predict molecular dipole moments in the order

CH3F > CH3Cl > CH3Br > CH3I with CH4 being non-polar. However, the

experimental data for gas phase molecules reveal that the bond dipole

moment of CH3Cl > CH3F, an observation that is not readily explained.

The second example concerns CH3F, CH2F2 and CHF3, dipole moments

for which are 1.86, 1.98 and 1.65D for gas phase molecules. At first glance,

one might expect the dipole moments to follow an order that reflects the

number of F atoms but this is not observed. Each molecule has bond

angles close to 109.58. From the molecular shapes and values of �P, we

correctly predict that each molecule is polar, and resolution of vectors

gives the directions of the molecular dipole moments as follows:

27.4 Inductive and field effects

The presence of a polar C�X bond can influence the chemistry of an organic

molecule in many ways, and here we concentrate on two:

. the charge distribution in the molecule is altered and the C atom to which

X is attached becomes a centre of reactivity;

. the charge distribution in the molecule is altered and the reactivities of C

atoms other than that attached to X are modified.

The first point is straightforward. If X is ��, the C atom to which it is

attached is �þ. Thus, the C atom is likely to be susceptible to attack by

nucleophiles. We look at this in detail in later chapters.

The second point concerns longer-range effects brought about by the

presence of an electronegative atom. Consider chloroethane. In the C�Cl
bond, the electronegative Cl atom draws electron density towards itself,

making the C atom attached to it partially positively charged. However,

atom C(1) can partly compensate for the movement of electron density by

withdrawing electron density from atom C(2) as structure 27.7 schematically

illustrates. This is the inductive effect.

The inductive effect operates through �-bonds and is also described as a �-

effect. Its magnitude depends on distance. The size of the induced dipole at a

C centre usually decreases as the C atom becomes more remote from the

electronegative atom. This is represented by �þ, ��þ, ���þ . . . and therefore

the charge distribution in 27.7 can be described as Cl��, C(1)�þ and C(2)��þ.
An additional effect called the field effect operates through space. Since

experimental observables are usually the net result of both the inductive

and field effects, it is generally difficult to determine the magnitude of each

separate phenomenon. Thus, reference to ‘the inductive effect’ usually

incorporates contributions from the field effect.

(27.7)

The inductive effect operates

mainly through �-bonds,
and is the redistribution of

charge in a molecule caused

by atomic electronegativity

differences.

The field effect is similar to

the inductive effect but

operates through space.
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Effects of electron-withdrawing groups on pKa values

The inductive effect may be used to partially rationalize the increased

strength of haloacetic acids with respect to the parent carboxylic acid. For

example, pKa values for CH3CO2H and CCl3CO2H are 4.77 and 0.70,

respectively. This means that CCl3CO2H dissociates in aqueous solution to

a greater degree than CH3CO2H (equations 27.1 and 27.2).

CCl3CO2HðaqÞ þH2OðlÞ Ð H3O
þðaqÞ þ CCl3CO2

�ðaqÞ
pKa ¼ 0:70 ð27:1Þ

CH3CO2HðaqÞ þH2OðlÞ Ð H3O
þðaqÞ þ CH3CO2

�ðaqÞ
pKa ¼ 4:77 ð27:2Þ

The greater inductive effect of the CCl3 group with respect to the CH3

group facilitates loss of a proton from the CO2H functional group and

stabilizes the CCl3CO2
� ion. In both CH3CO2

� and CCl3CO2
�, the negative

charge is delocalized over the two O atoms. This can be represented by

resonance pair 27.8 or structure 27.9 where X¼H or Cl. The negative

charge is further stabilized if X is electron-withdrawing, e.g. X¼Cl, and

stabilization of CCl3CO2
� encourages the forward reaction in equilibrium

27.1.

(27.8) (27.9)

The effect diminishes as more C�C bonds are introduced between the

CO2H functionality and the electron-withdrawing substituent. This is

illustrated by values of pKa for the carboxylic acids shown in Table 27.2.

Acids and bases, pKa

and Ka: see Chapter 16 and
Section 33.12

Compare with delocalization
in the allyl anion: see

structures 13.2 and 13.3

An electron-withdrawing

substituent attracts

electrons towards itself;

examples are F, Cl, CN.

"

"

Table 27.2 Values of pKa for a series of carboxylic acids and chloro-derivatives.

Acid pKa Chloro-derivative pKa

4.77 2.81

4.87 4.09

4.81 4.52

4.85 4.72
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The introduction of one Cl substituent into CH3CO2H significantly

decreases the value of pKa, but differences between pairs of pKa values for

CH2Cl(CH2)nCO2H and CH3(CH2)nCO2H (n ¼ 1, 2 or 3) are much smaller.

The examples above focus on the relative acidities of selected carboxylic

acids. However, the introduction of electron-withdrawing groups into

compounds such as CH4 has dramatic effects. CH4 has a pKa value of �48
and so equilibrium 27.3 lies far to the left-hand side. The conjugate base

CH3
� is poorly stabilized because the negative charge is localized on the C

atom.

CH4
*)�� Hþ þ CH3

� pKa � 48 ð27:3Þ

In contrast, CHCl3 is considerably more acidic than CH4. The negative

charge in CCl3
� is spread out among the three electron-withdrawing Cl

substituents (structure 27.10).(27.10)

SUMMARY

In this short chapter, we have reviewed how to use electronegativity values to determine whether bonds
are polar. Factors that contribute towards the magnitude and direction of a molecular dipole moment
are bond dipoles, molecular geometry and lone pairs of electrons. The inductive effect operates through
�-bonds whenever electron-withdrawing groups are present; it is augmented by the through-space field
effect. Electron-withdrawing groups such as Cl are able to stabilize negative centres and this has an
effect on physical and chemical properties.

Do you know what the following terms mean?

. electronegativity

. bond dipole moment

. molecular dipole moment

. inductive effect

. field effect

. electron-withdrawing substituent

You should be able:

. to use electronegativity values to determine if a
bond is polar

. to work out if a molecule is polar

. to interpret trends in molecular dipole
moments among related compounds

. to explain how the presence of electron-
withdrawing groups leads to the inductive
effect

. to rationalize trends in pKa values related to the
presence of electron-withdrawing groups

PROBLEMS

27.1 Give the directions of the dipole moments in the

following bonds: (a) C�Br; (b) N�H; (c) Cl�F;
(d) C�S.

27.2 Which of the following molecules are polar?

(a) CH3Cl; (b) CH2Cl2; (c) SO3; (d) HCHO;

(e) HBr; (f) H2O; (g) CH3OH; (h) CBr4.

27.3 For each of the polar molecules in problem 27.2,

draw a diagram to show the approximate direction

of the molecular dipole moment.

27.4 Which of the following molecules are polar?

(a) SO2; (b) CO2; (c) H2O; (d) HC�CCl; (e) H2S.

27.5 For each of the following molecules, comment on

factors that contribute to the direction and

magnitude of the molecular dipole moments.

27.6 The molecular dipole moments of the gas phase

molecules CH2Br2, CClF3 and HCN are 1.43, 0.50

and 2.98D respectively. Draw the structure of each

molecule and indicate the direction of the resultant

dipole moment.
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27.7 Draw the structure of methanol and show the

approximate direction in which the dipole moment

of 1.70D acts.

27.8 How might values of molecular dipole moments

help you to distinguish between (E)- and (Z)-1,2-

dibromoethene?

27.9 Explain what is meant by the inductive effect with

reference to the compounds CF3CO2H and

CH3CO2H.

27.10 Discuss the trends in values of pKa in Table 27.2.

ADDITIONAL PROBLEM

27.11 Three compounds A, B and C, which are related in

a series, are characterized by the data in Table 27.3.

Suggest identities for the compounds.

CHEMISTRY IN DAILY USE

27.12 In addition to domestic microwave ovens,

microwave reactors are commercially available for

use in laboratories. The table below shows the

increase in temperature as three compounds

(equal masses) were heated in a domestic

microwave oven.

(a) Draw the structure of a molecule of each

compound and confirm that the data are consistent

with the fact that only polar molecules absorb

microwaves. (b) The specific heat capacities of

water and n-propanol are 4.18 and 2:45 JK�1 g�1,
respectively. What relevance do these values have

to the data in the table? (c) If CS2 were heated in

the same microwave oven as above, how would

the temperature change over a 120 s heating

period? (d) Which of the following solvents

would be a good choice for use in a microwave

reactor: hexane, THF, ethanol, water, ethane-

1,2-diol, octane, dioxane? Rationalize your

choices.

Table 27.3 Data for problem 27.11

A B C

Dipole moment (gas phase) /D 2.05 2.03 1.91

1H NMR �/ppm 1.48 (triplet); 3.57 (quartet) 1.67 (triplet); 3.43 (quartet) 1.83 (triplet); 3.20 (quartet)

Highest mass peaks in the
mass spectrum

m/z 64, 66 (rel. intensities
�3 : 1)

m/z 110, 108 (rel. intensities
�1 : 1)

m/z 156

C and H analysis C 37.2, H 7.8 % C 22.0, H 4.6 % C 15.4, H 3.2 %

Time/s 0 20 40 60 80 100 120

Temperature
of CCl4/K

293 293 294 292 293 292 294

Temperature
of H2O/K

293 312 331 349 367

Temperature
of n-PrOH/K

294 333 371

[Data: K. W. Watkins (1983) J. Chem. Educ., vol. 60, p. 1043.]
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28
Halogenoalkanes

28.1 Structure and nomenclature

In this section, we build on the basic rules of organic nomenclature to incor-

porate halogen functional groups. The general formula for a halogenoalkane

(or alkyl halide) is RX where R is the alkyl group and X is the F, Cl, Br or I.

Halogenoalkanes with one halogen atom

The alkyl group in RX can have a straight or branched carbon chain. In

naming a relatively simple compound, the same basic rules apply as were

outlined in Section 24.4, but with the additional point that the longest

chain contains the C atom attached to the halogen functional group. The name

of a halogenoalkane is formed by prefixing the alkane stem with fluoro-,

chloro-, bromo- or iodo-. Compounds 28.1 and 28.2 are straight chain,

bromo-derivatives of pentane. In each, the principal carbon chain is numbered

so that the Br substituent has the lowest possible position number. In com-

pounds in which there is another substituent in addition to the halogen

atom, the carbon chain is numbered beginning at the end nearest to the first

substituent, whether that is the halogen atom or the other substituent.

Four isomers of C6H13Cl are shown below (see also problem 28.1). The

principal chain must contain the C atom attached to the Cl-substituent:

Topics

Structure and

classification

Synthesis

Physical properties

Making Grignard

reagents

Making organolithium

reagents

Nucleophilic addition

Elimination reactions

Lengthening carbon

chains

Alkylating agents

(28.1)

(28.2)



 
In three of the isomers, the principal chain contains five C atoms and the name

is based on pentane. The substituents are ordered alphabetically (e.g. 1-chloro-

3-methylpentane and not 3-methyl-1-chloropentane). In the last isomer, the

principal chain (chosen to contain the Cl atom) contains four C atoms and so

the name is based on butane. The atom numbering is shown in the diagrams.

Halogenoalkanes with more than one halogen atom

A straight chain halogenoalkane with two like halogen substituents is named

so as to give them the lowest position numbers. For example:

If different halogen atoms are present, their descriptors are ordered alpha-

betically, e.g. 1-bromo-2-chlorobutane.

Primary, secondary and tertiary halogenoalkanes

When the halogen atom is attached to a terminal C atom as in 28.1, the

compound is a primary halogenoalkane and the general formula is RCH2X.

Compound 28.2 has the general formula R2CHX, and is an example of a

secondary halogenoalkane. In a tertiary halogenoalkane three R groups are

attached to the same C atom as the halogen substituent and the general

formula is R3CX. Compound 28.3 is an example of a tertiary halogenoalkane.

The R groups in these general formulae may be the same or different. Figure 28.1

illustrates examples of primary, secondary and tertiary bromoalkanes.

28.2 Synthesis of halogenoalkanes

In looking at the chemistry of alkanes and alkenes, we described the forma-

tion of halogenoalkanes in a number of reactions and details can be obtained

by referring to the relevant sections:

. reactions of X2 with alkanes (radical substitutions): Sections 25.7 and 25.8;

. formation of vicinal dihalides from electrophilic addition of X2 to an

alkene: Sections 26.4 and 26.5;
. formation of a halogenoalkane from electrophilic addition of HX to an

alkene: Sections 26.4 and 26.5;

Primary, secondary, tertiary
C atoms: see Section 24.5

(28.3)

"

Fig. 28.1 Molecular
structures of

(a) 1-bromobutane
(a primary bromoalkane),
(b) 2-bromopentane (a secondary
bromoalkane) and (c) 3-bromo-
3-ethylhexane (a tertiary
bromoalkane). Colour code:
C, grey; H, white; Br, brown.
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. formation of a halogenoalkane from radical addition of HX to an alkene:

Section 26.7;
. formation of a gem-dihalide by reaction of HX with an alkyne: Section

26.12.

The first of these methods is not a useful way of producing a specific

halogenated derivative. It is difficult to control radical substitution reactions

and mixtures of products are obtained. The electrophilic addition of X2

(X¼Cl or Br) gives vicinal dihalides in good yields (e.g. reactions 26.17

and 26.18). Monohalides are produced by addition of HX (X¼Cl, Br or I)

to an alkene and, as we discussed in Chapter 26, the addition is regioselective

with the X atom becoming attached to the more highly substituted C atom

(Markovnikov addition). Reaction 28.1 gives an example.

ð28:1Þ

The addition of HX under radical conditions gives an anti-Markovnikov

product as in reaction 28.2.

ð28:2Þ

In Section 26.7, we also described allylic bromination using N-bromo-

succinimide (NBS), a reaction that brominates an alkyl group adjacent to

a C¼C bond.

Reactions between alkanes or alkenes and F2 are explosive and so

fluoroalkanes are usually prepared using an alternative fluorinating agent.

Equation 28.3 illustrates the use of HF/SbF5 with fluorination occurring

by partial halogen exchange. Fluorination occurs in a symmetrical manner,

with steric crowding being relieved on each sequential halogen exchange.

Chlorofluorocarbons, CFCs:
see Box 25.3

"

ð28:3Þ
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A trifluoromethyl (CF3) group is present in the antidepressant Prozac which

is manufactured by Lilley and ranks among the world’s top-selling drugs. The

inhalation anaesthetics halothane, isoflurane, enflurane, sevoflurane and des-

flurane are all fluorocarbons (see Figure 25.16 and end-of-chapter problem

25.21). During manufacture of these drugs, fluorination of C–H by F2 is

avoided and the fluorine is introduced by a variety of methods including the

use of anhydrous HF and BrF3.

A common and convenient route for the preparation of halogenoalkanes is

from the corresponding alcohols as in general reaction 28.4.

ROHþHX��"RXþH2O X ¼ Cl;Br; I ð28:4Þ
Tertiary alcohols are the most reactive and the order of reactivity is:

R3COH
Tertiary

> R2CHOH
Secondary

> RCH2OH
Primary

As a result, the reaction is used most widely for tertiary (reaction 28.5) rather

than secondary and primary alcohols. We return to the mechanism of the

reaction and reasons for differences in reaction rates in Chapter 30.

ð28:5Þ

For the conversion of secondary or primary alcohols to halogenoalkanes,

reactions with thionyl chloride (SOCl2), phosphorus(III) halides (PCl3, PBr3,

PI3) or phosphorus(V) chloride (PCl5) are the most useful. Reactions 28.6

and 28.7 give examples. An advantage of using SOCl2 is that the side products

(HCl and SO2) are gases, making isolation of the organic product easy.

ð28:6Þ

ð28:7Þ

28.3 Physical properties

The C–X bonds

The electronegativity values in Table 27.1 at the end of Section 27.2 show

that each C�X (X¼F, Cl, Br, I) bond is polar in the sense C�þ–X��. We

considered the effect of this on molecular dipole moments in Chapter 27.

The bond enthalpies of C�X bonds decrease in the order

C�F>C�Cl>C�Br>C�I, and bond distances increase. Values listed in

Table 28.1 refer to halogenoalkanes, i.e. sp3 hybridized C atoms.

Boiling points

A halogenoalkane usually has a higher boiling point than the corresponding

alkane. Figure 28.2 illustrates the trend in boiling points across the series

CH4�xClx and shows that increasing the number of Cl atoms leads to an

increase in boiling point: CH2Cl2, CHCl3 and CCl4 are liquids at 298K

while CH4 and CH3Cl are gases. The trend in boiling points follows an

increase in molecular weight.
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Liquid chloro-, bromo- and iodoalkanes

The liquid chloro-, bromo- and iodoalkanes are usually denser than water

and the density increases with higher degrees of halogen substitution. For

example, the densities of CH2Cl2, CHCl3 and CCl4 are 1.33, 1.48 and

1.59 g cm�3 respectively. Liquid halogenoalkanes are usually immiscible

with water. For CCl4 and CBr4, this is consistent with the fact that water

is polar, but CCl4 and CBr4 are non-polar. However, despite the fact that

CHCl3 and CH2Cl2 are polar as shown in structures 28.4 (� ¼ 1:60D) and

28.5 (� ¼ 1:04D), they are also immiscible with H2O. This can be attributed

to the fact that dipole–dipole interactions between H2O and the halogeno-

alkane do not sufficiently compensate for the loss of hydrogen bonding

between H2O molecules.

In the past, liquid halogenoalkanes were widely used as dry-cleaning

solvents. However, it is now known that some of them may cause liver

damage and others have been implicated as cancer-causing agents. Dichloro-

methane (CH2Cl2) and trichloromethane (CHCl3, with the common name of

chloroform) are common laboratory solvents, although health risks asso-

ciated with chlorinated solvents, particularly CCl4, have led to reduced usage.

28.4 Reactions of halogenoalkanes: formation of Grignard
and organolithium reagents

Halogenoalkanes usually undergo the following general types of reaction:

. nucleophilic substitution of X�;

. elimination of HX to give an unsaturated hydrocarbon;

. formation of Grignard reagents;

. formation of organolithium reagents.

In this section, we look at the use of halogenoalkanes for the formation of

two types of organometallic compounds: Grignard and organolithium

reagents. Later in the chapter, we move on to a detailed look at nucleophilic

substitution and elimination reactions.

Fig. 28.2 The trend in boiling
points of members of the series
CH4� xClx, x ¼ 0�4.

Immiscibility: see end of
Section 25.3

(28.4)

(28.5)

"

Table 28.1 Typical bond enthalpy terms and bond distances for C�X and C�H bonds
(sp3 carbon).

Bond Bond enthalpy term / kJmol
�1

Bond length / pm

C�H 416 109

C�F 485 132

C�Cl 327 177

C�Br 285 194

C�I 213 214
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Grignard reagents

Grignard reagents are organometallic compounds of general type RMgX and

are of great importance in synthetic organic chemistry as alkylating reagents.

The Mg�C bond is highly polar in the sense Mg�þ–C�� and this contributes

to the reactivity of Grignard reagents. They are air- and moisture-sensitive

and are usually prepared in situ, i.e. the compounds are not isolated but are

prepared in ether solutions as required, working under moisture- and

oxygen-free conditions (inert conditions). Alternatively, some of the most reg-

ularly used Grignard reagents can be purchased from commercial companies.

The usual solvents for Grignard reagents are anhydrous diethyl ether (28.6) or

tetrahydrofuran (THF, 28.7). Magnesiummetal reacts with a halogenoalkane

according to equation 28.8 and an Mg�C bond is formed.

ð28:8Þ

The reaction can be initiated by adding I2. This results in a highly reactive

Mg surface. The rate at which reaction 28.8 proceeds follows the order

RI > RBr > RCl. Primary, secondary and tertiary halogenoalkanes all

react with Mg. Equations 28.9 and 28.10 show examples. The method can

be extended to aryl halides, e.g. chlorobenzene.

ð28:9Þ

ð28:10Þ

We shall see uses of Grignard reagents in later chapters, and their synthetic

utility is illustrated in Figure 28.3. This includes reactions between Grignard

A Grignard reagent is an

organometallic compound

of the type RMgX

(R¼ alkyl, X¼ halogen)

and is used as an alkylating

reagent.

(28.6) (28.7)

Victor Grignard (1871–1935).

Fig. 28.3 Representative reactions of Grignard reagents, RMgX.
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reagents and carbonyl groups (see Chapter 33) and proton donors (for

alkane synthesis).

Although we represent the structures of Grignard reagents as having 2-

coordinate Mg, adduct formation with donor solvents such as THF or Et2O

leads to, typically, 4-coordination. For example, EtMgBr crystallizes from

diethyl ether solution as adduct 28.8 and contains approximately tetrahedralMg.

Organolithium reagents

Organolithium compounds, RLi, are organometallic compounds that

behave as sources of carbanions, R�, and have widespread synthetic uses.

Alkyllithium compounds are used as alkylating reagents. Alkyllithium or

aryllithium compounds can be prepared by treating lithium with a halogeno-

alkane under inert conditions (equation 28.11). The absence of air and

moisture is essential since both Li metal and RLi derivatives react with

H2O and O2. Solvents must be anhydrous.

RXþ 2Li�������������"
e:g: Et2O or THF

RLiþ LiX ð28:11Þ
A particularly important organolithium reagent is n-butyllithium, nBuLi,

which can be made by reaction 28.12.

ð28:12Þ

n-Butyllithium is also commercially available as a solution in hexane, sealed

under an atmosphere of N2, and is seldom prepared on a small scale in a

laboratory. Other commercially available organolithium reagents include

MeLi and PhLi. Organolithium compounds can act as nucleophiles and

bases. Figure 28.4 exemplifies some of the uses of RLi reagents.Methyllithium

(28.8)

An organolithium reagent is

an organometallic

compound of the type RLi.

If R¼ alkyl, the compound

is an alkyllithium compound

and is an alkylating reagent.

Fig. 28.4 Representative reactions of organolithium reagents, RLi.
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and butyllithium are commonly used as deprotonating agents. The pKa value

of CH4 is 48 (Table 26.1) and hence Me� is a very strong base.

Although we usually represent organolithium compounds as monomeric

RLi, polymeric species may be present in solution and the solid state. For

example, in hydrocarbon solvents, MeLi and nBuLi are hexameric, while

in Et2O, they are tetrameric. At low temperature and in THF, nBuLi exists

as an equilibrium mixture of dimers and tetramers. Representations such

as that in equation 28.12 imply covalent C�Li bonding, although both

ionic and covalent models have been described in the chemical literature.

28.5 Reactions of halogenoalkanes: nucleophilic substitution
versus elimination

The fact that the C�X bond is polar in the sense C�þ–X�� means that the C

atom in a halogenoalkane is susceptible to attack by nucleophiles; the C�þ

centre in the halogenoalkane acts as an electrophile. Two reactions may

take place when a nucleophile attacks.

. the nucleophile, Nu�, can become attached to the C atom of the C�X
bond and X� leaves (a substitution, reaction 28.13), or

. a base, B, can abstract an H atom from the C atom next to the C�X bond

and there is concomitant X� elimination to give an alkene (reaction 28.14).

ð28:13Þ

(28.14)

In the following sections, we consider how nucleophilic substitution and elim-

ination reactions occur, and also possible competition between these reactions.

28.6 Nucleophilic substitution

Reaction kinetics: some experimental data

In Chapter 15, we discussed the relationships between reaction mechanism

and observed reaction kinetics. Problem 15.6 related to the reaction of

Me3CCl with H2O (equation 28.15).

ð28:15Þ

The data from problem 15.6 are presented in Figure 28.5 and the linear

relationship between ln [Me3CCl] and time shows that the reaction is first

order with respect to Me3CCl. It is also found that the rate is independent

of the concentration of H2O (the nucleophile). The overall rate equation is

given by equation 28.16 where k is the rate constant.

Nucleophile: see
Section 24.10

"
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Rate of reaction ¼ � d½Me3CCl�
dt

¼ k½Me3CCl� ð28:16Þ

This rate equation is not general for all halogenoalkanes. Kinetics data for

the nucleophilic substitution reaction between CH3Br and Cl� (equa-

tion 28.17) reveal that the reaction is first order with respect to CH3Br and

first order with respect to Cl� (equation 28.18), i.e. second order overall.

ð28:17Þ

Rate of reaction ¼ � d½CH3Br�
dt

¼ k½CH3Br�½Cl�� ð28:18Þ

A similar result is obtained for the reaction between 1-bromobutane and

NC� (equations 28.19 and 28.20). Notice that we write NC� for cyanide

ion rather than CN� or [CN]� as in earlier chapters. Writing NC� empha-

sizes that the attacking atom is C, and we shall use this notation for the

cyanide and HO� for hydroxide throughout this and later chapters.

ð28:19Þ

Rate of reaction ¼ � d½RBr�
dt

¼ k½RBr�½NC��

RBr ¼ 1-bromobutane ð28:20Þ

The differences in kinetic data are consistent with there being two

mechanisms for nucleophilic substitution. Reactions that follow first order

kinetics exhibit a unimolecular rate-determining (slow) step involving the

halogenoalkane. Reactions that follow second order kinetics exhibit a

bimolecular rate-determining step involving both the halogenoalkane and

nucleophile. The two mechanisms are called SN1 (unimolecular) and SN2

(bimolecular). Notice that the example of first order kinetics (equations 28.15

and 28.16) involves a tertiary halogenoalkane, while the examples of second

order kinetics (equations 28.17 to 28.20) involve primary halogenoalkanes.

We come back to this point later on.

We now look in detail at SN1 and SN2 mechanisms and then consider the

factors that favour one mechanism over the other.

The SN1 mechanism

Consider the reaction of Me3CCl with H2O which obeys rate law 28.16. A

reaction mechanism consistent with this rate law has one step that is rate-

determining involving onlyMe3CCl. The nucleophile, H2O, must be involved

in a fast step (i.e. non-rate-determining). The steps in the SN1 mechanism are

shown in the scheme below:

Fig. 28.5 A plot of ln [Me3CCl]
against time for the hydrolysis of
Me3CCl. The linear plot shows
that the reaction rate is first order
with respect to Me3CCl. [Data
from: A. Allen et al. (1991) J.
Chem. Educ., vol. 68, p. 609.]

Unimolecular and
bimolecular mechanisms:

see Section 15.10

"
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The slow step is the spontaneous, dissociative cleavage of the C�Cl bond,

i.e. a unimolecular step. A chloride ion departs (Cl� is the leaving group)

and a carbenium ion is formed. This is a reaction intermediate, which

reacts in a fast step with any available nucleophile. In the reaction above,

the nucleophile is H2O. As the C�O bond forms, the positive charge is

transferred from C to O. This is followed by rapid loss of Hþ to give the

product. It is, of course, also possible for the carbenium ion to be attacked

by Cl� to regenerate the starting material.

Figure 28.6a shows the reaction profile for the reaction of Me3CCl with

H2O to give Me3COH and HCl. This profile is typical of an SN1 reaction.

The activation energy, Ea, marked on the figure corresponds to the energy

barrier for the rate-determining step. The second energy barrier is lower

and corresponds to that for the fast step. The carbenium ion intermediate

lies at a local energy minimum along the reaction pathway. Transition

state {TS(1)}‡ may be described in terms of a species that is part-way between

Me3CCl and [Me3C]
þ, and can be represented as having a ‘stretched’ bond as

in structure 28.9.

The reaction scheme above highlights a change in geometry at the central

C atom. In Me3CCl and Me3COH, all C atoms are tetrahedral and sp3

hybridized. In the carbenium ion intermediate, the positive charge is

localized on the central C atom. This centre is electron-deficient (it has a

sextet of electrons) and is trigonal planar (sp2 hybridized). The incoming

nucleophile donates a pair of electrons into the empty 2p atomic orbital on

the carbon atom (diagram 28.10), and can attack from either above or

below the plane. This has stereochemical consequences that we shall consider

later on.

The SN2 mechanism

Now let us look at a nucleophilic substitution that is second order overall,

with a reaction rate that depends on both the concentration of the halo-

genoalkane and the nucleophile (equations 28.18 and 28.20). A mechanism

that is consistent with these data involves a one-step process, i.e. the

rate-determining step is a bimolecular exchange mechanism. The pathway

is known as an SN2 mechanism and is illustrated in the scheme below for

the reaction of CH3Br with Cl� :

Reaction profiles,
intermediates and transition

states: see Section 15.1

(28.9)

(28.10)

"
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 The formation of the C�Cl bond and the fission of the C�Br bond take

place in a single step, and the process is said to be concerted. The reaction

profile is shown in Figure 28.6b. There is no intermediate. The reaction

pathway proceeds through a transition state {TS}‡ at an energy maximum,

and this state can be considered as having two ‘stretched bonds’. These are

shown in structure 28.11 by the dashed lines and represent the C�Cl bond
as it is being formed and the C�Br bond in the middle of being broken.

The overall charge on the transition state is 1�, and this is spread out over

the entering and leaving groups and is represented in 28.11 by partial charges.

The CH3 unit in 28.11 is planar, and the entering and leaving groups are on

opposite sides of this plane (diagram 28.12). The consequence of this on the

stereochemistry of the product is discussed below.

Stereochemistries of SN1 and SN2 reactions

We have now outlined two limiting mechanisms whereby nucleophilic substi-

tution may occur. Observable differences in reaction kinetics provide some

evidence for the SN1 and SN2 mechanisms. These mechanisms are exhibited

(28.11)

(28.12)

Fig. 28.6 (a) Reaction profile for
the SN1 reaction between
Me3CCl with H2O. The
intermediate is a carbenium ion
and {TS(1)}‡ and {TS(2)}‡ are
transition states (see text).
(b) Reaction profile for the SN2
reaction of CH3Br with Cl�. The
transition state (structure 28.11)
is {TS}‡.
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exclusively by only a few molecules. Usually there is competition between

SN1 and SN2 mechanisms and with the eliminations that we discuss in

Section 28.7. In addition to differences in rate laws, differences in the

stereochemistry of the product in relation to the reactant distinguish SN1

and SN2 mechanisms.

2-Bromobutane (28.13) contains an asymmetric C atom (the atom to which

Br is attached). When an optically pure enantiomer undergoes nucleophilic

substitution with HO�, the absolute configuration changes from (R) to (S) or

from (S) to (R) in going from starting material to product. That is, there is a

complete inversion of configuration as illustrated in equation 28.21. This is

called aWalden inversion after Paul Walden who discovered the phenomenon.

ð28:21Þ

The inversion can be rationalized in terms of the SN2 mechanism that we

described above. The attack of the nucleophile and the release of the leaving

group take place along a linear path (look at structure 28.12). As this

happens, the three substituents that are retained during the reaction are

pushed ‘inside out’ through a plane. The process is represented below for

reaction 28.21 going through a transition state like the one in structure

28.11. Watch what happens to the absolute configuration:

The reaction is also represented in Figure 28.7 to give a better 3-dimensional

picture of the stereochemistry.

We have already shown that the kinetics of an SN1 reaction are consistent

with an intermediate carbenium ion. Such an intermediate contains a planar

Cþ centre which can be attacked from either side of the plane by the entering

nucleophile. The stereochemical consequences of this can be seen if we

consider the reaction of the chiral, tertiary halogenoalkane 3-chloro-3-

methylhexane with H2O. If we start with the optically pure (R) enantiomer,

equation 28.22 shows that the product is a mixture of enantiomers.

Conversion of (R)-3-chloro-3-methylhexane to (R)-3-methylhexan-3-ol

occurs with retention of configuration, and (R)-3-chloro-3-methylhexane to

(S)-3-methylhexan-3-ol occurs with inversion of configuration.

(28.13)

Chirality and absolute
configuration:

see Section 24.8

An SN2 reaction is

stereospecific, and takes

place with inversion of

configuration.

"

Fig. 28.7 Inversion of
configuration occurs

during an SN2 reaction. Here
it is illustrated by the reaction of
HO� with 2-bromobutane.
Colour code: C, grey; H, white;
O, red; Br, brown.
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ð28:22Þ

This observation is consistent with the loss of Cl� to form a carbenium

ion (equation 28.23) followed by attack by the nucleophile as shown in

Figure 28.8.

ð28:23Þ

The top and bottom faces of the carbenium ion are identical and so

equal quantities of the two enantiomers of the product must be formed.

Thus, in equation 28.22, the product should be a racemate, i.e. 50% of

(R)-3-methylhexan-3-ol and 50% (S)-3-methylhexan-3-ol. In practice, few

SN1 reactions give the expected 50 : 50 mix of enantiomers, and inversion

of configuration exceeds retention to an extent of up to �20%. This

probably occurs because the ‘real’ mechanism involves a transition state

in which the carbenium ion and leaving group are still loosely bound by

electrostatic interactions, making attack from the side opposite to the

leaving group less sterically hindered than attack from the same side. In

other words, the ‘real’ SN1 mechanism involves a transition state that lies

somewhere between the two extremes that we have described for the SN1

and SN2 pathways.

SN1 or SN2?

We have now outlined the details of the two extreme mechanisms of

nucleophilic substitution, but what determines which pathway will be

followed in a particular reaction? Do the two mechanisms compete within

Racemate:
see Section 24.8

An SN1 reaction is

stereochemically

non-specific.

"

Fig. 28.8 In an SN1
reaction, the configuration

at the central C atom
can be retained or inverted
because the nucleophile can
attack from above or below the
plane of the carbenium ion
intermediate. The figure
illustrates attack of H2O on the
carbenium ion formed by loss of
Cl� from 3-chloro-3-
methylhexane. For clarity, the H
atoms are omitted from the
organic backbone. Colour code:
C, grey; H, white; O, red.
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the same reaction? The answers to these questions are not simple because

there are a number of contributing factors:

. the nature of the carbenium ion that is formed if the reaction goes by an

SN1 mechanism;
. steric effects;
. the nucleophile;
. the leaving group;
. the solvent.

We will consider each factor separately. However, it is important to keep

in mind that, in practice, there is an interplay between these factors and

drawing general conclusions is not at all easy or foolproof. A crucial point

to keep in mind is that for the dissociative SN1 mechanism to be favoured,

heterolytic cleavage of the C�X bond must occur readily.

The carbenium ion

We introduced carbenium ions in Section 26.5 and described how they are

stabilized by electron-releasing groups. Hyperconjugation contributes to

this stabilization: electron density from the C�H �-bonds of the alkyl

groups is donated into the vacant 2p atomic orbital on the Cþ centre (see

diagram 26.16). The general order of carbenium ion stability where R is an

alkyl group is:

½R3C�þ > ½R2CH�þ > ½RCH2�þ > ½CH3�þ

i:e: tertiary > secondary > primary > methyl

Carbenium ions formed by dissociation of X� from a simple halogeno-

alkane fall into one of the categories above, but other types of cations are

formed if the starting compound contains other functional groups. Two

carbenium ions, the allyl and benzyl cations, are particularly stable. If the

starting halo-compound contains an X substituent attached to a C atom

adjacent to a C¼C bond, then loss of X� generates an allyl carbenium ion

(equation 28.24). This is stabilized by contributions made by the two

resonance structures 28.14. Alternatively, the stabilization can be represented

in terms of delocalized bonding (28.15, see end-of-chapter problem 28.9).

ð28:24Þ

When the halo-compound contains a CH2X group attached to a benzene

ring, loss of X� gives a benzyl carbenium ion (equation 28.25). We shall

discuss the chemistry of benzene and its derivatives in Chapter 32, but here

we are interested in the reactivity of the CH2X substituent. The enhanced

stability of the benzyl carbenium ion arises because of contributions made

by the resonance structures shown in Figure 28.9. The net result is that the

Carbenium ions:
see Section 26.5

Compare this with
the discussion of allyl

radicals in Section 26.7

(28.14)

(28.15)

"

"

Fig. 28.9 Resonance structures for the benzyl carbenium ion.
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positive charge is delocalized around the ring. An alternative way of looking

at the bonding is to consider the extension of the �-system. This is considered

in Box 28.1 and relates to the bonding description of benzene that we discuss

in Chapter 32.

ð28:25Þ

The allyl and benzyl carbenium ions are types of primary carbenium ions,

[RCH2]
þ, but their resonance stabilization means that they are more stable

than primary carbenium ions where R¼ alkyl. Overall, the stabilities of

carbenium ions can be summarized as follows, where R¼ alkyl:

So what do these relative stabilities mean in terms of the mechanism of

nucleophilic substitution? The more stable the carbenium ion is, the more

likely that loss of X� will occur as the rate-determining step of the reaction.

Hence, the more likely it is that the SN1 mechanism will be favoured. If you

look at Figure 28.6a and apply the reaction profile in a general sense to SN1

reactions, then the more stable the carbenium ion is, the lower the energy of

the intermediate. Stabilization of the intermediate also stabilizes transition

state {TS(1)}‡ because the transition state has some features in common

with the intermediate that follows it in the reaction pathway. It follows,

therefore, that a more stable carbenium ion means a lower activation

energy, Ea, and hence a greater rate of reaction. Remember that Ea in

Figure 28.6 corresponds to the rate-determining step. Whereas the tertiary

halogenoalkane Me3CCl undergoes hydrolysis very rapidly, the secondary

and primary compounds Me2CHCl and MeCH2Cl are hydrolysed only

slowly. Hydrolysis is more rapid if an allylic intermediate can be formed.

Thus, under the same conditions (including same temperature and same

solvent), the relative rates of hydrolysis of a series of chlorides are:

The fastest rate corresponds to the tertiary halogenoalkane undergoing

an SN1 reaction with H2O; remember that the rate is independent of the

nucleophile. The second fastest rate corresponds to a system that can form

an allyl carbenium ion and for which an SN1 mechanism is favourable. The

rate of hydrolysis of the secondary chloroalkane is slow; the SN1 mechanism

is possible but it is not especially favourable and there is competition with

an SN2 mechanism. The primary chloroalkane exhibits the slowest rate of

hydrolysis; the SN1 mechanism is not favourable and the reaction probably

takes place almost entirely by the SN2 mechanism. As we have seen, the rate

of an SN2 reaction depends on the nucleophile as well as the halogenoalkane;
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THEORY

Box 28.1 �-Delocalization in the benzyl carbenium ion

In Chapter 32, we describe the bonding in benzene

in terms of a delocalized �-system. In this box, we

introduce the bonding scheme briefly in order to

relate it to that in the benzyl cation.

Benzene, C6H6 is planar. Each C atom is sp2

hybridized, and after the formation of the �-bonding
framework of C�C and C�H bonds, the six remaining

C 2p atomic orbitals form a delocalized �-system. The

six �-electrons occupy three bonding MOs, the lowest

energy one of which is shown below:

The benzyl carbenium ion is planar, and overlap

between the seven C 2p atomic orbitals means that the

�-system can be extended as shown below. The positive

charge is therefore delocalized over the C7-framework,

giving extra stability to the carbenium ion.

The stability of the benzyl cation means that in the

mass spectra of compounds such as benzyl halides,

the base peak usually arises from the benzyl cation.

This is illustrated below by the electron impact mass

spectrum of chloromethylbenzene (also called benzyl

chloride):
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the rate of hydrolysis of MeCH2Cl is very slow, and this is consistent with the

fact that H2O is a poor nucleophile. We return to this later on.

In summary:

. the formation of a tertiary carbenium ion favours SN1 over SN2;

. the formation of an allyl or benzyl carbenium ion favours SN1 over SN2,

but not to the same extent as the formation of a tertiary carbenium ion;
. the formation of a secondary carbenium ion is sufficiently favourable that

it allows an SN1 mechanism to operate, but it will compete with an SN2

pathway;
. primary carbenium ions [RCH2]

þ (R¼ alkyl) and the methyl cation

are not favoured and spontaneous dissociation of the halide ion from

the corresponding precursors does not occur.

Steric effects

If you look back at the discussion of the SN2 mechanism, then it is clear

that the approach of the nucleophile and the formation of a transition

state like 28.11 is sterically hindered if the central C atom carries bulky

substituents. The nucleophile has to be able to attack the C atom through

a ‘shield’ of substituents. Figure 28.10 shows ‘space-filling’ diagrams of

CH3Br, MeCH2Br, Me2CHBr and Me3CBr. Each molecule is viewed

down the C�Br bond, the view that the approaching nucleophile ‘sees’ as

it makes its way to the central C atom. The smallest possible substituents

are H atoms, and nucleophilic attack at the C atom in CH3X is facile.

Thus, the SN2 mechanism is favourable for methyl halides. Similarly,

attack by a nucleophile at the primary C atom of MeCH2Br (Figure 28.10)

is sterically unhindered and the SN2 mechanism can occur readily. It is

more difficult for the nucleophile to approach the secondary C atom in

Me2CHBr, and yet more sterically hindered for the nucleophile to attack

the tertiary C atom in Me3CBr (Figure 28.10). Secondary halogenoalkanes

can undergo SN2 reactions, but the reaction is generally slow because of

steric hindrance. Tertiary halogenoalkanes do not undergo SN2 reactions.

Steric hindrance plays a part, but the rate at which the tertiary carbenium

ion forms is so rapid that it precludes the SN2 reaction from taking place

in any case.

The two remaining types of species that we discussed in the previous

section are allyl halides (28.16) and benzyl halides (28.17). We showed how

both of these can undergo SN1 reactions. However, both are primary

halogenoalkanes and so can also undergo SN2 reactions. Moreover, the �-

system that is adjacent to the site of nucleophilic attack helps to stabilize(28.16) (28.17)

Fig. 28.10 ‘Space-filling’
diagrams of CH3Br,

MeCH2Br, Me2CHBr and
Me3CBr. Each is viewed down
the C�Br bond. Colour code:
C, grey; H, white; Br, brown;
the Br atom is at the back of
each diagram.
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the transition state. The central C atom in the transition state is 5-coordinate,

although two of the interactions are ‘stretched’ bonds. The valence orbitals

of carbon are the 2s and 2p atomic orbitals and so an appropriate hybridiza-

tion scheme is to consider the C atom to be sp2 hybridized with a 2p orbital

used in forming the two ‘stretched’ bonds. Electrons in this occupied 2p

orbital can be delocalized over the allyl or benzyl �-systems. Diagram

28.18 shows how we can view the bonding in the transition state formed

when an allyl halide reacts with a nucleophile, Nu�. Compare this with

Figure 13.6b for the allyl anion.

In summary:

. SN2 reactions can occur if attack by the nucleophile at the C atom is

sterically unhindered;
. methyl halides (CH3X) and primary halogenoalkanes are the best

candidates for the SN2 mechanism, and this is further favoured for allyl

and benzyl halides by �-delocalization of electrons in the transition state;
. tertiary halogenoalkanes do not undergo SN2 reactions.

The nucleophile

The rate of an SN2 reaction shows a first order dependence on the nucleophile

(e.g. equations 28.18 and 28.20). In addition, the rate of reaction is

affected by the nature of the nucleophile. Not all attacking species are as

good nucleophiles as one another. The rate constant, k, is characteristic of

a particular reaction and, if we consider an SN2 reaction with a constant

halogenoalkane substrate, we find that k varies with the nucleophile. This

observation is usually discussed in terms of the nucleophilicity of the incom-

ing group, all other conditions (e.g. halogenoalkane, solvent, temperature)

being constant. Unfortunately, ‘nucleophilicity’ is not easy to define, but it

is useful to think of a good nucleophile (with respect to attack at a halogeno-

alkane) as a species that readily forms a bond with the C�þ atom that was

originally part of the C�X bond. It is also useful to make a comparison

between ‘nucleophilicity’ and ‘basicity’, because we have discussed bases in

detail in Chapter 16 and are familiar with the idea that a good base is a

species that readily adds Hþ.

The nucleophilicity of a species is a measure of its affinity towards an

electrophilic C�þ atom; the basicity of a species is a measure of its affinity

towards Hþ. There is generally a relationship between the basicity and

nucleophilicity of a species, provided the donor atom is constant in the series

of nucleophiles being considered.

The last point in the definition above needs some clarification. The

reactions of CH3Br with HO�, CH3CO2
� and H2O follow SN2 pathways

and the order of their rates of reaction (under constant conditions) is

HO� > CH3CO2
� > H2O. The order of the nucleophilicities of these species

is therefore HO� > CH3CO2
� > H2O. Now consider the affinity of each

nucleophile for a proton, i.e. the basicity of each species. This can be assessed

by looking at the pKa values of the conjugate acids: pKa H2O > pKa

CH3CO2H > pKa H3O
þ, meaning that H3O

þ donates Hþ the most readily

(28.18)

Conjugate acids--bases, pKa

and Ka: see Section 16.4

"

1026 CHAPTER 28 . Halogenoalkanes



 

and H2O accepts Hþ the least readily. Remember that if pKa is large, then Ka

for acid HA is small. Equilibrium 28.26 therefore lies towards the left-hand

side, and A� is a relatively strong base. The larger the pKa of HA, the greater

the basicity of A�.

HAÐ Hþ þA� pKa ¼ � logKa ð28:26Þ

Thus, the pKa values for HO�, CH3CO2
� and H2O show that the order of

basicities is HO� > CH3CO2
� > H2O, an order that mimics that of their

nucleophilicities. In general, in a series of nucleophiles that contain the

same donor atom, we can use pKa values to gain an approximate idea of

the relative strengths of the species as nucleophiles.

Where members of a series of nucleophiles contain different donor atoms

(again, we are looking at attack on a constant halogenoalkane under

constant reaction conditions), then trends in pKa values are not a reliable

guide to trends in nucleophilicities. However, from rate data, we can

derive some useful trends: nucleophiles related in a periodic group become

stronger as the group is descended. For example, nucleophilicities usually

follow the orders:

I� > Br� > Cl�

HS� > HO�

RS� > RO� ðR ¼ alkylÞ

An overview of the points that we have just made can be seen by looking at

the relative rates of reactions of various nucleophiles with CH3Br in a

common solvent (ethanol). The relative rates are with respect to attack by

H2O:

Nucleophile HS� I� HO� Cl� CH3CO2
� H2O

Relative rate �125 000 �100 000 �12 000 �1 000 �800 1

The terms hard and soft nucleophiles are often used, and application of

these terms is similar to that used to describe ligands in coordination

chemistry. Hard nucleophiles tend to have O or N as the attacking atom,

e.g. HO� and H2N
�, whereas soft nucleophiles feature less electronegative

atoms that are lower down in the periodic groups, e.g. RS� and I�. As far

as SN2 substitution in halogenoalkanes is concerned, soft nucleophiles are

better than hard ones (look at the relative rate data). But, the situation

may be reversed for attack at other centres, as we shall see when we discuss

nucleophilic attack on carbonyl groups (Chapter 33).

In summary:

. trends in nucleophilicity of species generally parallel trends in basicity,

provided the attacking atom is constant in the series of nucleophiles;
. for species related in a periodic group, nucleophilicity generally increases

down the group (e.g. I� > Br� > Cl�).

The leaving group

The nature of the leaving group is important in both SN1 and SN2 reactions.

In the rate-determining step in both mechanisms, the C�X bond is broken

and X� leaves. In nucleophilic substitution in halogenoalkanes, the leaving

Hard and soft ligands:
see Section 23.8

"
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group could be F�, Cl�, Br� or I�. The best leaving group is I�, and the

poorest is F�:

I� > Br� > Cl� > F�

The ease with which the X� group leaves reflects the C�X bond enthalpy

contributions: C–I¼ 213, C–Br¼ 285, C–Cl¼ 327 and C–F¼ 485 kJmol�1.
The observations can also be correlated with the pKa values of the conjugate

acids: pKa HF ¼ þ3:5, HCl ¼ �7, HBr ¼ �9 and HI ¼ �11. Negative

values of pKa signify strong acids, and so Cl�, Br� and I� are weak bases;

the ions are stable and are good leaving groups. On the other hand, HF is

a weak acid, and F� is a poor leaving group.

In later chapters, we shall be concerned with nucleophilic substitution

reactions in which the leaving group is something other than a halide ion,

and so it is useful to include here discussion of some other groups. Poor

leaving groups includeHO�, H2N
� and RO� and, like F�, these are conjugate

bases of weak acids. The poor ability of HO� to leave in a nucleophilic sub-

stitution reaction involving an alcohol substrate can be dealt with by proto-

nation of the OH group. This means that H2O (a good leaving group) is

being expelled, rather than HO� (a poor leaving group). We see this strategy

at work in Chapters 29 and 30. The tosylate ion (28.19) and the mesylate ion

(28.20) are excellent leaving groups.

In summary:

. halide leaving groups are ranked I� > Br� > Cl� > F�;

. fluoroalkanes do not undergo SN2 reactions because F� is such a poor

leaving group.

The solvent

The choice of a suitable solvent for nucleophilic substitution reactions is

important. In an SN1 reaction, the rate-determining step involves heterolytic

bond fission and a polar solvent increases the rate of ion formation. Look at

the reaction profile in Figure 28.6a. The first step is rate-determining and the

rate of reaction depends on the activation energy, Ea. If the energy of the

transition state {TS(1)}‡ is lowered, Ea decreases and the rate of reaction

increases. If the reaction is carried out in a polar solvent, the carbenium

ion is readily solvated in the same way that ions are solvated in water (see

Figure 21.13). The solvation stabilizes the carbenium ion, lowering its

energy. Transition state {TS(1)}‡ has some features in common with the

carbenium ion intermediate (compare 28.21 and 28.22). Although the

C�X bond is stretched rather than broken, the transition state is significantly

more polar than the starting halogenoalkane. Polar solvents not only

stabilize the intermediate, they also stabilize the transition state, with the

effect that Ea is lowered. The rates of SN1 reactions are therefore increased

by using polar solvents such as water or ethanol.

A protic solvent contains a Y�H bond where Y is an electronegative atom,

usually O or N. The solvent can form hydrogen bonds. It is also a source of

protons, although Ka for the self-ionization process (see Section 16.4) may be

small.

For more bond enthalpies:
see Table 4.5

Ka ¼ 10�pKa

(28.19) (28.20)

Activation energy: see
Section 15.1

Solvation by water: see
Section 21.7

(28.21)

"

"

"

"
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An aprotic solvent does not contain H atoms that are capable of forming

hydrogen bonds. The solvent is not a source of protons.

Solvent choice is also important for SN2 reactions, but is not the same as for

SN1 reactions. Whereas the rate of an SN1 reaction is independent of the

nucleophile, the rate of an SN2 reaction depends on it. We therefore have to

consider what effect the solvent might have on the approach of the nucleophile

to the halogenoalkane. The nucleophile in an SN2 reaction is usually an anion

(e.g. Cl�, HO�, NC�). Anions are strongly solvated by protic solvents such as

H2O or MeOH. These solvents form hydrogen bonds with an anionic

nucleophile (see Figure 21.13) and hinder its attack on the halogenoalkane

substrate. The nucleophile is stabilized by solvation and this increases the

activation energy for the substitution reaction. Look at Figure 28.6b and

consider what happens if the Cl� nucleophile is stabilized.

Polar aprotic solvents include acetonitrile (28.23), acetone (28.24), dimethyl

sulfoxide (DMSO, 28.25) and dimethylformamide (DMF, 28.26). Being polar,

these are good solvents for other polar molecules and for some ionic

compounds. However, aprotic solvents do not contain H atoms attached to

electronegative atoms and are unable to form hydrogen bonds with the nucleo-

phile. As a consequence, the rate of an SN2 reaction in a polar, aprotic solvent

greatly exceeds that of the same reaction in a protic solvent.

In summary:

. the rate of an SN1 reaction is enhanced by using a protic solvent, e.g. H2O;

. the rate of an SN2 reaction is enhanced by using a polar aprotic solvent,

e.g. DMF, MeCN.

Rearrangements accompanying SN1 reactions

One complicating factor in an SN1 reaction is that there may be a tendency

for the carbenium ion to rearrange before the nucleophile has time to

attack. Earlier in this section and in Section 26.5, we considered in detail

the relative stabilities of different types of carbenium ions. If a carbenium

ion is able to, it may undergo methyl migration in order to form a new

carbenium ion that is more stable than the first. For example, equation

28.27 illustrates the rearrangement of a secondary carbenium ion to the

more stable tertiary isomer.

ð28:27Þ

Thus, although loss of halide in the rate-determining step may produce, for

example, a secondary carbenium ion, the product of nucleophilic substitution

may not be that expected after addition of the nucleophile to this

intermediate. Rather, the carbenium ion may rearrange and then be attacked

(28.22)

(28.23) (28.24)

(28.25) (28.26)
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by the nucleophile. A further complication is the possible elimination of Hþ

from the carbenium ion to give an alkene:

Under what circumstances will this elimination compete with substitution?

We answer this in the next section where we look in detail at elimination

reactions and their competition with nucleophilic substitution reactions.

28.7 Elimination reactions

In Section 28.5, we stated that a halogenoalkane, RX, could undergo

nucleophilic substitution or elimination reactions. In Section 28.6, we

discussed SN1 and SN2 reactions, and the preference for one substitution

mechanism over the other. We saw that the situation is not simple, and

that a number of factors contribute to the SN1 versus SN2 competition.

The situation is further complicated by the fact that elimination of HX

may compete with substitution of an incoming nucleophile for X�. Just
as there are two substitution mechanisms, there are also two elimination

mechanisms:

. E1 is unimolecular;

. E2 is bimolecular.

First, we consider the E1 and E2 mechanisms separately and then overview

their competitions with SN1 and SN2 reactions.

The E1 mechanism

In equation 28.15, we showed the reaction of 2-chloro-2-methylpropane

with H2O, giving 2-methylpropan-2-ol. In fact, minor amounts of 2-methyl-

propene are also formed, and if the nucleophile is changed from H2O to

HO�, the predominant product is 2-methylpropene (equation 28.28).

 

ð28:28Þ

Reaction 28.28 shows a first order dependence on halogenoalkane and

no dependence on HO�. Equation 28.29 gives the overall rate equation;

compare this with equation 28.16.

Rate of reaction ¼ � d½Me3CCl�
dt

¼ k½Me3CCl� ð28:29Þ

Elimination of Hþ from the

C atom adjacent to the Cþ

centre in a carbenium ion is

called �-elimination.
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The rate data are consistent with the formation of a carbenium ion in the

rate-determining step, i.e. a unimolecular, E1, mechanism. The first step in

the E1 pathway is therefore the same as that in the SN1 reaction:

The next step in the formation of 2-methylpropene is a fast step in which

HO� abstracts Hþ from the carbenium ion intermediate (equation 28.30).

ð28:30Þ

Whether or not the nucleophile acts in this manner (E1 pathway) rather

than adding to the carbenium ion (SN1 pathway) depends on a range of

factors. The abstraction of Hþ is facilitated by a strong base which is a

poor nucleophile, for example the amide Li{N(CHMe2)2}. Steric factors in

the organic substrate may also swing the mechanism in favour of elimination.

It may help to relieve steric strain by creating two trigonal planar in prefer-

ence to tetrahedral C atoms. For example, the tertiary carbenium ion

[Bu3C]
þ should prefer to eliminate Hþ (equation 28.31) rather than react

with the nucleophile at the Cþ centre. The latter would force the three

butyl substituents closer together than in the alkene product.

ð28:31Þ

In fact, this elimination reaction will take place with a weaker base than

HO�, provided that the base is a poor nucleophile.

E1 reactions require the formation of a stable carbenium ion and therefore

are favoured for tertiary, allyl and benzyl halogenoalkanes (see Section 28.6,

equations 28.24 and 28.25). Secondary halogenoalkanes may undergo E1

reactions, but primary halogenoalkanes do not because of the relatively

low stability of a primary carbenium ion.

Where a choice is possible, loss of Hþ will favour the formation of the more

highly substituted alkene as illustrated in the following scheme:

Thus the elimination is regioselective.

Regioselective:
see Section 26.5

"
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Where the final step of the E1 mechanism could lead to (Z)- or (E)-isomers

of an alkene, it will favour the formation of the less sterically crowded (E)-

isomer, for example:

The E2 mechanism

In the presence of a base, the elimination of HX from a halogenoalkane may

obey second order kinetics with the rate equation being of the form:

Rate of reaction ¼ k½halogenoalkane�½base�

A mechanism that is consistent with these experimental results involves a

bimolecular rate-determining step (equation 28.32). This is the E2 reaction:

loss of HX promoted by base.

    

ð28:32Þ

The base in equation 28.32 is shown as a neutral molecule B and forms BHþ,
but it could be negatively charged, e.g. ethoxide EtO� (28.27).

Figure 28.11 shows the reaction profile for the base-promoted elimination

of HBr from 2-bromobutane using EtO� as base. Elimination occurs to give

(28.27)

Fig. 28.11 The reaction profile
for the E2 reaction of HBr from
2-bromobutane using EtO� as
base. The formation of both (Z)-
and (E)-isomers of the alkene is
shown; see text for discussion.
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the most highly substituted alkene. In the transition state, the base begins to

form a bond with the proton that is about to be eliminated and, simulta-

neously, the C�H bond begins to break, the �-component of the C¼C
double bond begins to form and the C�Br bond begins to break. These

bonds are indicated by dashed lines in Figure 28.11. For this concerted

process to occur, all atoms in the H–C–C–X unit involved in bond making

and bond breaking must lie in the same plane. This is a periplanar geometry.

There are only two conformations of the halogenoalkane that

allow this coplanarity in the transition state. These are shown in the

sawhorse drawings 28.28 and 28.29. Conformer 28.28 is an antiperiplanar

geometry (H and X on opposite sides of the C�C bond) and 28.29 is

synperiplanar (H and X on the same side). Of these two conformers, the anti-

periplanar arrangement is favoured: 28.28 has a staggered conformation, while

28.29 has an eclipsed conformation (see Figure 24.18). Thus, 28.28 is energe-

tically favoured over 28.29, and the transition state in Figure 28.11 will be

at lower energy if it possesses an antiperiplanar geometry. A lower-energy

transition state corresponds to a lower activation barrier and a faster rate of

reaction. The need for the periplanar arrangement can be understood by look-

ing at the scheme below, and realizing that for �-bond formation, the 2p

atomic orbitals on the two C atoms must be orthogonal. These orbitals

evolve as the C atoms rehybridize from sp3 to sp2. Effectively, the sp3 orbitals

that were involved in C�H and C�X bond formation lose their s character

and become pure p orbitals. Correct alignment of the orbitals is essential for

�-bond formation:

Elimination of HX from a halogenoalkane in an antiperiplanar geometry

is called anti-elimination, and from a synperiplanar geometry is syn-

elimination. The concerted nature of the E2 process means that rotation

about the central C�C bond cannot occur during elimination of HX. This

has stereochemical consequences on the elimination reaction. Starting from

a particular stereoisomer, anti- and syn-eliminations lead exclusively to

either (Z)- or (E)-isomers of the alkene (if the substitution pattern is such

that the isomers can be recognized). This is illustrated in Figure 28.12 by

the elimination of HCl from 3-chloro-3,4-dimethylhexane. The product of

anti-elimination is (Z)-3,4-dimethylhex-3-ene, and syn-elimination gives

(E)-3,4-dimethylhex-3-ene. Of the eliminations shown in Figure 28.12, we

have already seen that anti- is preferred over syn-elimination, and so the

observed product is (Z)-3,4-dimethylhex-3-ene.

In the example in Figure 28.12, there is only one H atom available to line

up in an antiperiplanar geometry with the X atom (bearing in mind that the

most highly substituted alkene is going to be formed). Now consider a

halogenoalkane in which there is a choice of H atoms, e.g. 2-bromobutane

(28.30). Elimination of HBr could give but-1-ene or but-2-ene, but as

we have already discussed, the reaction will be regioselective in favour of

but-2-ene. The next question is: is (E)- or (Z)-but-2-ene formed or are both

isomers produced? The halogenoalkane has two conformers with the

Antiperiplanar
and synperiplanar:

see Figure 24.18

Sawhorse projections:
see Section 24.9

(28.28) (28.29)

There are three other
stereoisomers of 3-chloro-

3,4-dimethylhexane, and in
end-of-chapter

problem 28.19 you are asked
to consider the

consequences of starting
with each isomer

(28.30)

"

"
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H�C�C�Br unit in an antiperiplanar arrangement. However, one is more

sterically crowded than the other. (Look at the positions of the Me groups

in each conformer below.) The elimination products reflect this difference

in conformer stabilities as the scheme below illustrates:

In summary:

. E2 reactions require a periplanar arrangement of the H�C�C�X unit

and antiperiplanar is favoured over synperiplanar;
. it follows that anti-elimination is favoured over syn-elimination;
. where there is a choice, elimination will favour the formation of the most

highly substituted alkene (regioselectivity);
. where there is a choice, the halogenoalkane adopts the least sterically

crowded conformation and the elimination product reflects this.

Fig. 28.12 Anti- and
syn-elimination of HCl

from one diastereoisomer of
3-chloro-3,4-dimethylhexane.
See also end-of-chapter
problem 28.19. Colour code: C,
grey; H, white; Cl, green. The
C¼C bond in each product is
shown in orange.
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28.8 Nucleophilic substitution in competition with elimination
reactions

In this section, we look at factors that influence whether a reaction follows

an SN1 or E1, or SN2 or E2 pathway. Before working through this section,

you may find it useful to review the summary points in Section 28.6 concern-

ing carbenium ions, steric effects, nucleophiles, leaving groups and solvents.

E1 versus SN1

We have already seen that carbenium ion formation is favoured by protic

solvents. This helps both the SN1 and E1 reactions, since the rate-determining

step is the same for both.Whether or not the carbenium ion is attacked by the

nucleophile at the Cþ centre to give a substitution product, or is subject to

abstraction of Hþ to give an elimination product, depends on the nature

of the nucleophile. If the nucleophile is highly basic, the E1 mechanism is pre-

ferred. However, even a weak base can abstract a proton from the carbenium

ion intermediate, and in this case there is competition between the E1 and

SN1 pathways as in reaction 28.33. The ratio of products depends upon

reaction conditions and is affected by temperature, e.g. at 340K and in an

ethanol solvent, reaction 28.33 gives a 2 : 1 mixture of SN1 :E1 products.

ð28:33Þ

Tertiary halogenoalkanes

When considering substitution reactions, we saw that tertiary halogeno-

alkanes, R3CX, undergo SN1, but not SN2, reactions. It is tempting,

therefore, to think that for a tertiary halogenoalkane, we need only consider

competition with an E1 reaction. But this is not the case. If a strong base is

used, an E2 pathway can be followed, e.g. reaction 28.34 produces alkene

almost exclusively with negligible substitution product.

ð28:34Þ

As we saw earlier in this section, an E1 pathway for a tertiary halogenoalkane

can occur with either a strong or weak base. However, the rate of an E2

reaction depends on the concentration of base:

Rate of reaction ¼ k½halogenoalkane�½base�

and is therefore favoured when the concentration of base is high.

E2 versus SN2

Primary halogenoalkanes, RCH2X, undergo nucleophilic substitution by

an SN2 mechanism, and competition with an E2 reaction can occur if the

nucleophile is a strong base such as EtO�. The E2 reaction is especially

Nucleophilic substitution in competition with elimination reactions 1035



 

favoured if the nucleophile is sterically demanding. Look back at Figure 28.10

where we emphasized the nucleophile’s view of the C�þ centre as it approaches
through the R and H substituents. A nucleophile such as Me3CO

� (tBuO�,
28.31) is very bulky as the ‘space-filling’ diagram in Figure 28.13 shows.

It is also a strong base and reacts with 1-bromopentane to give pent-1-ene

(reaction 28.35) rather than a substitution product.

ð28:35Þ

Competition between E2 and SN2 is also observed when the substrate is a

secondary halogenoalkane. We have already described how elimination of

HBr from 2-bromobutane by an E2 pathway gives but-2-ene as the

preferential product over but-1-ene, and that (E)-but-2-ene is favoured over

(Z)-but-2-ene. Elimination is favoured over nucleophilic substitution if a base

such at EtO� is used. A mixture of substitution and elimination product is gen-

erally expected (equation 28.36), but the elimination product predominates.

ð28:36Þ

Methyl halides

In the discussions of SN2 reactions, we paid significant attention to MeX

compounds, but we have failed to mention them in our discussions of elim-

ination reactions. This was for a good reason. The possibility of elimination

can be ignored because a CH3X molecule is unable to form an alkene since

there is only one C atom.

28.9 Selected reactions of halogenoalkanes

We have considered a range of substitution and elimination reactions in the

previous sections. Our focus in this final section is on selected reactions of

halogenoalkanes of synthetic and biological importance.

Ether synthesis

Reactions between alkoxide ions, RO�, and halogenoalkanes are used to

prepare ethers. This method is called the Williamson synthesis. An example

was shown in reaction 28.36 and also illustrated competitive elimination.

In order to reduce the chance of an E2 reaction, primary halogenoalkanes

are generally used. The Williamson synthesis can be used to prepare both

symmetrical (ROR) and unsymmetrical (R’OR) ethers and we return to a

more detailed discussion in Chapter 29.

Carbon chain growth

The growth of carbon chains by C�C bond formation is an important

synthetic strategy. In Section 26.12, we showed the reactions between

(28.31)

Fig. 28.13 A ‘space-
filling’ diagram of the

tert-butoxide (Me3CO
�) ion

illustrating how sterically
crowded this ion is. Colour code:
C, grey; H, white; O, red.
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RC�C� anions and halogenoalkanes (reaction 26.91 and scheme 26.92).

Scheme 28.37 gives a further example.

ð28:37Þ

Competition with elimination reactions can be minimized if primary

halogenoalkanes are used. Particular care has to be taken when choosing a

suitable halogenoalkane substrate because RC�C� anions are strong bases

(see Table 26.1).

Another way of extending the carbon chain is by reaction of a halogeno-

alkane with NC�. The cyano functional group can, for example, be reduced

to give an amine (equation 28.38).

ð28:38Þ

Alkylating agents

The ability of RX compounds to react with nucleophiles means that many

are potent alkylating agents. The alkylation of the organic components of

DNA (the material that carries genetic information) is strongly implicated

in carcinogenic (cancer-forming) and mutagenic (mutation-forming) pro-

cesses. Amine (NH2) and thiol (SH) groups in amino acid residues in proteins

can act as nucleophiles attacking halogenoalkanes that come into contact

with the protein. The resultant alkylation of the protein inhibits its natural

functions, i.e. the halogenoalkane exhibits toxic effects.

Synthesis of amines:
see Section 31.3

DNA: see Box 21.6
and Chapter 35

"

"

SUMMARY

This is the first in a series of chapters dealing with organic compounds containing polar bonds.
Halogenoalkanes contain one or more polar C�X (X¼ F, Cl, Br, I) bonds, and the C�þ atom is susceptible
to attack by nucleophiles. We have introduced two mechanisms by which nucleophilic substitution can
take place (SN1 and SN2), and have discussed factors that influence the choice of mechanism. The situa-
tion is further complicated by the possibility of HX elimination to give alkenes, and we have described
the unimolecular E1 and bimolecular E2 reactions and the conditions under which they may occur and
compete with substitution.
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Do you know what the following terms mean?

. halogenoalkane

. alkyl halide

. Grignard reagent

. alkyllithium compound

. nucleophilic substitution

. leaving group

. SN1 and SN2 mechanisms

. concerted process

. retention of configuration

. inversion of configuration

. allyl carbenium ion

. benzyl carbenium ion

. nucleophilicity

. hard and soft nucleophiles

. protic solvent

. aprotic solvent

. methyl migration

. b-elimination

. E1 and E2 reactions

. anti- and synperiplanar

. anti- and syn-elimination

The following abbreviations have been used in this chapter. What do they stand for?

. NBS . DMF . THF . DMSO

You should be able:

. to systematically name straight and branched chain
halogenoalkanes containing one or more X atoms

. to outline methods of preparation of halogeno-
alkanes

. to describe typical physical properties of acyclic
halogenoalkanes, and to discuss trends in
boiling points

. to illustrate the use of halogenoalkanes in the
preparation of Grignard reagents

. to illustrate the use of halogenoalkanes in the
synthesis of alkyllithium reagents

. to give examples of nucleophilic substitution
reactions

. to outline the SN1 and SN2 mechanisms

. to discuss the stereochemical consequences of
an SN1 or SN2 reaction

. to discuss factors that favour one substitution
mechanism over the other

. to give examples of reactions involving
elimination of HX

. to outline the E1 and E2 mechanisms

. to discuss factors that favour one elimination
mechanism over the other

. to comment on kinetic data that support a
proposal for SN1, SN2, E1 or E2 mechanism

. to explain why anti-elimination is favoured over
syn-elimination

. to discuss the stereochemical consequences of
anti- and syn-eliminations

. to give an overview of factors that influence the
outcome of competition between SN1, SN2, E1
and E2 pathways

. to give examples of reactions of halogenoalkanes
that are synthetically useful

PROBLEMS

28.1 In addition to the four isomers shown in Section

28.1, draw the structures of three more isomers of

C6H13Cl. Name these isomers.

28.2 Indicate how 13C NMR spectroscopy might help

you to distinguish between the isomers of C6H13Cl

you have described in your answer to problem 28.1.

28.3 Draw the structures of the following compounds

and classify them as primary, secondary or tertiary

halogenoalkanes: (a) 1-chloro-2-methylhexane;

(b) 2-iodobutane; (c) 2-chloro-2,3-

dimethylpentane; (d) 1-bromo-3-

methylbutane.

28.4 Using the following examples, distinguish

between bond and molecular dipole moments:

(E)-1,2-dichloroethene; 1,1-dichloroethane;

1,1,1-trichloroethane; tetrachloromethane.

28.5 Suggest products for the following reactions:

28.6 The boiling points of C2H5X are 184K for

X¼H, 235K for X¼F, 285K for X¼Cl, 311K
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for X¼Br and 345K for X¼ I. Comment on the

trend in values and the factors that contribute to it.

28.7 Outline the mechanism of an SN1 reaction using as

your example the reaction between water and

2-chloro-2-methylbutane. Include a rate equation

in your answer.

28.8 (a) If the reaction of hydroxide ion with optically

pure (S)-3-iodo-3-methylheptane leads to a

racemate, what can you deduce about the

mechanism of the reaction? (b) Write a rate

equation for the reaction.

28.9 Construct an MO diagram that describes the

�-bonding in the allyl cation and show that the

bonding is delocalized.

28.10 (a) Rationalize why the EI mass spectrum of

3-bromoprop-1-ene exhibits two low, equal

intensity peaks at m/z = 120 and 122, and a base

peak atm/z=41. (b)What do you expect to observe

in the EI mass spectrum of 3-chloroprop-1-ene?

28.11 How do the steric effects of the alkyl groups in a

halogenoalkane influence the rate of SN2 reactions?

28.12 What will be the order of the rates of reactions of

water with Me3CBr, Me2CHBr, MeCH2Br and

CH3Br? Rationalize the order that you propose.

28.13 The treatment of one enantiomer of 2-iodooctane

with Na(I�) (where I� is isotopically labelled

iodide) leads to racemization. The rates of iodine

exchange and inversion are identical. (a) Write a

mechanism consistent with these observations.

(b) How is the rate of racemization related to the

rate of I� exchange?

28.14 Categorize (giving reasons) the following solvents

as (a) non-polar, (b) polar and protic, or (c) polar

and aprotic: hexane, acetone, ethanol, DMSO,

acetonitrile, water, acetic acid, dichloromethane.

28.15 In the SN2 reaction of CH3Br with various

nucleophiles, the rate of substitution depends on

the nucleophiles in the order

HS� > I� > HO� > Cl� > NH3 > H2O.

Comment on these data. Suggest where F� might

come in this series.

28.16 Discuss the role of the leaving group on the rates of

SN1 and SN2 reactions.

28.17 Suggest what products would result from the

elimination of Hþ from the following carbenium ions:

28.18 Which of the following carbenium ions might

undergo methyl migration? Give equations to show

these migrations.

28.19 The elimination of HCl from one stereoisomer of

3-chloro-3,4-dimethylhexane was shown in

Figure 28.12. From this diastereoisomer (let this be

A), we saw that syn-elimination gives exclusively

(E)-3,4-dimethylhex-3-ene, and anti-elimination

gives (Z)-3,4-dimethylhex-3-ene. (a) Draw the

enantiomer of A, and label this B. What are the

products of anti- and syn-elimination of HCl from

B? (b) Draw a diastereoisomer of A, and label this

C. What are the products of anti- and syn-

elimination of HCl from C? (c) Draw the

enantiomer ofC, and label itD. Are the products of

anti- and syn-elimination of HCl from D the same

or different from those formed from C? (d) What

general conclusions can you draw from your

answers to parts (a)–(c)?

28.20 If each of the following halogenoalkanes were

treated with EtO�, what would you expect to be the

predominant product? Suggest a likely mechanism

in each case. How could you test that the

mechanism you suggest is correct?

28.21 Discuss briefly the structural requirements of a

halogenoalkane so that it can undergo an E2

reaction, and explain why anti-elimination is

favoured over syn-elimination.

28.22 Suggest methods of converting the given precursors

to products, and comment on any possible

complications:
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28.23 What differences (if any) would you expect in the

products of the reaction of 1-bromohexane with

(a) HS�, (b) HO�, (c) tBuO� and (d) EtO�?

ADDITIONAL PROBLEMS

28.24 The following table lists four bromoalkanes and

four nucleophiles. Classify the nucleophiles and

suggest what types of reaction will take place

between each bromoalkane and each nucleophile (16

combinations in all). Give reasons for your choices.

Bromoalkane Nucleophile

2-Bromo-2-methylpropane H2O

2-Bromobutane MeS�

1-Bromobutane EtO�

Bromomethane tBuO�

28.25 Rationalize the following observations.

(a) The following compound does not undergo

SN1 reactions.

(b) Reaction between MeCl and KOtBu is a good

route to the following ether:

but reaction between tBuCl and KOMe is a

poor route.

(c) Reaction of 2-chloro-2-methylbutane with

EtO� gives a mixture of two alkenes, but one

predominates over the other.

(d) Hydrolysis of (R)-3-chloro-3-methylheptane

gives a mixture of (R)- and

(S)-3-methylheptan-3-ol with %(S) > %(R).

28.26 Rationalize the following observations.

(a) The relative rates of reaction of CH3I with Cl�

inMeOH andN,N-dimethylformamide (28.32)

are 1 : 8� 106.

(28.32)

(b) The rate of reaction of I� with 2-

bromopropane in acetone at 298K is less than

that of 1-bromobutane under the same

conditions.

(c) Reaction of 1-bromo-2,2-dimethylpropane

with EtOH/H2O at 375K leads to the

following products:

(d) The rate of reaction of 1-bromobutane with

NaOH in ethanol halves when the

concentration of NaOH halves.

28.27 Suggest how you would prepare the following

product, starting with the organic compounds

shown:

28.28 Comment on the following statement: ‘Vinyl

halides do not usually react with nucleophiles or

bases, even strong ones, but allyl halides react via

SN1/E1 mechanisms.’
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CHEMISTRY IN DAILY USE

28.29 The United Nations Environment Programme, the

Environmental Protection Agency (in the US) and

other environmentalists have issued proposals and

legislations concerning persistent organic

pollutants (POPs). These are chemicals that resist

biodegradation and persist in the environment,

accumulating in food chains. Many POPs are

halogenated hydrocarbons. One POP that is now

either banned or subject to restricted use is lindane:

Lindane is a pesticide used against head lice and

scabies and to treat crop seeds to control against

pests such as flea beetle. Lindane is the only isomer

of 1,2,3,4,5,6-hexachlorocyclohexane that is active.

The manufacture of 1,2,3,4,5,6-

hexachlorocyclohexane produces 10–15% of

lindane and 85–90% of waste isomers.

(a) Suggest one reason why the presence of C–Cl

or C–Br bonds leads to compounds resisting

biodegradation.

(b) Redraw the structure of lindane with the

cyclohexane ring in a chair conformation.

(c) How do other isomers of 1,2,3,4,5,6-

hexachlorocyclohexane arise?

(d) For every tonne (1 t = 1000 kg) of lindane

produced, what mass of other isomers must be

disposed of by the manufacturing company?
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29
Ethers

29.1 Introduction

Ethers play a major role as solvents in the laboratory and we have already

seen examples of their use with organolithium and Grignard reagents. Two

of the most common laboratory ethers are diethyl ether (29.1, an example

of an acyclic ether) and tetrahydrofuran (29.2, a cyclic ether). Each O atom

carries two lone pairs as shown in structures 29.1 and 29.2. Note that these

electrons are not explicitly shown in structures later in the chapter.

(29.1) (29.2)

Crown ethers are a special group of cyclic ethers that possess cavities into

which, for example, alkali metal ions can be coordinated (see Box 29.3).

Common names are still in use for some ethers and we introduce these in

the next section. You should remember that petroleum ether is not an ether at

all but is a hydrocarbon. ‘Petroleum ether’ is an incorrect usage of the term

ether.

29.2 Structure and nomenclature

Acyclic ethers

Naming acyclic ethers is not as straightforward as naming the types of

organic compounds in earlier chapters. There is more than one accepted

Topics

Acyclic and cyclic ethers

Synthesis

Physical properties

Ethers as solvents

IR spectroscopy

Reactivity of acyclic

ethers

Reactivity of epoxides

Organolithium and
Grignard reagents: see

Section 28.4

Petroleum ether:
see Box 24.3
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nomenclature. There are two general classes of acyclic ether:

. symmetrical ethers of general formula R2O (or ROR) in which the R

groups are the same; and
. unsymmetrical ethers of general formula ROR’ in which R and R’ are

different.

An acyclic ether may be named by prefixing the word ‘ether’ with the alkyl or

aryl substituents, e.g. the symmetrical ethers 29.1 and 29.3 are diethyl ether

(Et2O) and dimethyl ether (Me2O) respectively. Note that the name is written

as two words (not, for example, diethylether). In an unsymmetrical ether, the

two alkyl or aryl substituent names are placed in alphabetical order, so 29.4 is

called ethyl methyl ether. Notice the use of spaces between the component

names.

An alternative nomenclature (also recommended by the IUPAC) is to

recognize the OR group as an alkoxy substituent. Thus, 29.3 can be named

methoxymethane (i.e. an OMe substituent replacing an H in CH4), and

29.1 is ethoxyethane. For an unsymmetrical ether, the parent compound is

established by finding the longest carbon chain. Compound 29.4 is derived

from ethane with a methoxy substituent: methoxyethane; it is incorrect to

call it ethoxymethane. In this nomenclature, there are no spaces between

the component names.

A third method of naming ethers is especially useful when more than one

�O� linkage is present, e.g. compound 29.5 contains two ether functionalities.

An O atom in an ether can be considered to replace an isoelectronic methylene

(CH2) group in the parent aliphatic chain. The name of the ether is derived by

prefixing the name of the parent alkane with oxa (for one O atom), dioxa (for

two O atoms), trioxa (for three O atoms) and so on, and with numerical

descriptors to show the positions of replacement. For example:

Common names persist for a number of ethers and Table 29.1 lists several

that you may encounter.

Cyclic ethers

Systematic names for cyclic ethers have their origins in the parent cyclic

alkanes, with an O-for-CH2 replacement being made just as we described

(29.3)

(29.4)

An alkoxy group has the

general formula RO where

R¼ alkyl; e.g.

MeO¼methoxy.

(29.5)

Table 29.1 Selected acyclic ethers for which common names are often used.

Common name Systematic name Structure

Ether or ethyl ether Diethyl ether

Monoglyme 1,2-Dimethoxyethane, or 2,5-dioxahexane

Diglyme 2,5,8-Trioxanonane

Triglyme 2,5,8,11-Tetraoxadodecane
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above for the acyclic ethers. The name is constructed as exemplified below

for 1,4,7-trioxacyclononane:

Small rings each have a particular name, and we shall consider only 3- and

5-membered rings. Compound 29.6 is oxirane. The -irane ending is character-

istic of a saturated, 3-atom ring and the prefix ox- shows that the heteroatom

is oxygen. An older name for oxirane is ethylene oxide, and a general name

used for compounds of the general type 29.7 (R¼ organic substituent) is

epoxides. The R groups lie above and below the plane of the ring as shown

in Figure 29.1a.

One of the commonest cyclic ethers that you are likely to encounter in

the laboratory is tetrahydrofuran (THF, 29.8). The systematic name for

29.8 is oxolane. The -olane part of the name signifies the presence of a

saturated 5-membered ring (Figure 29.1b). The trivial name of tetrahydro-

furan is always used for 29.8, but if two O atoms are present in a saturated,

5-membered ring, a systematic name is recommended. Thus, 29.9 is called

1,3-dioxolane; the ring numbering begins at an O atom and places the

second O atom at the site of lowest position number. Related to THF is

the unsaturated ether 29.10, the name of which is furan. The cyclic ether

1,4-dioxane (with the older name of dioxan) should not be confused with

the highly toxic, and much publicized, dioxin:

The term dioxin is used to cover a large group of compounds, the most toxic

of which is TCDD (2,3,7,8-tetrachlorobenzo-p-dioxin). Atmospheric pollution

by TCDD arises mainly from burning chlorinated wastes. Dioxins are

fat-soluble and, once in the food chain, they accumulate in body fat. They

are not excreted from the body. Women can pass dioxins on to their children,

In an organic molecule, a

heteroatom is an atom other

than C or H. A cyclic

compound containing a

heteroatom is called a

heterocyclic compound.

(29.6) (29.7)

(29.8) (29.9)

(29.10)

p means para:
see end of Section 32.5

"

Fig. 29.1 Ball-and-stick
models of the structures

of (a) oxirane and
(b) tetrahydrofuran. Colour
code: C, grey; O, red; H, white.
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BIOLOGY AND MEDICINE

Box 29.1 Drugs against malaria

The World Health Organization estimates that 500 mil-

lion people per year suffer from malaria and, of these,

one million die. The mosquito carriesPlasmodium para-

sites which are transferred to the human bloodstream

and into the liver. The parasite responsible for the

most serious strain of malaria is Plasmodium falci-

parum. Currently, the only effective drugs against this

strain are derived from artemisinin. Qinghao or sweet

wormwood (Artemisia annua) is a traditional Chinese

herbal medicine, and in the 1970s, its action as an

anti-malarial drug was discovered. Artemisinin

extracted from sweet wormwood grown in China is

now converted by Novartis into the drug Coartem1.

This is a combined therapy drug consisting of arte-

mether and lumefantrine (used as a racemate):

The drug is administered in tablet form: artemether

quickly relieves the symptoms of malaria, while lume-

fantrine functions against the Plasmodium parasites.

In 2006, Novartis supplied 62 million doses (1 fixed

dose ¼ 20mg artemether and 120mg lumefantrine) of

the drug to Africa at a cost of 1 US$ per dose. The

reduction of artemisinin using NaBH4 leads to dihy-

droartemisinin. This, combined with piperaquine,

constitute the combined therapy drug Eurartesim1

(manufactured by Sigma-Tau Pharmaceuticals).

The fight against malaria currently relies upon

artemisinin-based drugs because of the resistance built

up by Plasmodium parasites to traditional anti-malaria

drugs such as chloroquine. Structural features of this

molecule are also present in piperaquine and lumefan-

trine. Structure–activity relationship studies are impor-

tant in the development of new drugs. In chloroquine,

such investigations have shown that the diffusion

through plasma depends upon the drug being a weak

base, and that protonation in the acidic food vacuole

of the Plasmodium parasite traps the drug and results

in its accumulation.

Female mosquito feeding on human blood.
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first through the placenta, and then through breast-feeding. Dioxins are

carcinogenic, affect the reproductive system and damage the immune system.

Cyclic and acyclic ethers are not, of course, mutually exclusive as the

structure of piperonyl butoxide illustrates. Piperonyl butoxide is used com-

mercially as a synergist (a ‘working partner’) in pyrethrum-based insecticides.

Pyrethrum (see Figure 25.9 and accompanying text) paralyses insects but in

the absence of the synergist, the insects quickly recover.

In Box 29.1, we look at anti-malarial drugs that rely on peroxo-containing

heterocycles.

29.3 Synthesis

Acyclic ethers

Symmetrical ethers can be prepared from alcohols by heating them in the

presence of acid, and this is the method used industrially for the preparation

of, for example, diethyl ether (equation 29.1). Sulfuric acid acts as a catalyst.

ð29:1Þ

For this method to be successful, the conditions must be carefully

controlled because there is potential competition between this reaction and

intramolecular dehydration of the alcohol to give an alkene. We return to

this in the next chapter.

In Section 28.9, we described how reactions between alkoxide ions, RO�,
and halogenoalkanes, RX, can be used to prepare ethers. This is the

Williamson synthesis and is widely used to make both symmetrical and

unsymmetrical ethers (equations 29.2 and 29.3).

RXþRO� ��"RORþX� Symmetrical ether ð29:2Þ

R’XþRO� ��"R’ORþX� Unsymmetrical ether ð29:3Þ

An alkoxide ion is a good nucleophile and a strong base, and so reactions

29.2 and 29.3 run the risk of being complicated by competing elimination

reactions. In Section 28.6, we saw that tertiary halogenoalkanes (which

tend to react by an SN1 pathway) are prone to give elimination and

rearrangement products when they are attacked by nucleophiles. However,

when a nucleophile attacks a primary halogenoalkane, substitution generally

predominates over elimination. These observations must be considered

when choosing the starting materials for the preparation of an unsymmetrical

ether by the Williamson synthesis. There are always two possible combi-

nations of reagents for the formation of R’OR (i.e. RX and R’O�, or R’X

and RO�) and one reaction route is usually better than the other in terms

In a heterocycle, the

heteroatom is a different

atom from the other atoms

in the ring. See Chapter 34.
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of maximizing the yield of ether. In scheme 29.4, the reaction ofMe3CCl with

methoxide ion gives elimination and rearrangement products, whereas reac-

tion between chloromethane and tert-butoxide ion produces the ether in

good yield.

ð29:4Þ

The lower reaction in scheme 29.4 suffers from competition with elimin-

ation of HCl to give 2-methylpropene (equation 29.5).

ð29:5Þ

Williamson’s synthesis works successfully using aryloxy nucleophiles, for

example PhO�. Phenol (C6H5OH) is acidic and the phenoxide ion is readily

generated (see equation 32.45). One example from the pharmaceutical

industry is Eli-Lilly’s route to the anti-depressant Prozac (fluoxetine) in

which a Williamson’s synthesis is used in one step of the drug’s manufacture:

A tertiary amine functionality (RNMe2) is carried through the synthesis

until the last step where it is converted to RNHMe. In Box 29.2, the

application of Williamson’s synthesis to the production of epoxy resins is

described.

Nucleophilic substitution:
see Section 28.6

Phenol: see Section 32.12

"

"
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APPLICATIONS

Box 29.2 Epoxy resins and thermosetting polymers

The glue Araldite1 is sold in two separate tubes, and

when the contents of the tubes are mixed, the glue

hardens rapidly. One tube contains an epoxy resin

and the second contains a diamine. The strained

epoxide ring undergoes an instantaneous ring-opening

reaction as soon as the diamine is mixed with it. The

four H atoms in the amine are points from which the

polymer can ‘grow’ and a cross-linked (rather than a

single chain) structure results:

Araldite1 is a thermosetting polymer, i.e. one that is

formed from the reaction between monomers of

relatively low molecular mass. The monomers possess

flow properties that permit them to be squeezed from

tubes to give films on surfaces, fill cracks or flowbetween

fibres in composite materials (see below). Only when the

two components of the adhesive come into contact does

the formation of a strong, cross-linked polymer occur.

This latter process is called curing, and curing agents

include amines (as in Araldite1), isocyanates (RNCO)

and polyamides. An example of the synthesis of a com-

monly used epoxy resin (known as DGEBA) is shown in

the scheme opposite. This illustrates a general manufac-

turing strategy of reacting a polyphenol (phenol, see

Section 32.12) with 2-chloromethyloxirane.

Resins can be oligomers rather than monomers,

e.g. the oligomers shown at the bottom of the page

are derived from DGEBA. The fluidity of the epoxy

resin decreases as the length of the polymer chain

increases and so commercial applications use the

DGEBA monomer and oligomers with n � 4.

Polymer matrix composite materials are produced

by combining thermosetting polymers with fibres.

Originally, glass fibres were used, but fibres now avail-

able include boron, carbon, alumina and silicon

carbide. Carbon fibre-based materials are especially

important, and are made by impregnating carbon

fibres with epoxy resins as illustrated in the photo-

graph. These composite materials possess high tensile

strength, are lightweight and resist fatigue. Applica-

tions are widespread and include civil and military air-

craft body parts including propeller blades, spacecraft,

Formula 1 racing cars and the leisure industry (e.g.

bicycle frames, tennis rackets, fishing rods, ski poles).

False-colour scanning electron micrograph (SEM) of carbon

fibres in an epoxy resin matrix.

1048 CHAPTER 29 . Ethers



 

Cyclic ethers

Many cyclic ethers are available commercially, and in this section, we focus

on methods of making oxirane (an epoxide that is also called ethylene oxide)

and THF.

The catalytic oxidation of ethene gives oxirane (equation 29.6). Oxirane is

manufactured on a huge scale. Applications include its use as a precursor in

epoxy resins (see Box 29.2) and in the industrial preparation of ethane-1,2-

diol (ethylene glycol) which is used as an ‘anti-freeze’ additive.

ð29:6Þ

On a smaller scale, oxiranes can be made from halohydrins as in reac-

tion 29.7.

ð29:7Þ

The normal laboratory synthesis of an oxirane is by the reaction of an

alkene with a peracid such as perbenzoic acid. Reaction 29.8 shows the con-

version of 2,3-dimethylbut-2-ene to tetramethyloxirane; the stereochemistry

has been included in the product to emphasize the change from trigonal

planar sp2 to tetrahedral sp3 C during the reaction.

ð29:8Þ

Reaction 29.8 is the addition of an O atom to the C¼C bond, and it is the

O of the OH group in the peracid that is specifically transferred. Cleavage of

the O�O bond is facilitated by its weakness. The mechanism of the reaction

is shown in equation 29.9, and shows that the reaction is accompanied by the

conversion of the peracid into a carboxylic acid.

ð29:9Þ

The formation of the epoxide from an alkene is stereospecific. The

mechanism is concerted, and the alkene substituents ‘bend back’ as the

O atom adds to the double bond. Thus, addition is always syn.

The process used by Roche to manufacture Tamiflu (an antiviral drug

that acts against avian influenza or ‘bird flu’) involves an epoxide as an inter-

mediate. Tamiflu is a chiral drug and the precursor for the synthesis is (�)-
shikimic acid. This can be extracted from the spice star anise or produced

Ethane-1,2-diol:
see Section 30.2

Halohydrins:
see Section 26.6

An organic peracid has the

general structure:

Syn- and anti-addition:
see Section 26.5

"

"

"
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by a fermentation process in which a particular strain of E. coli are fed on

glucose. Relevant steps in the 10-step, commercial synthesis of Tamiflu are

as follows:

Cyclic ethers can be prepared by ring closure starting from a suitable

alcohol and treating it with lead(IV) acetate. Reaction 29.10 shows the

formation of THF.

ð29:10Þ

On a commercial scale, one method of preparing THF is by the catalytic

hydrogenation of furan. The latter is made from furfural, itself manufactured

by the acidic dehydration of polysaccharides in oat husks. Scheme 29.11

summarizes the last steps in the process.

ð29:11Þ

Furan is a building-block in one of the world’s top-selling drugs, Zantac (a

GlaxoSmithKline product), which is an H2 antagonist and is prescribed as an

anti-ulcer drug.
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29.4 Physical properties

Dipole moments, boiling points and enthalpies of vaporization

The introduction of an O atom into an alkane chain results in the presence of

a small dipole moment and is exemplified below by comparing pentane and

diethyl ether:

Values of dipole moments for selected ethers are listed in Table 29.2.

Despite these ethers being polar, the boiling points listed in Table 29.2

show that the strengths of the dipole–dipole interactions between molecules

of a liquid ether are not significantly different from those of the van der

Waals forces between molecules of a straight chain alkane of comparable

molecular mass. The low enthalpies of vaporization exhibited by low

molecular mass ethers result in these compounds being volatile. If diethyl

ether is spilt on your hand, it quickly evaporates as it absorbs heat from

your body. Each ether has an isomeric alcohol, e.g. dimethyl ether (29.11)

and ethanol (29.12) are isomers. However, the boiling points and values of

�vapH
o of Me2O and EtOH are significantly different because alcohol

molecules, unlike ethers, form hydrogen bonds with one another. We

return to the effects of hydrogen bonding on the properties of alcohols in

Chapter 30.

The physical properties of cyclic ethers follow similar trends to those of

their acyclic analogies, although the selected data in Table 29.3 indicate

that a cyclic ether has a higher boiling point than an acyclic ether of com-

parable molecular mass. This trend is similar to that observed for cyclic

and acyclic alkanes (see Figure 25.10), and can be attributed to differences

in packing forces associated with differences in molecular shapes. The data

(29.11)

(29.12)

Table 29.2 Dipole moments, boiling points and enthalpies of vaporization of selected ethers and parent alkanes. The ‘parent
alkane’ and ether are related as shown in the scheme at the beginning of Section 29.4, i.e. the replacement of the central CH2

group in the alkane by an O atom.

Ether Relative

molecular

mass

Dipole

moment for

gas phase

molecule /D

Boiling

point

(bp) / K

�vapH
o
(bp) /

kJmol
�1

Parent

alkane

Relative

molecular

mass

Dipole

moment for

gas phase

molecule/D

Boiling

point

(bp) / K

�vapH
o
(bp) /

kJmol
�1

Dimethyl ether 46.07 1.30 248.3 21.5 Propane 44.09 0 231.0 19.0

Diethyl ether 74.12 1.15 307.6 26.5 Pentane 72.15 0 309.2 25.8

Dipropyl ether 102.17 1.21 363.2 31.3 Heptane 100.20 0 371.6 31.8

Dibutyl ether 130.22 1.17 413.4 36.5 Nonane 128.25 0 424.0 36.9
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in Table 29.3 also allow a comparison of the dipole moments of oxirane and

dimethyl ether, and of THF and acyclic ethers of similar molecular mass. In

each case, the cyclic ether possesses a higher dipole moment than its acyclic

analogue, and this can be rationalized in terms of the molecular shapes

(Figure 29.2).

Ethers as solvents

The importance of ethers as solvents arises from their ability to form hydro-

gen bonds with molecules containing H atoms attached to electronegative

atoms (see below) and from their coordinating properties. Coordination

through the O atom or atoms of an ether allows it to function as a ligand

to cations as we discussed in Section 23.3.

Diethyl ether is widely used for the extraction of organic compounds

from aqueous solutions. However, Et2O is not completely immiscible with

water, and a saturated aqueous solution contains about 8 g of Et2O per

100 cm3. Although hydrogen bonds do not form between Et2O molecules

in pure diethyl ether, they do form between H2O and Et2O molecules as

Table 29.3 Dipole moments, boiling points and enthalpies of vaporization for selected and comparable cyclic and acyclic
ethers. Compounds are grouped according to molecular mass.

Ether Structure Dipole moment

for gas phase

molecule /D

Relative

molecular mass

Boiling point /K �vapH
o
(bp) /

kJmol
�1

Oxirane
(ethylene oxide)

1.89 44.05 283.6 25.5

Dimethyl ether 1.30 46.07 248.3 21.5

Tetrahydrofuran
(THF)

1.75 72.10 338.0 29.8

Diethyl ether 1.15 74.12 307.6 26.5

Methyl propyl
ether

1.11 74.12 312.1 26.7

Fig. 29.2 Space-filling diagrams of the structures of (a) oxirane, (b) dimethyl ether, (c) THF and (d) diethyl ether. Colour
code: C, grey; H, white; O, red.
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shown in structure 29.13. The formation of hydrogen bonds between the O

atoms of ether molecules and the H atoms of X�H groups where X is an

electronegative atom, or the formation of ion–dipole interactions between

ions and polar ether molecules, makes ethers useful solvents. Caution! Alkyl

ethers are highly volatile and inflammable, and their vapours present a significant

explosion hazard.

Figure 29.3 illustrates how an ether extraction is typically carried out. In

this example, ethyl benzoate (an ester) has been prepared from the reaction

of benzoic acid and ethanol, and is in aqueous solution. The ester is extra-

cted by pouring the aqueous solution into a separating funnel and adding

Et2O. The funnel is stoppered and shaken. Since Et2O is volatile, there is

a build-up of vapour pressure and this can be released by inverting the

funnel and opening the tap. After closing the tap again, the funnel is left

in the position shown in Figure 29.3 until the two layers have separated.

The stopper is then removed and the lower, aqueous layer is carefully

removed through the tap. The remaining ether layer is then removed to a

separate flask and the aqueous layer is returned to the funnel. The extrac-

tion is repeated several times, each with a fresh portion of Et2O. The com-

bined ether extracts are dried by adding powdered anhydrous MgSO4 or

CaCl2 and, after filtration, the product can be recrystallized. The drying

stage is necessary because the ether layer consists of a saturated solution

of water in diethyl ether. In general, the solubility of Et2O in water

decreases when ionic salts are dissolved in the aqueous solution. This can

be rationalized in terms of the competition between Et2O molecules for

hydrogen bonding with H2O molecules, and cations for solvation by

H2O. The enthalpies of solvation of cations are significantly greater than

the enthalpies associated with hydrogen bond formation, making ion solva-

tion the energetically more favourable process. Thus, the addition of, for

example, NaCl to the aqueous phase of an ether extraction drastically

reduces the solubility of Et2O in the aqueous solution, and this process is

known as salting out.

Cyclic ethers are widely used as solvents in synthetic chemistry, for both

organic and inorganic compounds, and Box 29.3 highlights an application

of crown ethers.

(29.13)

Synthesis of esters: see
Section 33.9

"

Fig. 29.3 The use of a separating
funnel to carry out an ether
extraction.
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APPLICATIONS

Box 29.3 Crown ethers: large cyclic ethers that encapsulate alkali metal
ions

Figure 21.13 showed a hydrated Kþ ion. The O atoms

of ethers are also able to form coordinate bonds with

alkali metal ions, and when the ether is a large cyclic

molecule, the coordination complex that forms has

the metal ion encapsulated within the cavity of the

cyclic ether.

The structure of 1,4,7,10,13,16-hexaoxacycloocta-

decane is shown in diagrams (a) to (c). This is one of

the so-called crown ethers (the name arises from the

crown-shaped ring) and is usually called 18-crown-6.

The size of the cavity in 18-crown-6 is compatible with

a Kþ ion. The 18-crown-6 ring is flexible (by restricted

rotation about the C�O and C�C bonds) and can

alter its conformation so that it can bind the Kþ ion.

Compare the ring conformations in diagrams (a)

and (d) which show space-filling diagrams of the free

18-crown-6 molecule and the complex [K(18-crown-

6)]þ, respectively. (Colour code: C, grey; O, red; H,

white; K, blue.) [X-ray diffraction data for figures (a),

(c) and (d): E. Maverick et al. (1980) Acta Crystallogr.,

Sect. B, vol. 36, p. 615; N. P. Rath et al. (1986) J. Chem.

Soc., Chem. Commun. p. 311.]

The advantage of [K(18-crown-6)]þ (and similar

cations) is that they are soluble in organic solvents.

For example, KMnO4 is insoluble in benzene, but

when 18-crown-6 is added, the salt becomes soluble,

giving a purple solution. The compound that dissolves

is [K(18-crown-6)][MnO4].
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29.5 Identification of ethers by IR spectroscopy

The IR spectrum of a dialkyl ether exhibits a strong absorption in the region

1080–1150 cm�1 assigned to the C�O stretching mode, �(C�O). Figure 29.4

shows the IR spectra of two symmetrical ethers, compared with that of an

alkane of similar chain length. Absorptions assigned to �(C�H) of the

aliphatic C�H groups are common to all the spectra in Figure 29.4, but

the bands in the fingerprint region around 1100 cm�1 are characteristic of

the ether functionality. Cyclic ethers also show a strong absorption assigned

to �(C�O) in the same range as acyclic ethers. Figure 29.5 illustrates the IR

spectrum of THF (structure 29.14 and Figure 29.1). The absorptions around

3000 cm�1 are assigned to �(C�H) of the CH2 groups, and in the fingerprint

region, the strong absorption at 1070 cm�1 is assigned to �(C�O).

29.6 Reactivity of ethers

With the exception of epoxides, aliphatic ethers are not particularly reactive,

and this is one reason why they are suitable as solvents. Acyclic ethers

undergo cleavage when treated with HI or HBr, and the reactivity pattern

of cyclic ethers with a ring size of four or more atoms is similar. Epoxides,

on the other hand, exhibit a different reactivity pattern, and we therefore

discuss them separately.

(29.14)

Fig. 29.4 The IR spectra of dibutyl ether and dihexyl ether both exhibit a strong absorbance at 1120 cm�1 assigned to �(C�O).
For comparison, the figure also shows the IR spectrum of dodecane in which absorptions arising from vibrations of the C�H
bonds are observed.

Fig. 29.5 The IR spectrum of
tetrahydrofuran (THF).
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Cleavage of ethers

Ethers (epoxides excepted) are cleaved by treatment with concentrated HI or

HBr (equation 29.12).

RORþHX����"
Heat

ROHþRX ðX ¼ Br or IÞ ð29:12Þ

Thefirst step in the reaction is theprotonationof theOatom(equation29.13),

and this is followed by nucleophilic attack by Br� or I�, with substitution

occurring by either an SN1 (scheme 29.14) or SN2 mechanism (equation 29.15).

The initial protonation means that the leaving group in the substitution reac-

tion isROH(a good leaving group).Without protonation,RO� (a strong base
and a poor leaving group) would be expelled. The choice of HI or HBr over

HCl as the reagent for cleavage arises from the greater nucleophilicities of

I� and Br� with respect to Cl�; of HI and HBr, HI is the better reagent.

ð29:13Þ

ð29:14Þ

ð29:15Þ

The products of the reaction of HX with the unsymmetrical ether ROR’

could be ROH and R’X (as shown in the equations above), or R’OH and

RX. Mixtures of products are often obtained, but if either R or R’ is a

methyl group, then the formation of MeX over MeOH is generally favoured.

This is exemplified by reaction 29.16.

ð29:16Þ

Reactivity of epoxides (oxiranes)

In Section 25.2, we discussed the ring strain of small cycloalkanes, in particular

cyclopropane. The 3-membered ring of oxirane is similarly strained. This

imparts a unique reactivity tooxirane, and its industrial and commercial impor-

tance (see Section 29.3 and Box 29.2) stems from this characteristic. Ring open-

ing of oxirane occurs under milder conditions than that of other cyclic ethers,

and can be brought about by treatment with dilute aqueous acid. Reaction

29.17 is of industrial importance in the manufacture of ethane-1,2-diol, used

as an ‘anti-freeze’ additive to motor vehicle radiator water.

ð29:17Þ

Leaving groups
and nucleophilicity:

see Section 28.6

"
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The mechanism of this reaction involves the protonation of the ring O

atom and nucleophilic attack by H2O as shown in scheme 29.18.

ð29:18Þ

The stereochemistry of the reaction is specific. This cannot be appreciated in

reaction 29.18 because there is rotation about the C�C bond in the product.

However, in reaction 29.19 in which rotation is restricted by the cyclic struc-

ture, the product has the specific stereochemistry shown, with the two OH

groups on opposite sides of the C�Cbond. You canmake a direct comparison

between the attack of H2O on the protonated oxirane, and the attack of Br�

on a bromonium ion: compare equations 29.18 and 26.30, and equations 29.19

and 26.31. Once formed, the diaxial product flips immediately to the sterically

favoured diequatorial product (equation 29.19).

ð29:19Þ

Ring opening of an oxirane also occurs on treatment with base, provided

that the base is a strong nucleophile. Scheme 29.20 gives an example using

methoxide ion in methanol.

Look back to the discussion
in Section 25.2 for a

reminder about
ring flipping

"
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ð29:20Þ

The choice of acidic or basic conditions for the ring opening affects the

regioselectivity of the reaction. A base attacks the C atom with the fewer

number of substituents attached to it, for example:

    

whereas when a nucleophile attacks a protonated oxirane, it shows a prefer-

ence for the more substituted C atom:

     

This difference is rationalized as follows. When a base approaches the oxirane,

it attacks the C atom in the 3-membered ring that is least sterically crowded.

Thus, attack is at a primary C atom in preference to a secondary or tertiary

centre, or at a secondary C atom in preference to a tertiary centre. In the

example above, the methoxide ion has a choice of primary or secondary

C atom (structure 29.15). The mechanism proceeds by an SN2 pathway, and

the product is specific. In reactions where the oxirane is protonated

before attack by a nucleophile, the positive charge on the intermediate can

be delocalized on to the C atoms in the 3-membered ring. The stabilities of

carbenium ions increase with the degree of substitution, and so the dominant

product of the reaction of a nucleophilewith an oxirane under acidic conditions

has the nucleophile attached to the more highly substituted C atom. This

description suggests the involvement of a carbenium ion and, therefore, an

SN1 mechanism. However, experimental evidence suggests a pathway that is

in between SN1 and SN2, and this is represented in scheme 29.21.

Regioselectivity:
see Section 26.5

(29.15)

Relative stabilities of
carbenium ions:
see Section 26.5

"

"

 

ð29:21Þ
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Oxiranes react with a variety of nucleophiles and reactions 29.22 and 29.23

give two examples.

ð29:22Þ

ð29:23Þ

Despite its reactivity, the epoxide ring occurs in nature, for example in

some pheromones (see Box 29.4) and in the juvenile-insect hormone JHIII.

Juvenile hormones in insects are responsible for keeping the insect at the

larval stage prior to metamorphosis.

Polymerization of oxiranes (epoxides)

Ring-opening polymerization of epoxides results in the formation of poly-

ethers. When the polymer chains are terminated in OH groups, the polymers

are known as polyethylene glycols (29.16). Epoxide ring opening may take

place by a cationic or anionic mechanism. Cationic polymerization is illu-

strated in scheme 29.24 using Hþ to initiate the chain propagation. Reaction

with H2O terminates the chain and regenerates the Hþ catalyst.

ð29:24Þ

Applications of epoxide
ring opening are in the

manufacture of phenolic
resins and the drugs

Tamiflu and Propranolol:
see Box 29.2 and

Sections 29.3 and 32.12

(29.16)

"
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BIOLOGY AND MEDICINE

Box 29.4 Pheromones: sexual attraction between male and female moths

Nature has provided insects with pheromones with

which to communicate. Within the insect class is the

order of Lepidoptera which includes butterflies and

moths. While butterflies often rely upon colourful

wing markings to attract mates, moths make extensive

use of chemical attractants. Female moths secrete sex

attractant pheromones, and male moths use their

large, feathery antennae to detect the chemicals (see

photograph). Since the 1950s, the pheromones of

many hundreds of species of moths, butterflies and

other insects have been identified. Female moth

pheromones are usually derivatives of fatty acids (see

Section 35.4) and can be detected by males of the same

species over relatively long distances. Most moths

release a mixture of compounds which contains 10- to

18-carbon atom chains with primary alcohol, acetate

or aldehyde functional groups. Four families of

Lepidoptera (Geometridae, Noctuidae, Arctiidae and

Lymantriidae) release unsaturated hydrocarbon

(polyene) and epoxide pheromones, and these include

the pheromones shownon the opposite page.The females

of winter and vapourer moths are wingless, and so, with-

out pheromones, attracting a mate would be especially

difficult. Female winter moths emerge from pupae at

ground level and climb up tree trunks from where they

release pheromones. A male winter moth quickly senses

the presence of the female and mates with her. Eggs are

then laid on the tree trunk. When the caterpillars of the

winter moth emerge, they remain on the tree and feed

on buds and young leaves. In apple orchards, winter

moth larvae can cause extensive damage, leading to

poor crops. One way of managing the pest is to place

grease bands low down around each tree trunk, thereby

preventing the female moths from climbing the tree.

This inevitably disrupts the life cycle of the moth.

While pheromones are essential to the insects them-

selves, they can be turned to human advantage. If the

pheromone released by an agricultural or woodland

pest is known, it can be used to attract the insects,

thereby creating a pest control programme that is more

environmentally friendly than the use of insecticides.

For example, caterpillars of the gypsy moth feed on a

range of deciduous trees and, occasionally, an explosion

in their population leads to widespread tree damage. A

major component of the pheromone mix of the gypsy

moth is shown on the opposite page. Pheromone traps

which mimic the chemical attractants of the female

moths are hung in trees during the summer breeding

period. Their presence attracts male moths, trapping

them and so interfering with the breeding cycle.

Pheromone pest control is also used against the

European corn borer moth (Ostrinia nubilalis).

Female moths lay their eggs on maize (corn) and

wheat plants as well as other crops. The larvae cause

damage by tunnelling into the stems of the plants and

into the corn kernels or ears of wheat. The sex phero-

mone of the moth is a mixture of the (Z)- and (E)-

isomers of tetradec-11-enyl acetate, but the ratio of the

isomers varies with the geographical region. Moths fall

into two groups according to whether the (Z)- or (E)-

isomer is dominant. The (E)-strain of moth (with

>95% (E)-isomer) occurs mainly in Italy, Switzerland

and the north-east of the US, while the (Z)-strain (with

>95% (Z)-isomer) is found in other parts of the world.

Hybrid populations have also been found in which the

ratio of (Z) : (E)-isomers is close to being equal.

Pheromone-baited traps laid alongside crop fields

attract male European corn borer moths, thereby

removing them as potential breeding partners for the

females. Alternatively, pheromones can be distributed

from dispensers among the crops, producing a false

trail for the male moths. Although a female moth

lives for about 16 days, the fertility of the eggs decreases

dramatically if they are laid after the fourth day of life.

Hence, any delay in mating severely disrupts successful

breeding.

Male black arches moth, showing antennae used to sense

pheromones released by the female.
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In anionic polymerization, the initiator is a nucleophile such asHO�,MeO� or
EtO�, which reacts with the epoxide in the first ring-opening step. Hydroxide

ion is supplied as NaOH or KOH, and a metal alkoxide, MOR, is a source of

the nucleophile RO�. Scheme 29.25 summarizes the polymerization reaction.

ð29:25Þ

Polyethylene glycols, usually referred to as PEGs, are manufactured on a

large scale (usually by anionic polymerization) and are commercially avail-

able with a wide range of chain lengths. A commercial PEG is a mixture of

different length chains and its label indicates the average composition

(seeBox 29.5). For example, Figure 29.6 shows the electrospraymass spectrum

of a commercially available sample labelled ‘PEG600’. Themost intense peaks

in the mass spectrum come at m/z 569, 613 and 657, and correspond

to [HO(CH2CH2O)12H + Na]þ, [HO(CH2CH2O)13H + Na]þ and

[HO(CH2CH2O)14H + Na]þ. (The combination of a molecule with Naþ is

common is an electrospray mass spectrum, see Box 10.1.) In Figure 29.6,

other peaks separated by 44 mass units correspond to HO(CH2CH2O)nH

polymer chainswith n ¼ 9, 10, 11, 15, 16, 17, 18 and 19.The physical properties

of PEGs depend on the number of CH2CH2O repeat units. As the molecular

mass increases, the polymers change from being liquid to solid at room tem-

perature (see Box 29.5) and their solubility in water decreases. Lowmolecular

weight polymers (e.g. with n ¼ 4 to 8 in structure 29.16) are liquid at 298K,

hygroscopic and readily soluble in water. Because the polyether chains are

terminated in OH groups, the polymers undergo reactions typical of alcohols,

and can be converted into aldehydes, carboxylic acids, esters, amines and

acetals (see Chapters 30–33). PEGs that are fatty acid esters:
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APPLICATIONS

Box 29.5 Polyethylene glycols (PEG) in nautical archaeology

The general polymer structure of polyethylene glycol

(PEG) showing the repeating unit derived from oxirane

is represented as follows:

Below amolecular mass of about 600, PEGs are colour-

less liquids at room temperature. With a molecular

mass of about 750, the melting point is �303K. PEGs

with higher molecular weights are either white pastes

or solids. The polymers are all water soluble, the water

solubility decreasing as the polymer chain increases in

length.Aswith any polymer, a commercial PEG is amix-

ture of different length chains and is typically labelled by

the approximate molecular mass. For example, in PEG

200 the majority of the polymer chains contain four

CH2CH2O units:

Another system of nomenclature refers to the number of

repeat units: for example, PEG 200 can also be named

PEG-4 because it contains an average of four repeat

units. PEG-6 corresponds to PEG 300, PEG-8 to PEG

400, PEG-20 to PEG 1000, and so on (see Figure 29.6).

Among the many applications of PEGs is their use in

the conservation of wooden artefacts that have spent

long periods of time underwater or in bogs.Waterlogged

wood that is allowed simply to dry out will shrink, crack

and irreversibly degrade. The properties of PEGs have

made possible the preservation of the Tudor warship

Mary Rose (illustrated in the photograph), the 17th-

century warship Vasa (submerged from 1628 until 1961

and now housed in a museum in Stockholm, Sweden),

and the Bremen ‘Cog’ (a medieval ship from 1380 that

was retrieved in 1962 from the River Weser in Bremen,

Germany). The strategy is for the polymer to penetrate

the wooden structure, thereby stabilizing it. A high

molecularmass PEG (e.g. PEG3000) is required to stabi-

lize very softwood that has degraded badly, while shorter

chainpolymers (e.g. PEG200) areused to treatwood that

has degraded to a lesser extent. Conservation work is

extremely slow, as that on the Bremen ‘Cog’ illustrates.

This medieval ship, measuring 23.3m in length, was

discovered in 1962 as the RiverWeser was being dredged

in Bremen. Although the hull was intact, it had to be dis-

mantled, thewaterlogged timbers salvaged, and the vessel

reconstructed under conditions of>95%humidity. Once

this was completed, a two-stage PEG preservation pro-

cess began. Between 1985 and 1995, the wooden frame-

work of the ship was submerged in a tank of aqueous

PEG200.Afterdraining this solution, thewoodpreserva-

tion required treatment with PEG 3000. However,

because this is solid at roomtemperature, itwas necessary

for molten polymer (260 tonnes in total) to be delivered

directly from the manufacturer and pumped, along with

appropriate amounts of water, into the tank surrounding

the vessel. At the end of 1999, the aqueous PEG solution

was drained from the tank, leaving wooden timbers

coated in excess, solid PEG 3000. This was removed by

conservation workers using steam jets, brushes and

spatulas. The complete project – discovery to museum

exhibit – took 38 years. The conservation work on the

Bremen ‘Cog’ is of archaeological and chemical signifi-

cance because it was the first to successfully apply PEGs

of different molecular weights to treat woods of varying

degrees of degradation. The shrinkage of the timbers

was between 0 and 2.7% (average 1.1%), compared

with 14.5% for timbers from the Bremen ‘Cog’ that

were not treated with PEGs. The final appearance of

the wood is natural and dry with no false colouring.

Conservationworkon theMaryRose is still inprogress

inPortsmouth,UK.After the vessel hadbeen raised from

the sea, itwas stored for tenyearsat 278Kand inanenvir-

onment inwhich the humiditywas 95%. In 1994, the pro-

cess of spraying the timbers with aqueous PEG 200

solution began. Continued PEG treatment until ca.

2012 should ensure that the entire ship’s timbers are

fully penetrated by the polymer. At this point, the wood

will be dried in the air and will be displayed to the

public in a humid (around 50%) environment.

The preserved starboard side of the Mary Rose 16th-century

galleon in Portsmouth Museum, UK. The Mary Rose sank

in 1545 and remained submerged until 1982.
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are of particular commercial importance, and have applications as plastici-

zers, lubricants, emulsifiers, dispersants and detergents. PEGs are non-

toxic and are approved by, for example, the US Food and Drug Administra-

tion. They are used widely by the pharmaceutical industry for coatings of

tablets, soft gelatin capsules for drug delivery, water-soluble bases for oint-

ments, ophthalmic solutions, cosmetics, bath oils, shower gels and sham-

poos. They also have widespread applications in the food industry, and as

components in the production of adhesives, lubricants, inks, elastomers and

textile softeners. PEGs are utilized in the ‘pegylation’ of molecules

and nanoparticles to make the latter biocompatible (Figure 29.7). They

have been found to be invaluable in nautical archaeology as is described

in Box 29.5.

Fig. 29.6 An electrospray mass
spectrum of commercially
available PEG 600. The peaks
separated by 44 mass units
arise from different length
HO(CH2CH2O)nH polymer
chains (see text). [Pirmin Rösel
and Kate Harris are thanked for
recording the mass spectrum.]

Fig. 29.7 High-resolution field emission scanning electron microscope (FESEM) micrographs of polyethylene glycol (PEG)
modified silica nanoparticles. These were prepared from a mixture of PEG and tetraethyl orthosilicate (10 : 1). Water-suspended
samples were deposited on a freshly cleaved mica surface, dried and coated with gold/palladium before imaging. FESEM
analyses were performed at an accelerating voltage of 15 to 20 kV on a field emission scanning electron microscope (Zeiss,
Supra VP40) at the FHNW, Basel. Scale bar in (a) is 2 mm and in (b) is 100 nm.
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SUMMARY

In this chapter, we have introduced the chemistry of acyclic and cyclic ethers. Apart from cleavage
reactions, acyclic ethers and cyclic ethers with ring sizes� four atoms are relatively unreactive, and are
regularly used as solvents in chemical reactions. In contrast, the ring strain in 3-membered oxiranes
(epoxides) provides these ethers with a high reactivity, characterized by ring-opening reactions.

Do you know what the following terms mean?

. acyclic ether

. cyclic ether

. crown ether

. petroleum ether

. oxirane (epoxide)

. oxolane

. heteroatom

. heterocyclic

. alkoxy group

. alkoxide

. Williamson synthesis

. organic peracid

. ether extraction

. polyethers (polyethylene
glycols)

You should be able:

. to give systematic names to symmetrical and
unsymmetrical ethers, and recognize the
advantages of using different systems of
nomenclature in different situations

. to give methods of preparing symmetrical and
unsymmetrical acyclic ethers

. to outline methods of preparing oxiranes and
tetrahydrofuran

. to describe typical physical properties of ethers

. to give examples of chemical reactions in which
ethers are used as solvents, commenting on
associated hazards

. to explain how to carry out an ether extraction,
commenting on associated hazards

. to state where you expect to observe
characteristic absorptions in the IR spectrum of
an ether

. to describe, and give examples of, cleavage
reactions of ethers

. to illustrate how the reactivity of oxiranes
differs from that of larger cyclic ethers

. to outline the mechanisms of ring-opening
reactions of oxiranes under acidic and basic
conditions, and to discuss the regioselectivity
of these reactions

. to describe the polymerization of oxiranes and
comment on the commercial significance of
the polymers

PROBLEMS

29.1 Give names for the following ethers:

29.2 Draw the structures for the following compounds:

(a) diethyl ether; (b) ethoxyethane;

(c) ethoxyheptane; and (d) 4,7-dioxadecane.

29.3 Draw the structures for the following compounds:

(a) THF; (b) diglyme; (c) 1,4,7-trioxacyclononane;

(d) furan; and (e) oxirane.

29.4 Draw structures for the following compounds:

(a) epoxypropane; (b) methyloxirane;

(c) trimethyloxirane; (d) 1,2-epoxycyclohexane;

(e) 3,4-epoxyheptane; and (f ) 2-ethyl-3,3-

dimethyloxirane.

29.5 Why would it be inefficient to prepare ethyl methyl

ether by a method analogous to that shown in

equation 29.1? What reaction(s) could you use to

prepare this ether?

29.6 Suggest products for the reactions of

(a) chloroethane with ethoxide, (b) iodomethane

with potassium tert-butoxide, (c) methoxide with

2-chloro-2-methylpropane and (d) iso-propoxide

with iodomethane. Draw the structure of each

product.
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29.7 Give the products of the reactions between

perbenzoic acid and (a) (Z)-but-2-ene and

(b) (E)-but-2-ene. Rationalize your answer.

29.8 (a) The text in Section 29.4 states that a ‘cyclic ether

possesses a higher dipole moment than its acyclic

analogue’. With reference to the data in Table 29.3,

suggest reasons for this observation. (b) Are the

following molecules polar: 1,3-dioxalane;

1,4-dioxane; furan; dibutyl ether?

29.9 (a) To what do you assign the broad band near

3400 cm�1 in the spectra of the ethers inFigure 29.4?
(b) How might you distinguish diethyl ether and

methyl propyl ether using routine techniques?

29.10 Comment on the following data. The 1H NMR

spectrum of diglyme contains a singlet at �
3.38 ppm and two multiplets at � 3.58 and

3.64 ppm. In the 13C NMR spectrum, three signals

are observed.

29.11 A cyclic ether, A, shows a quintet (� 2.72 ppm) and

triplet (� 4.73 ppm) with relative integrals of 1 : 2.

The mass spectrum of A has a parent peak at

m=z ¼ 58. (a) Suggest a possible structure for A.

(b) What would you expect to observe in the
13C{1H} NMR spectrum of A?

29.12 What would you expect to be the outcome of

(a) heating Et2O and HBr; (b) heating Et2O with

HCl; (c) adding a little Et2O to water; (d) placing a

few drops of Et2O on your hand? Comment on

any hazards involved.

29.13 Compare scheme 29.18 with equation 26.30.

Comment (with reasoning) on similarities and

differences between them.

29.14 Outline the mechanisms of the reactions of

methyloxirane with (a) HBr and (b) EtO� in

ethanol, and comment on the regioselectivity of

the reactions.

29.15 Suggest products for the following reactions:

ADDITIONAL PROBLEMS

29.16 A compound X has strong or very strong

absorptions in its IR spectrum at 2961, 2930,

2871 and 1110 cm�1. Elemental analysis shows

that X contains 75.9% C, 14.0% H and 10.1% O.

Reaction of X with HI at elevated temperature

gives compounds Y and Z which analyse as

containing: Y, 30.3% C, 5.6% H, 64.1% I, and Z,

68.1% C, 13.7% H and 18.2% O. The parent ion

of Y in its mass spectrum is at m/z 198. What

can you deduce about the identities of X, Y and Z,

and what other information would be useful

in determining the exact structures of the

compounds?

29.17 Organic sulfides are related to ethers by

exchange of S for O. (a) Draw the structure of

diethyl sulfide. (b) Suggest a method of

preparing methyl iso-propyl sulfide. (c) Me2S

reacts with MeI to give an ionic salt. Suggest a

mechanism for the reaction and the structure

of the product.

CHEMISTRY IN DAILY USE

29.18 Guaifenesin (3-(2-methoxyphenoxy)propane-1,2-

diol) is an active ingredient in expectorants which

are sold to relieve coughs. Currently (2008),

guaifenesin is the only expectorant approved

by the US Food and Drug Administration (FDA).

(a) Suggest a method by which you could prepare

guaifenesin starting from 2-methoxyphenol and a

suitable derivative of propane-1,2-diol.

(b) Guaifenesin is chiral but is administered in

cough mixtures as a racemate. How does the

chirality arise? Draw the structures of the two

enantiomers and assign (R) and (S) labels.

(c) The solubility of guaifenesin is 1g per 20 cm3

of water at 298K. The solubility in hot water is

much higher. What properties of the molecule

contribute towards it being soluble? Draw

appropriate diagrams to illustrate the origin

of the drug’s solubility in water.
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29.19 ‘Fuel oxygenates’ are added to automobile fuels so

that they burn efficiently, thereby reducing the

levels of CO and hydrocarbon emissions. Fuel

oxygenates were developed in the 1970s to replace

lead-based fuel additives, and are typically ethers

(e.g. MeOtBu, EtOtBu) or alcohols (e.g. EtOH,
tBuOH). The most commonly employed additive

is MeOtBu (known as MTBE). However, its

appearance in groundwater and drinking water

is a cause for concern. (a) Draw the structure of

MTBE. (b) MTBE is very mobile in groundwater.

Suggest an explanation for this observation.

(c) What do you think are the primary routes by

which MTBE in fuel enters water supplies?

(d) There are some calls for EtOtBu or EtOH to

replace MTBE as the major fuel additive. How

would this help a directive such as that laid down

by the European Union to increase the addition of

biofuel to automobile fuels?

29.20 Sulfur analogues of peroxides (ROOR’) are called

disulfides (RSSR’). The tendency for sulfur to

undergo catenation (i.e. form chains, see

Section 9.8) means that compounds of type

RSSSR’ (trisulfides) are known but oxygen

analogues are not. Thiosulfinates are volatile,

sulfur-containing compounds present in members

of the Allium family, most notably onion (Allium

cepa) and garlic (Allium sativum), and give rise to

the characteristic smell and taste of these plants. In

garlic, allicin is the most important thiosulfinate:

Thiosulfinates are unstable compounds and

undergo a range of chemical transformations.

Hence, the characteristic odours arising from

garlic and onions arise from a mixture of

volatile sulfur-containing compounds including

those shown below:

(a) Suggest why there is no oxygen analogue of

allicin, i.e. with the two S atoms replaced by

O atoms.

(b) Mixtures of volatile compounds from a freshly

cut piece of onion or garlic may be analysed

by using GC-MS. Briefly outline what this method

involves, and state how mass spectrometry aids the

identification of the compounds shown above.

What other techniques would be useful?

29.21 The following compound is a sex pheromone of

the female Japanese beetle (Popillia japonica). The

structure drawn is that of the naturally occurring

form.

(a) Where is the stereogenic centre in this

molecule? (b) Is the naturally occurring form the

(R) or (S)-enantiomer? (c) Draw the structures

of the other possible isomers of this compound,

and assign appropriate stereochemical labels.
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30
Alcohols

30.1 Structure and nomenclature

The functional group in an alcohol is an –OH (hydroxyl) group, and the

general formulae for primary, secondary and tertiary alcohols are:

This introduction to nomenclature is concerned only with alcohols derived

from saturated hydrocarbons. To name a simple alcohol, we extend the rules

already described for hydrocarbons and halogenoalkanes. The name of a

straight chain, primary alcohol is derived by attaching the ending -ol to the

root name of the parent alkane, and placing an appropriate position number

before the name ending, e.g. hexan-1-ol shows that the –OH group is attached

to atom C(1) in a saturated, 6-membered carbon chain. The principal chain is

found in the same way as was described for halogenoalkanes (see Section 28.1).

The names shown for structures 30.1–30.4 follow from these rules.

(30.1) (30.2) (30.3) (30.4)

Topics

Structure and

classification

Synthesis

Physical properties

IR spectroscopy
1H NMR spectroscopy

Mass spectrometry

Reactivity

Protection of OH

groups

Root names: see
Section 24.4 and Table 1.8

Common abbreviations:

MeOH¼methanol

EtOH¼ ethanol

PrOH¼ propanol

BuOH¼ butanol

"



 

When there is more than one OH group, the name must specify the total

number and positions of the functional groups. An alcohol with two OH

groups is a diol, one with three OH groups is a triol, and so on. Compounds

30.5 and 30.6 give examples. Note that the ‘e’ on the end of the alkane root

name is retained, in contrast to its omission in alcohols with one OH

functionality. Many alcohols have trivial names and examples of ones that

you may come across are listed in Table 30.1.

Examples of alcohols derived from cyclic alkanes and containing one OH

group are given below. The position numbers are consistent with the OH

group taking a higher priority than an alkyl substituent:

When two OH groups are present and are attached to different C atoms in

the saturated ring, stereoisomers are possible. Consider cyclohexane-1,4-diol.

The OH groups may be on the same or opposite sides of the C6 ring and these

isomers are named cis- and trans-cyclohexane-1,4-diol respectively:

The alcohol functionality occurs widely in biology and Box 30.1 highlights

selected examples. Sugars are polyfunctional alcohols and are described in

Chapter 35.

(30.5)

(30.6)

Look back at the
discussion of

conformers and isomers
in Section 25.2

"

Table 30.1 Selected alcohols for which common names are often used.

Common name Systematic name Structure

Ethylene glycol Ethane-1,2-diol

Glycerol (glycerine) Propane-1,2,3-triol

tert-Butyl alcohol 2-Methylpropan-2-ol

Isopropyl alcohol (isopropanol) Propan-2-ol
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BIOLOGY AND MEDICINE

Box 30.1 Hydroxy-compounds and their derivatives in biology

The alcohol functionality occurs regularly in biology,

and in this box we look at selected examples. Sugars

contain a relatively large number of –OH groups and

are polyfunctional. Examples of some of the simplest

sugars (monosaccharides) include glucose, mannose and

galactose, the structures of which (in their 6-membered

cyclic pyranose forms) are shown below:

Cholic acid occurs in bile and is involved in the diges-

tion of fats. It is a carboxylic acid, but also contains

alcohol functionalities. The central 4-ring structure is

characteristic of a steroid. Bile acids are produced

from cholesterol in the liver. Cholesterol (another

steroid) is present in the body, but increased deposits

on the inner walls of arteries are associated with heart

disease. Cholesterol is the natural precursor to sex hor-

mones such as testosterone.

Glycerol is a triol and is found in plant and animal oils

and fats. Esterification (see Chapter 33) leads to the

formation of triglycerides (fats), the form in which

fatty acids are stored in the body. A related reaction

is used in the manufacture of soap (see Section 33.9).

Glycerol is the building block for phosphoglycerides,

a major group of phospholipids, essential to the body.

The term lipid is used to cover oils, fats and related com-

pounds that occur in living tissues (see Chapter 35).
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30.2 Industrial manufacture and synthesis

Industrial manufacture of methanol and ethanol

The industrial manufacture of methanol and ethanol is big business, with

methanol ranking among the top 30 chemicals produced commercially

in the US. In the past, methanol was called wood alcohol because its manu-

facture involved heating wood in the absence of air. The modern method

of production is the catalytic reduction of CO with H2 (equation 30.1).

Methanol is toxic, and drinking or inhaling it can lead to blindness or death.

COþ 2H2����������"
150 bar; 670K

ZnO catalyst
CH3OH ð30:1Þ

Ethanol is the alcohol present in alcoholic drinks, and for this purpose it is man-

ufactured by the fermentation of glucose contained in, for example, grapes (for

wine production), barley (for whisky, Figure 30.1) and cherries (for kirsch). The

reaction is catalysed by a series of enzymes in yeast (equation 30.2).

ð30:2Þ

Ethanol is widely used as a solvent and a precursor for other chemicals

including acetic acid. The large-scale manufacture of EtOH is carried out

by the acid-catalysed addition of H2O to ethene (equation 30.3). Pure

EtOH is often called absolute alcohol.

ð30:3Þ

Ethane-1,2-diol (ethylene glycol) is commercially important as an ‘anti-

freeze’ additive to motor vehicle radiator water; it is also used in resins

and in the production of polyester fibres. The industrial synthesis involves

the oxidation of ethene to form an epoxide, followed by acid-catalysed

hydrolysis (scheme 30.4). The mechanism of ring opening was described in

Section 29.6.

     

ð30:4Þ

Fig. 30.1 Copper stills used for
the distillation of whisky in a
Scottish distillery.
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Propane-1,2,3-triol (glycerol, see Table 30.1) is the central building block

for a wide range of fats with the general structure 30.7. More generally,

lipids encompass fats, oils and related compounds and are discussed in

Section 35.4. Glycerol is used as a sweetener, and as a softener in soap. Its

reaction with nitric acid gives nitroglycerine (equation 30.5). Glycerine is

used in the treatment of angina, but it is also the explosive constituent of

dynamite (see Box 30.2).

ð30:5Þ

Propane-1,2,3-triol is obtained commercially as a by-product of soap manu-

facture (see Section 33.9), and in the US, this method accounts for �40% of

glycerol production. Other industrial routes include conversion of propene

or allyl alcohol to glycerol.

Synthesis of alcohols: methods covered in previous chapters

Alcohols have many synthetic applications, and are often prepared as

intermediate compounds in multi-step syntheses. They can be made from a

range of starting materials and a summary of alcohol-forming reactions

described in previous chapters is given in Figure 30.2.

Synthesis of alcohols: reduction of carbonyl compounds

The reduction of carbonyl compounds (e.g. aldehydes, ketones) is a common

method of preparing alcohols. In this section we present these as syntheses,

and we return to their mechanisms in Chapter 33.

Equations 30.6 and 30.7 show the reduction of an aldehyde to a primary

alcohol, and of a ketone to a secondary alcohol, respectively. Reduction

involves the addition of two H atoms and these are provided by reagents

such as LiAlH4, LiBH4 or NaBH4.

ð30:6Þ

ð30:7Þ

Reductions of aldehydes and ketones are usually carried out using sodium

borohydride (NaBH4), but lithium aluminium hydride (LiAlH4) is also

suitable. Both NaBH4 and LiAlH4 are crystalline solids, but whereas LiAlH4

is moisture sensitive, NaBH4 is reasonably air stable (see Section 21.5),

making it more easily handled than LiAlH4. Reduction of a ketone to an

alcohol using B2H6 is a step in the manufacture of fluoxetine (better

known as the anti-depressant drug Prozac1). During the multistep synthesis

(30.7)

LiAlH4 as a reducing agent:
see Box 21.5

"
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APPLICATIONS

Box 30.2 Explosives and rocket propellants

Equation 30.5 illustrates that propane-1,2,3-triol is the pre-

cursor to nitroglycerine. Nitroglycerine was discovered in

1846 by Ascanio Sobrero. Pure nitroglycerine is a liquid,

but in 1866, Alfred Nobel (who is perhaps best remem-

bered through his endowment of the fund for the award

of the annual Nobel Prizes) discovered that mixing nitro-

glycerine with sand resulted in a paste-like substance that

could be handled more easily. This mixture is commonly

referred to as dynamite and has widespread application

in controlled explosions, for example, in mining and

tunnel construction. Both nitroglycerine (also called nitro-

glycerin and trinitroglycerol) and trinitrotoluene (TNT) are

well-known explosives. The common structural feature of

these compounds is the nitro (NO2) group. On explosion,

molecules of the nitro-compound decompose. Nitroglycer-

ine (mp 286K) forms only gaseous products making the

reaction highly entropically favoured:

4O2NOCHðCH2ONO2Þ2ðlÞ ��"

6N2ðgÞ þ 12CO2ðgÞ þ 10H2OðgÞ þO2ðgÞ

The standard enthalpy change when one mole of nitro-

glycerine is detonated is –1415 kJ. Nitroglycerine and

TNT are classed as high explosives. TNT was widely

used in the First World War, but other explosives

such as pentaerythritol tetranitrate and RDX (cyclo-

nite) have entered the field since the Second World

War. Pentaerythritol tetranitrate is used in explosive

fuses in demolition charges and rock blasting.

Other nitro-compounds have been used (or studied for

potential use) by the military as explosives and rocket

propellants. After the end of the Cold War, more infor-

mation about these compounds became publicly avail-

able. Although an explosive and a rocket propellant

may appear to do the same job, the design requirements

are different. For example, one aim of a propellant is to

fire a missile over a given range in a controlled manner,

whereas an explosive releases all its energy rapidly.

A further point to consider is the thermal and shock

sensitivities of the materials. Hazards prior to the point

of ignition must be minimized, e.g. picric acid is

explosive, but its high shock sensitivity can result in pre-

mature detonation, and it has generally been replaced

by other (slightly!) less hazardous materials. Nitroglycer-

ine is very sensitive to shock or friction, whereas TNT can

be stored moderately safely. Currently, there is much

interest in the explosive FOX-7 which possesses similar

explosive properties to RDX, but is much less sensitive

to shock and impact. (RDX and FOX-7 have the same

empirical formulae.)

Within forensic sciences, investigations of explosive

materials are carried out to identify an explosive and/

or to confirm a link between the explosive and

a suspect. Investigations may deal with unexploded

materials or residues from explosions. Forensic scien-

tists most often deal with low explosives and organic

propellants, but high explosives have become more

common in the context of terrorist bombings. Analyti-

cal techniques that are used in forensic work include

chemical tests (e.g. the Griess test for nitrite ion, see

Section 32.13), chromatographic separation methods

(see Boxes 24.3 and 24.6), ion chromatography, IR

and NMR spectroscopy, capillary electrophoresis

(see Section 36.8) and mass spectrometry. A form of

electrospray ionization mass spectrometry (desorption

ESI MS) can be used to detect picogram or femtogram

quantities of explosives on surfaces including paper and

skin (see end-of-chapter problem 10.30).

Sticks of dynamite with lit fuse.
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Fig. 30.2 Methods of preparing
alcohols from alkenes,
halogenoalkenes and ethers,
already covered in previous
chapters. Further details can be
found by using the cross-
references given under the
equations.
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of the drug, the terminal NHMe group is protected as NMe2:

The reduction of an ester to an alcohol is achieved using LiAlH4 or LiBH4

(equation 30.8); NaBH4 is not very efficient for ester reduction. Reduction of

an ester leads to cleavage at the ester linkage.

ð30:8Þ

Carboxylic acid reduction can be carried out using LiAlH4, but BH3 is also

a useful reagent. In Section 21.5, we described how BH3 acts as a Lewis acid,

and in equation 26.72 we saw how BH3 accepts a pair of electrons from an

alkene and then transfers an H atom to the organic group. Similarly, BH3

reduces carboxylic acids as shown in equation 30.9; the C¼O group is

converted into a CH2 group. Despite the structural relationship between

carboxylic acids and esters, BH3 is a poor reagent for ester reduction because

esters are poorer electron donors than carboxylic acids (see Chapter 33).

ð30:9Þ

Synthesis of alcohols: use of Grignard reagents

Grignard reagents RMgX (X¼Cl or Br) react with carbonyl compounds to

give primary, secondary or tertiary alcohols. The product depends on the

substituents attached to the C¼O group. If the starting material is methanal,

the product is a primary alcohol (equation 30.10), but if a higher aldehyde

(R’CHO) is used, a secondary alcohol results (equation 30.11). If the

precursor is a ketone, the product is a tertiary alcohol (equation 30.12).

ð30:10Þ

ð30:11Þ

When we write ‘BH3’ in this
section, we are referring to a

Lewis base adduct such as
THF:BH3: see Section 21.5

Grignard reagents: see
Sections 28.4 and 33.14

"

"
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ð30:12Þ

We return to the mechanism of these reactions in Chapter 33. For now,

equations 30.13–30.15 give examples of their applications in synthesis.

ð30:13Þ

ð30:14Þ

ð30:15Þ

30.3 Physical properties

The effects of hydrogen bonding

The Pauling electronegativities of O and H are 3.4 and 2.2 respectively, and so

an O�H bond is polar as shown in structure 30.8. As a result of the high elec-

tronegativity of O, alcohols are involved in hydrogen bonding with each other

and with other suitable molecules such as water. This is represented in dia-

grams 30.9 and 30.10. Figure 30.3 shows the structure of cyclodecanol which

illustrates hydrogen bonding between alcohol molecules in the solid state.

(30.9) (30.10)

The boiling points and enthalpies of vaporization for selected alcohols are

listed in Table 30.2. The relatively high values (for example, compared with

those for alkanes or ethers of similar molecular weight; see Tables 25.2, 29.2

and 29.3 and Figure 25.10) reflect the intermolecular association of the alco-

hol molecules in the liquid.

Hydrogen bonding:
see Section 21.8

  

(30.8)

"
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The lower molecular weight alcohols (MeOH, EtOH, PrOH) are completely

miscible with water owing to the formation of hydrogen bonds as in structure

30.10. The solubilities in water of butanol, pentanol, hexanol and heptanol are

significantly lower than those of methanol, ethanol and propanol. Higher

molecular weight alcohols (octanol upwards) are essentially immiscible with

water. This can be explained in terms of the increased aliphatic chain

length of the molecule. The –OH group is hydrophilic (‘water-loving’), while

the hydrocarbon part of the molecule is hydrophobic (‘water-hating’). Figure

30.4 illustrates this for heptan-1-ol. As the molecular weight of the alcohol

increases, the inability of the hydrocarbon chain to form hydrogen bonds

with water predominates over the effects of hydrogen bond formation by the

–OH group. As a result, the solubility of the alcohol in water decreases. One

application of hydrophilic molecules is highlighted in Box 30.3.

Basicity and acidity

We saw in Section 16.4 that water can act as a Brønsted acid and as a

Brønsted base. Similarly, an alcohol can either donate a proton (acts as a

Brønsted acid) or accept a proton (acts as Brønsted base). Aliphatic alcohols

act as weak acids and bases. The pKa of MeOH is 15.5, a value close to that of

water; compare this with a pKa value of 4.77 for acetic acid (CH3CO2H).

Thus, equilibrium 30.16 lies far towards the left-hand side.

MeOHþH2O ��*)���� MeO� þH3O
þ ð30:16Þ

In the presence of strong bases such as sodium hydride (NaH) or potassium

amide (KNH2), reactions to give alkoxide ions occur (equations 30.17 and

30.18). The Hþ from the alcohol combines with H� to give H2, or with

NH2
� to give NH3.

EtOHþNaH��" NaþEtO�

Sodium ethoxide
þH2 ð30:17Þ

EtOHþKNH2 ��" KþEtO�

Potassium ethoxide
þNH3 ð30:18Þ

Hydrophilic means

‘water-loving’.

Hydrophobic means

‘water-hating’.

pKa and Ka values:
see Section 16.4

See also Section 30.5

"

"

Fig. 30.3 Part of a
hydrogen-bonded chain of

cyclohexanol molecules present
in the solid state. The structure
was determined by X-ray
diffraction. [Data: E. J. Valente et
al. (1998) Acta Crystallogr., Sect.
C, vol. 54, p. 1302.] Colour code:
C, grey; O, red; H, white.
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Table 30.2 Boiling points and enthalpies of vaporization of selected alcohols. Values for water are included for comparison.

Compound Structure Relative

molecular mass

Boiling

point / K

�vapH(bp) / kJmol
�1

Water 18.02 373.0 40.7

Methanol 32.04 337.6 35.2

Ethanol 46.07 351.3 38.6

Propan-1-ol 60.09 370.2 41.4

Propan-2-ol
(isopropyl alcohol)

60.09 355.3 39.9

Butan-1-ol 74.12 390.7 43.3

Butan-2-ol 74.12 372.5 40.8

2-Methylpropan-1-ol 74.12 380.9 41.8

2-Methylpropan-2-ol
(tert-butyl alcohol)

74.12 355.4 39.1

Pentan-1-ol 88.15 411.0 44.4

Hexan-1-ol 102.17 430.6 44.5

Fig. 30.4 Heptan-1-ol is an
example of an alcohol with

a long hydrocarbon chain. The
molecule has a hydrophobic tail
and a hydrophilic head. Colour
code: C, grey; O, red; H, white.
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APPLICATIONS

Box 30.3 Polymers for contact lenses

Close-up of a woman putting in a contact lens.

Polymeric material for soft contact lenses must be

optically transparent, chemically stable, be able to with-

stand being constantly wet, possess suitable mechanical

properties and be permeable to O2. (The cornea obtains

most of its O2 supply from the atmosphere rather than

the bloodstream.) Such a range of requirements pro-

vides challenges to polymer chemists.

The modern generations of contact lenses were first

introduced in the 1940s when the most commonly

employed material was poly(methyl methacrylate)

(PMMA). This was used to make hard lenses, which

were cut from the bulk polymer material, manufactured

by the radical polymerization of methyl methacrylate

(see below). PMMA possesses good optical properties

and is lightweight. However, it has a low O2 permeability,

and this affects the length of time that PMMA contact

lenses can remain in the eye. Hard PMMA contact

lenses have now been replaced by rigid gas permeable

(RGP) contact lenses and soft lenses. By the 1970s, copo-

lymers based on PMMA had been developed which

increased the O2 permeability of the material. The silox-

ane monomer shown below is copolymerized with

methyl methacrylate to produce a material that is suitable

for use in RGP contact lenses. The polymer is softer than

that used in the original PMMA lenses. A rigid gas-

permeable lens is durable, exhibits good surface wettabil-

ity and allows O2 to permeate through it to the eye.

Copolymers used for RGP lenses do not contain

water. In contrast, polymerization of 2-hydroxyethyl

methacrylate (PHEMA, shown below) which contains

a hydrophilic tail, leads to the formation of a hydrogel.

The material absorbs water, but at the same time is

insoluble in water. PHEMA was first used in the con-

tact lens industry in 1961 and allowed the manufacture

of soft contact lenses which contained 38% water.

Water retention in a contact lens is important because

there is a relationship between the water content and

O2 permeability. The contact lens industry has had to

overcome the problem of designing lenses that can

remain in the eye for relatively long periods of time.

Such lenses must exhibit enhanced O2 permeability,

and this can be achieved by manufacturing thinner

lenses or increasing the water content of the hydrogel.

The latter option is preferable because thin lenses are

susceptible to tearing. Copolymerization of PHEMA

with the hydrophilic monomers N-vinylpyrrolidin-2-

one (NVP) or methacrylic acid (see below) produces

hydrogels with a higher water content than is exhibited

by PHEMA alone. The addition of polymeric silicones

(siloxanes) to PHEMA-based hydrogels also enhances

the O2 permeability of the material and is an alternative

strategy used in the manufacture of lenses for extended

periods of wear. A typical choice of additive is polydi-

methylsiloxane.

Wearers of contact lenses are susceptible to eye infec-

tions arising from bacterial contamination of their

lenses. Bacteria such as Pseudomonas aeruginosa are

able to form biofilms on abiotic (non-living) surfaces.

When bacteria adhere to the polymer surface of a

lens, the result is infection of the cornea. One approach

to minimizing bacterial colonization is to design bio-

compatible polymers. Monomers containing function-

alities that mimic biomolecules can be incorporated

into copolymers to enhance the biomimetic nature of

the PHEMA-based hydrogels.
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In Chapter 32, we discuss aromatic alcohols ( phenols), the acidity of which

is greater than that of aliphatic alcohols.

Protonation of alcohols by acids is analogous to the formation of the

oxonium ion, [H3O]þ, by protonation of water. Equation 30.19 shows the

protonation of ethanol.

ð30:19Þ

We shall see in Section 30.5 that protonating an alcohol is an important

means of providing the molecule with a good leaving group (i.e. H2O) in

nucleophilic substitution reactions.

30.4 Spectroscopic characteristics of alcohols

In Chapters 12 and 14, we described the applications of IR and NMR

spectroscopies, and among the compounds we discussed were those contain-

ing –OH groups. In this section, we review the spectroscopic characteristics of

alcohols.

IR spectroscopy

The appearance in an IR spectrum of a broad and strong absorbance near to

3300 cm�1 is characteristic of an alcohol functional group. Figure 30.5 shows

the IR spectra of dodecane and dodecan-1-ol. These compounds are

structurally similar apart from the presence of the terminal OH group in

the alcohol. Common to both spectra are absorbances at �2900–
3000 cm�1 assigned to aliphatic CH stretches, i.e. �(C�H). There are also

characteristic absorbances in the fingerprint region. The broad band centred

around 3300 cm�1 in the spectrum of dodecan-1-ol is assigned to �(O�H).

The broadness of the band arises from intermolecular hydrogen bonding

(as in structure 30.9) which leads to a range of frequencies (and therefore

wavenumbers) being associated with the O�H stretch.

Fig. 30.5 The IR spectra of dodecane and dodecan-1-ol. Colour code for structures: C, grey; O, red; H, white.
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NMR spectroscopy

In 1H NMR spectra, a signal for an OH proton is sometimes difficult to

assign. The shift range is approximately between � 0.5 and 8.0 ppm (see

Table 14.3). The chemical shift of a signal is often solvent-dependent and

may be broadened, either by the effects of hydrogen bonding or by

exchange (see equation 14.3). Exchange also occurs between the H atom

of an alcohol OH and the D atom of D2O (deuterated water). This

exchange can be used as a means of confirming the assignment of an OH

peak in a 1H NMR spectrum: shaking an alcohol ROH with D2O gives a

deuterated alcohol ROD, and the signal assigned to the OH proton of

ROH disappears.

Figure 14.11 showed the 1H NMR spectrum of ethanol dissolved in

chloroform and the broad signal at � 2.6 ppm was assigned to the OH

proton. However, the 1H NMR spectrum of neat ethanol shows a triplet

for the OH proton, arising from coupling between the OH and CH2 protons.

Figure 30.6 shows the 1H NMR spectrum of 2-methylpropan-1-ol dissolved

in CDCl3. The alcohol contains four proton environments as shown in

structure 30.11, and the spectrum can be assigned as follows.

. Protons a couple to one proton b to give a doublet, relative integral¼ 6,

and this corresponds to the signal at � 0.92 ppm.

. Protons c couple to one proton b to give a doublet, relative integral¼ 2,

and this corresponds to the signal at � 3.39 ppm.

. The values of the coupling constants for the two doublets are equal (6.5Hz),

i.e. JHaHb
¼ JHbHc

, and therefore protons b couple to both a and c (eight

protons in all) with equal coupling constants to give an apparent nonet.

This corresponds to the signal at � 1.75ppm. All nine lines in this multiplet

are not clearly visible in Figure 30.6, but a consideration of Pascal’s triangle

(seeFigure 14.10) and looking at an enlargement of the signal confirm that it

is a nonet.

. The singlet at � 2.07 ppm is assigned to the OH proton.

Mass spectrometry

Figure 10.4b showed the mass spectrum of ethanol. The parent ion appears

at m=z ¼ 46 and is assigned to [C2H6O]þ. Loss of H gives [C2H5O]þ. A
characteristic fragmentation pathway for alcohols occurs by the cleavage

of the C�C bond adjacent to the OH group. For ethanol, this gives

(30.11)

Fig. 30.6 The 100MHz 1H NMR spectrum of 2-methylpropan-1-ol dissolved in CDCl3.
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the [CH3O]þ fragment at m=z ¼ 31 (see Figure 10.4a). The fragmentation is

represented by the scheme:

A similar fragmentation pathway occurs with other primary alcohols. For a

secondary alcohol, the analogous pathway is:

Loss of this first fragment in the mass spectrum is characteristic of alcohols

and assists in their identification.

30.5 Reactivity of alcohols

Combustion

The combustion of an alcohol gives CO2 and H2O. Ethanol (equation 30.20)

burns with a blue flame.

C2H5OHþ 3O2 ��" 2CO2 þ 3H2O ð30:20Þ

Ethanol (�cH
o ¼ �1367 kJmol�1) is being considered as an alternative to

hydrocarbon-based motor fuels. It is especially attractive in countries

where it is available in bulk from biomass (see Box 30.4) or from catalytic

processes. We have given special mention of the combustion of alcohols

because of their potential as fuels, but you should note that most organic

compounds burn well.

Cleaving the R–OH bond: dehydration

In Section 29.3, we described the synthesis of symmetrical ethers from

alcohols by intermolecular elimination of water (equation 30.21), but stressed

that the reaction conditions must be carefully controlled because of potential

intramolecular elimination of water.

ð30:21Þ

Intramolecular elimination of H2O occurs when an alcohol is heated

with concentrated H2SO4 (equation 30.22), or is passed over hot Al2O3.
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ENVIRONMENT

Box 30.4 Ethanol: an alternative motor fuel

The pie chart below illustrates the breakdown of

the world’s energy consumption in 2007. Renewable

energy comprises hydroelectric, biomass, geothermal

energy, and wind and solar power, and makes only a

small contribution to the total energy supply. ‘Biomass’

refers to renewable feedstocks (i.e. agricultural crops

that can be supplied on a repetitive seeding, growing

and harvesting cycle) as well as plant material from

food manufacturing and urban waste.

Biofuels produced from biomass fall into two cate-

gories: biodiesel (see Box 33.5 and end-of-chapter

problem 2.28) and bioethanol. Bioethanol is produced

by fermentation of carbohydrates: sucrose (e.g. from

sugar cane and sugar beet), starch (e.g. from maize

and wheat) and lignocellulosic material (e.g. wheat

straw, maize stems, coconut husks). Fermentation of

simple sugars is carried out using yeast as the enzyme:

Starch consists of amylose and amylopectin, both of

which are polymers of a-glucose (see Section 35.3).

Before starch can be converted to ethanol, it must be

broken down into glucose molecules which then

undergo fermentation. Lignocellulosic biomass is a

mixture of three polymers: cellulose (see Section 35.3),

hemicelluloses (polymerized monosaccharides) and

lignin. The processing of lignocellulosic biomass into

simple sugars that can be converted into ethanol is rela-

tively expensive. However, use of lignocellulosic bio-

mass has the advantage that it is a non-food source.

This is highly relevant to manufacturers because there

is concern that growing biomass for fuel impacts

upon the growth of crops for food supplies.

Bioethanol has a high octane number (see the end of

Section 25.4). It is an oxygenated fuel and this reduces

CO and hydrocarbon emissions. Under the 1990 Clean

Air Act Amendments in the US, fuels must contain

regulated levels of oxygen, usually provided by adding

oxygenaters (see end-of-chapter problem 29.19). Thus,

one use of bioethanol is as a petroleum fuel additive.

The use of bioethanol as a fuel for automobiles has

been important in Brazil since 1975 when ‘gasohol’ (a

gasoline mixture containing 10% bioethanol) was

introduced. Government policy in Brazil has encour-

aged the use of bioethanol, partly to reduce the coun-

try’s dependence on imported oil and partly to boost

the agricultural community. Factories processing

sugar cane in Brazil adapt the output of sugar and

bioethanol depending upon current markets. In 2007,

Brazil manufactured 43% of the world’s bioethanol.

Bioethanol production in the US has increased signifi-

cantly since 2000, and in 2007, 46% of the global

bioethanol output was in the US. In contrast, Europe

contributed only 3.5%. Grades of bioethanol fuel

vary, and are distinguished by codes, for example,

E-10 (10% blend by volume of bioethanol with gasoline)

and E-75 (75% bioethanol with 25% gasoline). Few

modifications to vehicle engines are required for

them to run on bioethanol-containing fuels and a new

generation of ‘flexible fuel vehicles’ allow them to run

both on conventional unleaded fuel and on grades of

fuels containing bioethanol up to E-75.

[Data: BP Statistical Review of World Energy 2008.]

Automobile being filled with ‘Ethanol 85’ (E-85) fuel.
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In Section 26.3, we described this reaction as a method of preparing

alkenes.

ð30:22Þ

Ethanol (a primary alcohol) is converted to ethene only under harsh

conditions (450K). In contrast, 2-methylbutan-2-ol is dehydrated on

treatment with acid at 298K. In this reaction, two products are formed

(equation 30.23), and, as we saw in Section 28.7, loss of Hþ favours the

formation of the more highly substituted alkene.

     

ð30:23Þ

This is an E1 mechanism, and the final loss of Hþ is facilitated by the

presence of water which acts as a base. The first step in this type of reaction

is the protonation of the OH group, and the subsequent loss of H2O (a good

leaving group). The intermediate is a tertiary carbenium ion that loses Hþ in a

base-assisted process to give either 2-methylbut-2-ene or 2-methylbut-1-ene:

We have previously detailed the order of stabilities of carbenium ions

as ½R3C�þ > ½R2CH�þ > ½RCH2�þ (R¼ alkyl substituent). It follows that

tertiary alcohols undergo dehydration more readily than secondary or

primary alcohols. Consider the dehydration of butan-1-ol. Protonation

leads to a primary carbenium ion, but this rapidly rearranges to the more

stable secondary carbenium ion as shown in equation 30.24.

E1 mechanism:
see Section 28.7

Carbenium ions:
see Section 26.5

"

"
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ð30:24Þ

With H2O acting as a base, the secondary carbenium ion now loses Hþ and
could form either but-1-ene or but-2-ene. Since the more highly substituted

alkene is favoured, the predominant product is but-2-ene (equation 30.25).

Of the possible (Z)- and (E)-isomers, the more favourable is the less sterically

hindered (E)-isomer.

ð30:25Þ

Equation 30.26 summarizes the overall reaction: the acid-catalysed

dehydration of butan-1-ol.

ð30:26Þ

The rearrangements of carbenium ions may involve H or Me migration (see

equation 28.27).

The dehydration of alcohols can also be carried out using POCl3. This

reagent converts an OH group into an OPOCl2 substituent (diagram

30.12), providing the molecule with a good leaving group: Cl2OPO� is a

far better leaving group than HO�. In the presence of base, the derivatized

alcohol undergoes elimination by an E2 mechanism to give an alkene. This

is shown in equation 30.27 where B¼ base.

ð30:27Þ

Cleaving R–OH bond: conversion to halogenoalkanes

Alcohols react with phosphorus(III) halides (PCl3, PBr3, PI3), phosphor-

us(V) chloride (PCl5) or thionyl chloride (SOCl2), and this method is used

See problems 30.13
and 30.14

(30.12)

E2 mechanism: see
Section 28.7

See also the end of
Section 28.2

"

"

"

Reactivity of alcohols 1085



 

to convert secondary or primary alcohols to halogenoalkanes, e.g. reactions

28.6 and 28.7. Reactions of alcohols with hydrogen halides (equation 30.28)

also produces halogenoalkanes.

ROHþHX��"RXþH2O X ¼ Cl;Br; I ð30:28Þ

The reaction is most efficient for tertiary alcohols, the order of reactivity

being:

R3COH
Tertiary

> R2CHOH
Secondary

> RCH2OH
Primary

This is consistent with an SN1 mechanism, with a carbenium ion inter-

mediate. We saw in Chapter 26 that hyperconjugation (diagram 30.13)

contributes to the stabilizing effects of alkyl groups attached to the Cþ

centre, making a tertiary carbenium ion more stable than a secondary

carbenium ion, and a secondary carbenium ionmore stable than a primary one.

Cleaving RO–H bonds: reactions with alkali metals

When a piece of sodium is placed in ethanol, H2 is evolved in a reaction that

is reminiscent of, but less violent than, that of Na with water: compare equa-

tions 30.29 and 30.30. The alcohol acts as a weak acid and forms a sodium

alkoxide salt. The pKa of ethanol is 16, slightly higher than the pKa of water.

2EtOHþ 2Na��" 2NaþEtO�

Sodium ethoxide
þH2 ð30:29Þ

2H2Oþ 2Na��" 2NaþOH�

Sodium hydroxide
þH2 ð30:30Þ

Reactions of Na and alcohols are often used to destroy excess Na,§ for

example after the metal has been used as a drying agent for a hydrocarbon

solvent. However, care is needed! There is a risk of fire owing to the produc-

tion of H2 in an inflammable alcohol medium. Choosing higher molecular

weight alcohols reduces the fire hazard, but if the alcohol is too bulky, the

reaction is very slow. Propan-2-ol is a suitable compromise between safety

and rate of reaction (equation 30.31).

ð30:31Þ

Oxidation

Although combustion is an oxidation process, more synthetically useful

oxidations are those that convert alcohols to carbonyl compounds: oxidation

to aldehydes, ketones and carboxylic acids. (Earlier in the chapter, we described

the reduction of aldehydes, ketones and carboxylic acids as a method of

 

(30.13)

§ For details of a safe way to destroy Na or K using water, see: H. W. Roesky (2001) Inorganic
Chemistry, vol. 40, p. 6855.
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preparing alcohols.) Although each of primary, secondary and tertiary

alcohols burns to give CO2 and H2O, only primary and secondary

alcohols are oxidized to carbonyl compounds as the following general

scheme shows:

Suitable oxidizing agents for these reactions are KMnO4, Na2Cr2O7,

K2Cr2O7 and CrO3, all under acidic conditions, e.g. reaction 30.32.

ð30:32Þ

In this example, the product can only be butanone because the starting

compound is a secondary alcohol. If the precursor had been butan-1-ol,

initial oxidation would have produced the aldehyde butanal, and this has

the potential for further oxidation to butanoic acid. The extent of oxidation

can be controlled by careful choice of oxidizing agent. By using KMnO4,

K2Cr2O7, Na2Cr2O7 or CrO3 in the presence of dilute sulfuric acid in acetone

solution, a primary alcohol is converted to a carboxylic acid. Equation 30.33

shows the conversion of butan-1-ol to butanoic acid in a so-called Jones

oxidation. During the reaction, Cr(VI) is reduced to Cr(III).

ð30:33Þ

If the aldehyde is the desired product, the most convenient oxidizing agent

for laboratory use is pyridinium chlorochromate (PCC, 30.14). Non-aqueous

conditions must be used, and the reaction is usually carried out in CH2Cl2
solution, e.g. reaction 30.34.

ð30:34Þ

(30.14)
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The mechanism of alcohol oxidation by CrO3 and related species occurs as

follows. Nucleophilic attack by the OH group at the Cr(VI) centre produces

an intermediate that undergoes an elimination reaction (compare this with

the E2 reactions in Section 28.7):

The aldehyde that formsmay now be subject to further oxidation, depending

on the reaction conditions. As we shall discuss in Chapter 33, the C�þ atom of a

carbonyl group is susceptible to attack by nucleophiles. As a consequence, an

aldehyde in aqueous solution is in equilibriumwith its hydrate, a diol (equation

30.35). The mechanism for this process is shown in scheme 30.36.

ð30:35Þ

ð30:36Þ

Thus, in aqueous solution and in the presence of a suitable oxidizing agent,

the hydrate of an aldehyde undergoes oxidation to a carboxylic acid. The

mechanism is analogous to that shown above for the conversion of an

alcohol to an aldehyde.

Ester formation

The reactionbetween analcohol and a carboxylic acid or acyl chloride produces

an ester. We shall look at this type of reaction in detail in Chapter 33. For

now, the general reaction of an alcohol with a carboxylic acid is summarized

in equation 30.37. Esters possess characteristic, often fruity, smells (see

Figure 33.2).

ð30:37Þ
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30.6 Protection of OH groups

We have already come across the idea of a protecting group: in Section 26.13,

we described how trialkyl silyl groups such as Me3Si (TMS) can be used to

protect terminal alkyne CH groups during reactions in which some other

functional group in the molecule is undergoing reaction. Trialkyl silyl

groups are one of several groups that are used to protect alcohol groups in

cases where a reaction targeted at another functional group in the molecule

would also affect the OH group, e.g. in syntheses involving sugars.

Trialkylsilyl groups: TMS, TIPS and TBDMS

Trimethylsilyl chloride reacts with an alcohol in the presence of base as

shown in equation 30.38. The base scavenges the HCl produced in the

reaction.

ð30:38Þ

The trialkylsilyl derivatives are stable to base and oxidation. The steric

protection offered by the TMS group can be appreciated by comparing the

space-filling model of propan-1-ol (Figure 30.7a) with its TMS derivative

(Figure 30.7b). The effectiveness of the trialkylsilyl protection is increased

if alkyl groups that are more sterically demanding than methyl are used.

Two common choices are the triisopropylsilyl (TIPS) and tert-butyldimethyl-

silyl (TBDMS) groups. The structures of triisopropylsilyl chloride (TIPSCl)

and tert-butyldimethylsilyl chloride (TBDMSCl) are given in 30.15 and

30.16. Figures 30.7c and 30.7d show space-filling diagrams of the TIPS

and TBDMS derivatives of propan-1-ol and clearly show the ‘umbrella of

protection’ offered by these substituents. Deprotection is achieved by treat-

ment with F� (e.g. as nBu4NF) or Hþ in aqueous solution (equations

30.39 and 30.40).

ð30:39Þ

(30.15) (30.16)

Fig. 30.7 Space-filling
diagrams of (a) propan-1-ol,

nPrOH, (b) nPrOTMS, (c)
nPrOTIPS and (d) nPrOTBDMS.
See text for definitions of TMS,
TIPS and TBDMS. Colour code:
C, grey; O, red; H, white; Si,
purple.
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ð30:40Þ

Benzyl group, Bn

Alcohols are often protected by preparing a benzyl ether, BnOR, from the reac-

tion of an alcohol ROH with benzyl chloride, BnCl (30.17), e.g. reaction 30.41.

ð30:41Þ

Benzyl ethers are stable to acid, base, oxidation and reduction, and the

molecule can be deprotected by hydrogenation (H2 with Pd catalyst) or

treatment with HBr.

Tetrahydropyranyl, THP

The final method of protection that we mention is the use of an acetal.

Treating an alcohol with dihydropyran and an acid catalyst gives a tetra-

hydropyran (THP) derivative (equation 30.42).

ð30:42Þ

THP-protected alcohols are stable to attack by strong and weak bases. They

are easily converted back to the respective alcohol by adding aqueous acid

(equation 30.43).

ð30:43Þ

Which protecting group?

The choice of an appropriate protecting group depends on the reaction

conditions, e.g., ROBn is stable to acids, but ROTHP is not. The differing

steric demands of the alkyl groups in trialkylsilyl groups leads to differing

degrees of protection. TIPS offers the most effective protection against

bases and nucleophiles.

(30.17)

An acetal has the general

formula:
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Protecting groups play crucial roles, not only in the laboratory syntheses

but also in commercial processes such as drug synthesis. An example is in

the manufacture of the sweetener aspartame (see Box 35.3), the synthesis

of which is a multi-step process. Aspartame contains a carboxyl OH group

and a terminal NH2 group, both of which must be protected during synthesis.

The final deprotection step is:

A second example is in the synthesis of Clofarabine, an anti-cancer drug

that interferes with DNA replication. It was approved in 2004 for use in

pediatric medicine for children suffering from acute lymphoblastic leukaemia.

Throughout the synthesis, the OH groups are protected with OBn groups.

The last two steps in the synthetic pathway (introduction of a 2-chloroadenine

substituent and final deprotection) are shown below:

We see more protection in action during peptide synthesis (see

Section 35.6). Drug analytes are routinely derivatized using TMS groups

during GC-MS analysis (see Section 36.6).
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SUMMARY

This chapter has introduced the chemistry of alcohols, ROH. Alcohols are important precursors in a range
of chemical manufacturing processes, and also feature in many biological molecules, e.g. sugars. The
physical properties reflect the ability of the OH group to form hydrogen bonds. Reactions of alcohols
include those in which the RO�H or R�OH bond is cleaved, the formation of alkoxides and oxidations
to aldehydes, ketones and carboxylic acids. Alcohols are important starting materials in the laboratory.
If a molecule contains several functional groups, it may be necessary to protect the OH group by using
protecting groups such as TMS, TIPS, TBDMS, THP or Bn.

Do you know what the following terms mean?

. primary alcohol

. secondary alcohol

. tertiary alcohol

. diol

. absolute alcohol

. ethylene glycol

. glycerol

. hydrophilic

. hydrophobic

. alkoxide

. Jones oxidation

. protection of an OH group

Some abbreviations have been used in this chapter. Do you know what they mean?

. Bn

. PCC

. TBDMS

. THP

. TIPS

. TMS

You should be able:

. to recognize primary, secondary and tertiary
alcohols

. to draw the structure of an aliphatic alcohol
given its systematic name

. to give systematic names to simple, aliphatic
(acyclic and cyclic) alcohols

. to give examples of alcohols that are important
in commercial manufacturing processes

. to illustrate methods of making alcohols from
carbonyl compounds

. to describe how alcohols can be prepared using
Grignard reagents

. to discuss the effect that hydrogen bonding has
on the physical properties of alcohols

. to give examples of alcohols behaving as
Bro/ nsted acids and bases

. to assign characteristic absorptions in IR spectra
of alcohols

. to assign 1H NMR spectra of simple alcohols

. to write an equation for the combustion of a
given alcohol

. to write an account of dehydration reactions of
alcohols to give alkenes, and contrast them
with intermolecular dehydrations to give ethers

. to illustrate the conversion of alcohols to
halogenoalkanes

. to describe how alkali metals react with
alcohols and comment on applications and
hazards of this reaction

. to give an account of the oxidations of alcohols
to aldehydes, ketones and carboxylic acids

. to write an equation for the conversion of an
alcohol to an ester

. to appreciate the needs for protecting an OH
group in certain reactions, and to give examples
of the use of suitable protecting groups

1092 CHAPTER 30 . Alcohols



 

PROBLEMS

30.1 Draw the structures of: (a) pentan-1-ol;

(b) heptan-3-ol; (c) 2-methylpentan-2-ol;

(d) propane-1,2,3-triol.

30.2 Name the following alcohols:

30.3 For which of the following alcohols are

stereoisomers possible?

30.4 Suggest ways of carrying out the following

transformations. Comment on any competitive

reactions that may affect the yield of alcohol, and

on the stereochemistry of the products where

appropriate.

30.5 Write a short account of the use of hydroboration

in the synthesis of alcohols.

30.6 Suggest starting materials for the preparation of

the following alcohols using a Grignard reagent as

one precursor. In each case, state how you might

make the Grignard reagent: (a) 2-methylpropan-2-

ol; (b) heptan-1-ol; (c) pentan-2-ol.

30.7 What would you expect to be the organic products

of the following reactions?

30.8 How does hydrogen bonding affect (a) the boiling

points of alcohols, (b) the solid state structure of

methanol and (c) the value of �vapS for methanol?

30.9 Suggest reasons for the following trend in pKa

values: EtOH, pKa ¼ 16:0; Me3COH, pKa ¼ 18:0;
CF3CH2OH, pKa ¼ 12:4; (CF3)3COH, pKa ¼ 5:4.

30.10 An alcohol X has a composition of 64.8% C and

13.6% H. The mass spectrum shows a parent ion

at m=z ¼ 74. The 1H NMR spectrum of X

dissolved in CDCl3 has signals at � 3.71 (sextet,

1H), 2.37 (singlet, 1H), 1.46 (multiplet, 2H), 1.17

(doublet, 3H), 0.93 (triplet, 3H) ppm; in the 13C

NMR spectrum, four resonances are observed.

Use these data to suggest a structure of X and

comment on isomer possibilities that retain the OH

functionality.

30.11 What spectroscopic technique(s) would you

choose to distinguish between (a) propan-1-ol and

propan-2-ol; (b) diethyl ether and butan-1-ol;

(c) cyclohexanol and hexan-1-ol?

30.12 Sodium wire can be used to dry hexane solvent.

(a) Write an equation for the reaction that occurs.

(b) How might you destroy excess Na and what

precautions should you take?

30.13 Suggest a mechanism for the following reaction:

30.14 Suggest the identities of the major products in the

acid-catalysed dehydrations of (a) butan-2-ol;

(b) 2-methylbutan-1-ol; (c) pentan-1-ol.
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30.15 Suggest products in the following reactions:

    

30.16 Suggest what alcohol precursor and reaction

conditions you might use to obtain the following

products after oxidation:

30.17 When we discussed oxidation of alcohols in Section

30.5, we stated that the mechanism of oxidation of

an aldehyde to carboxylic acid is analogous to that

of the conversion of an alcohol to an aldehyde.

Propose a mechanism for the oxidation of RCHO to

RCO2H using KMnO4 in acidic aqueous solution.

30.18 (a) Summarize methods of protecting OH groups,

stating differences in the conditions under which

they work. How are the compounds deprotected?

(b) Suggest possible disadvantages to using protecting

groups during a synthesis. (c) Write a mechanism for

the deprotection of ROTMS using nBu4NF.

ADDITIONAL PROBLEMS

30.19 Suggest explanations for the following.

(a) The 1HNMRspectrum of CF3CH2OH contains

a quartet (J 9Hz) at � þ3.9ppm in addition to

the signal assigned to the OH proton.

(b) The addition of D2O (D ¼ 2H) to hexanol

causes the disappearance of the signal assigned

to the OH proton.

(c) Whereas alcohols exhibit relatively high

boiling points and enthalpies of vaporization,

the same is not true of thiols, RSH, e.g.

propan-1-ol, bp¼ 370.2K,

�vapH(bp)¼ 41.4 kJmol�1; propane-1-thiol,
bp¼ 340.8K, �vapH(bp)¼ 29.5 kJmol�1.

30.20 (a) Explain why the displacement of OH in an

alcohol by Br is carried out under acidic

conditions.

(b) Suggest products at each stage in the following

reaction scheme:

Why does the OH group need to be protected

before the following reaction is carried out?

(c) Suggest how you would prepare the following
13C-labelled compound (� ¼ 13C) starting

from the precursor shown below:

30.21 Sodium hypochlorite, NaOCl, (bleach) is an

oxidizing agent. When it is added to a 1 : 1 mixture

of heptan-1-ol and heptan-2-ol, selective oxidation

of one of the compounds occurs. The 1H NMR

spectrum of a CDCl3 solution of a 1 : 1 mixture of

heptan-1-ol and heptan-2-ol contains a doublet at

� 1.16 ppm, a triplet at � 3.62 ppm and a sextet at

� 3.77 ppm; the relative integrals of these signals is

3 : 2 : 1. Other signals in the spectrum overlap with

one another and appear as multiplets at about

� 0.9 and 1.3 ppm. After oxidation, the 1H NMR

spectrum of the reaction mixture contains two

triplets at � 3.62 and 2.39 ppm, and a singlet at

� 2.11 ppm (relative integrals 2 : 2 : 3), in addition

to poorly resolved signals at � 0.9 and 1.3 ppm.

(a) Draw the structures of heptan-1-ol and

heptan-2-ol, and of possible oxidation

products.

(b) Why are only some of the NMR spectroscopic

signals diagnostic, while others are poorly

resolved?

(c) Suggest assignments for the signals at � 1.16,
3.62 and 3.77 ppm in the starting mixture.
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(d) Use the data to deduce which reactant has been

oxidized and assign the final spectrum.

(e) What is the oxidation state of Cl in NaOCl? To

what possible product or products might

NaOCl be reduced during the reaction with an

alcohol?

[Data: S. R. Shadwick et al. (1999) J. Chem. Educ.,

vol. 76, p. 1121.]

CHEMISTRY IN DAILY USE

30.22 Infrared spectroscopy is routinely used in the

analysis of alcohol levels in human breath. From

the breath measurement, it is possible to determine

the blood ethanol concentration. Figure 30.8

shows the IR spectrum of ethanol. The absorption

bands usually used in police analysis are those at

2950 and 1050 cm�1.
(a) Suggest why one of the bands at 2950 and

1050 cm�1 is chosen for analysis rather than

the band arising from the O–H stretch. To

which vibrations are the 2950 and 1050 cm�1

absorptions assigned?

(b) What is the relationship between transmittance

(Figure 30.8) and absorbance (table opposite)?

(c) Use the following data to construct a

calibration curve. Comment on the

relationship between absorbance (A) and

concentration (c).

(d) From the calibration curve, determine to what

blood ethanol concentration an absorbance of

0.095 corresponds.

30.23 Each of the following steps may be used in

synthetic pathways to the specified drugs, although

they are not necessarily those employed in the

pharmaceutical industry.

(a) Captopril is an antihypertensive drug:

The initial step in the synthesis of captopril is

hydration of methacrylic acid (see overleaf)

which is carried out stereoselectively in a

microbial-catalysed reaction. Why is it not

possible to carry out the hydration using H2O

and an acid catalyst? Reagent A converts both

OH groups to Cl functionalities. Suggest what

reagent you could use.

Fig. 30.8 IR spectrum and structure of ethanol. Colour code: C, grey; O, red; H, white.

Blood EtOH
concentration,
c / %

0.026 0.050 0.065 0.080 0.100 0.150

Absorbance,
A, at
1050 cm�1

0.046 0.080 0.115 0.142 0.177 0.266

[Data based on: A. Kniesel et al. (2003) J. Chem. Educ., vol. 80,
p. 1448.]
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(b) The last step in the synthesis of the antiviral

drug zidovudine (AZT) is shown below. What

does TBDMS stand for? Suggest a reagent to

carry out this transformation.

30.24 Analysis of steroids in medical diagnosis and drug

screening in sports routinely uses GC-MS (see Box

24.3 and Section 36.6). Steroids are not sufficiently

volatile or thermally stable for the GC-MS

technique, and therefore derivatization with TMS

is employed. This is illustrated below for

testosterone:

The derivatization of the keto-functionality

involves a keto–enol tautomerism. The electron

impact mass spectrum of the TMS derivative

shown above exhibits a base peak at m/z = 432.3.

Diagnostic peaks are also observed atm/z= 417.3

and 327.2.

(a) What is meant by ‘keto–enol tautomerism’?

(b) What are typical conditions for synthesizing a

TMS derivative of an alcohol?

(c) Suggest assignments for the peaks at m/z =

432.3, 417.3 and 327.2.
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31
Amines

31.1 Structure and nomenclature

The functional group of a primary amine is an NH2 group, and the general

formula of an aliphatic amine is RNH2. The compound is derived from

ammonia (31.1) by replacement of one H atom by an alkyl group, R

(structure 31.2). The trigonal pyramidal arrangement of atoms attached to

the N atom in 31.1 and 31.2 is a consequence of the lone pair of electrons

on the N atom (see Chapter 6). Further replacement of H atoms by R

groups gives secondary and tertiary amines as in structures 31.3 and 31.4 in

which the R groups may be the same or different.

The systematic name of a straight chain primary amine is derived by

suffixing the root name of the alkane with ‘amine’. Numerical descriptors

indicate the position of the NH2 group. In a primary amine, the NH2

group is not necessarily at the end of the carbon chain. Compounds 31.5–

31.8 are all examples of primary amines. If the carbon chain is branched,

for example in structure 31.8, the NH2 group takes the highest priority

(31.8 is 4-methyl-2-pentylamine, not 2-methyl-4-pentylamine).

Topics

Structure and

classification

Inversion at nitrogen

Synthesis

Physical properties

IR spectroscopy
1H NMR spectroscopy

Mass spectrometry

Reactivity

(31.1)

(31.2)

(31.3) (31.4) (31.5) (31.6) (31.7) (31.8)

Primary amine derivatives of cycloalkanes (31.9 and 31.10) are similarly

named, again with the amine group taking priority over alkyl substituents.

Primary amines containing more than one NH2 group are named as in

example 31.11; note the retention of the -e in the alkane part of the name.



 

Secondary and tertiary amines may be symmetrical or unsymmetrical

depending on whether the alkyl groups are the same or different. Symmetrical

secondary and tertiary amines are named by adding the prefix di- or tri- before

(31.9) (31.10) (31.11)

the name of the alkyl group, for example diethylamine (31.12, a secondary

amine) and tributylamine (31.13, a tertiary amine). In an unsymmetrical

secondary or tertiary amine, the root name is chosen by finding the largest

substituent attached to the N atom; smaller chains are classed as N-bound

substituents. For example, compound 31.14 has one propyl and two

methyl substituents attached to the same N atom. The propyl group is the

parent chain, and the methyl groups are classed as substituents on the

N atom. The compound is named N,N-dimethylpropylamine.

(31.12) (31.13) (31.14)

Secondary amines can also be named as aza derivatives of alkanes. Just as

an aliphatic ether can be considered to be derived from an alkane with a

CH2 group replaced by an isoelectronic O atom, an amine can be derived

from an alkane by replacement of CH2 by an isoelectronic NH. The

amine is named by prefixing the alkane root name with aza accompanied

by numerical descriptors to show the position of the NH group or groups.

This nomenclature is used particularly for compounds containing several

amine functionalities, e.g. 31.15 and 31.16.

(31.15) (31.16)

You will often encounter tetraalkylammonium salts in the laboratory,

especially in inorganic synthesis. These contain quaternary ammonium ions

of general formula [R4N]þ. Their names show the alkyl substituents

attached to the central N atom as in 31.17. A shorthand way of representing

ion 31.17 is Et4N
þ. Similarly, Et3NHþ is triethylammonium ion, nBu4N

þ is

Older names (still in use)
for 1,2-ethanediamine are

1,2-diaminoethane and
ethylene diamine

(31.17)

"
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BIOLOGY AND MEDICINE

Box 31.1 Amines in biology

Many biologically active compounds contain amine

groups and in this box we highlight a few examples.

The smell of rotting fish arises from release of

MeNH2, and decaying animal flesh produces a foul

odour owing to release of 1,4-butanediamine (with

the common name of putrescine) and 1,5-pentane-

diamine (cadaverine).

The structures of adrenaline and noradrenaline also

feature amine functionalities. Adrenaline and nor-

adrenaline are secreted by the adrenal glands. The

photograph opposite shows ganglion nerve cells in the

medulla of the adrenal gland. The cells have terminal

nerve fibres. The medulla region of the adrenal gland

produces adrenaline and noradrenaline. The body

uses noradrenaline as a precursor to adrenaline. Adre-

naline increases the rate at which the heart beats and

increases blood pressure. Noradrenaline is also secreted

at sympathetic nerve endings.

The drugs amphetamine and amitriptyline are primary

and tertiary amines respectively. Amphetamine is a

stimulant and vasoconstrictor, but it is also addictive.

Amitriptyline is used in the treatment of depression.

Coloured scanning electron micrograph (SEM) of ganglion

nerve cells in adrenal gland.

L-Lysine (see Table 35.2) is a naturally occurring

amino acid that has an amino-functional group.

Although L-lysine is essential for growth of the body,

mammals cannot synthesize it and rely on dietary

intake.

Two further amines of biological significance are

pyridoxamine and glucosamine. Pyridoxamine belongs

to the vitamin B6 group; the phosphate derivative

acts as a coenzyme. Glucosamine is related to glucose

(see Chapter 35) and is sold for the treatment of osteo-

arthritis; research into this application of glucosamine

continues. Glucosamine building blocks are present in

chitin in the skeletons of invertebrates.
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tetrabutylammonium ion and Et2NH2

þ is diethylammonium ion. These

ions are synthetically useful because their salts are often soluble in organic

solvents such as CH2Cl2.

Whereas an amine contains a trigonal pyramidal N atom, a quaternary

ammonium ion contains a tetrahedral N centre: Nþ is isoelectronic with C,

and so Me4N
þ is isoelectronic with Me4C. The two species are isostructural.

31.2 Inversion at nitrogen in amines

In Section 24.8, we introduced asymmetric C atoms. Such an atom (e.g. the

central C atom in 31.18) has four different groups attached to it. A compound

containing an asymmetric C atom is chiral. A trigonal pyramidal N atom in

an amine has only three groups attached to it, but it also has a lone pair.

Comparison of 31.18 and 31.19 implies that 31.19 is chiral. Following from

this theory, Figure 31.1 shows the two enantiomers of EtMeNH, i.e. a pair

of stereoisomers, the structures of which are not superposable on their

mirror images. Towards the end of Section 24.8, we discussedways of resolving

chiral compounds. In the case of chiral amines, resolution is not usually possible

because of facile inversion at the N atom that has the effect of interconverting

the two enantiomers (Figure 31.2). Inversion at the N atom inmost amines has

a low energy barrier.

Isostructural and
isoelectronic: see Sections

5.12 and 7.2, and Figure 7.2

(31.18) (31.19)

"

Fig. 31.1 When a
molecule of EtMeNH

‘looks’ in a mirror, the mirror
image is non-superposable on
the original molecule. Thus, in
theory, EtMeNH has
enantiomers, although these
cannot be resolved. Colour code:
C, grey; N, blue; H, white.

(a) (b)

Fig. 31.2 (a) Inversion of an amine; three different groups attached to the N atom (shown in blue) are represented as
different coloured spheres. (b) Enantiomers of the same amine. Comparison of (a) and (b) shows that inversion leads

to the interconversion of the enantiomers. Inversion is facile (i.e. has a low energy barrier) and the enantiomers cannot be
resolved.

1100 CHAPTER 31 . Amines



 

31.3 Synthesis

Conversion of halogenoalkanes to amines by nucleophilic
substitution

Halogenoalkanes can be converted to amines by nucleophilic substitution

using NH3. Ammonia is a good nucleophile and readily displaces a halide

ion as in reaction 31.1.

ð31:1Þ

Although this reaction may appear to be a good method of preparing a

primary amine, it has an inherent problem: the primary amine is also a

good nucleophile and can attack another molecule of halogenoalkane.

This leads to the formation of a secondary amine (equation 31.2).

ð31:2Þ

The reaction does not always stop here. The secondary amine also behaves as

a good nucleophile, and reacts with the halogenoalkane to give a tertiary

amine (equation 31.3). Further reaction to give a quaternary ammonium

ion then follows (equation 31.4).

ð31:3Þ

ð31:4Þ

Nucleophilic substitution:
see Section 28.6

"
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The method is usually non-specific, giving mixtures of primary, secondary

and tertiary amines and quaternary ammonium salts. Thus, the synthesis

of a given amine from a halogenoalkane is not usually a convenient route.
One route for introducing the terminal amino group in fluoxetine (the anti-

depressant drug Prozac1, sold as a racemate) involves nucleophilic attack of

methylamine on the iodo derivative shown below:

Conversion of halogenoalkanes to amines by the Gabriel synthesis

Instead of using NH3 or an amine to introduce an amine group, an alter-

native method is to use potassium phthalimide in a reaction called theGabriel

synthesis. This specifically yields a primary amine. Potassium phthalimide is

the salt of an imide (equation 31.5) and reacts readily with halogenoalkanes

to give an alkylated derivative of the imide (equation 31.6). An alternative to

hydrazine in the last step is aqueous alkali.

ð31:5Þ

ð31:6Þ

An imide contains the

functional group:
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Conversion of nitriles to amines

Primary amines can be prepared by the reduction of nitriles using lithium

aluminium hydride as the reducing agent (equation 31.7). The C atom that

was in the cyano functional group becomes part of the aliphatic chain

in the amine. This has the effect of lengthening the carbon chain during

the reaction. Equation 31.8 shows the preparation of butylamine from

cyanopropane.

ð31:7Þ

ð31:8Þ

Since cyanide ion is a good nucleophile, reactions of type 31.7 can be

coupled with the nucleophilic substitution of halide by cyanide to give a

two-step synthesis of an amine from a halogenoalkane. Reaction 31.9

shows the transformation of bromoethane into propylamine.

ð31:9Þ

The reduction of nitriles produces only primary amines. This includes the

formation of NH2 groups attached to terminal C atoms (e.g. equation

31.9), or C atoms in the middle of a chain (reaction 31.10).

ð31:10Þ

Azide ion, N3
�, can be used as an alternative to cyanide as a nucleophile. The

azide derivative RN3 is readily reduced by LiAlH4 to the corresponding

amine RNH2. Note that, in contrast to the use of cyanide as the nucleophile,

use of azide does not lead to an increase in the carbon chain. An example of

the azide route is in the introduction of an amine functionality during the

synthesis of the anti-hypertensive drug Amlodipine:

An organic nitrile contains

the functional group:

Caution! Azides are
explosive

"
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Reductive amination of aldehydes and ketones

Primary amines in which the NH2 group is attached to the terminal C atom

of an aliphatic chain can be prepared by the reductive amination of aldehydes.

The aminating agent is ammonia, and a reducing agent used on a commercial

scale is H2 in the presence of a nickel catalyst. Reaction 31.11 shows the

reductive amination of pentanal.

ð31:11Þ

The mechanism of reductive amination involves nucleophilic attack by NH3

on the C�þ of the carbonyl (C¼O) group. We look at this mechanism in detail

in Section 33.14. Ketones are structurally related to aldehydes and also

undergo reductive amination. Equation 31.12 shows that, starting from

hexan-3-one, the product is 3-hexylamine.

ð31:12Þ

In both reactions 31.11 and 31.12, the products are primary amines, but:

. if the precursors are NH3 and an aldehyde, the product is RCH2NH2 and

contains the NH2 group attached to a primary alkyl group;
. if the precursors are NH3 and a ketone, the product is R2CHNH2 or

RR’CHNH2, and the NH2 group is attached to a secondary alkyl group.

The NH2 group always ends up in the position originally occupied by the

C¼O group.

When the aminating agent is a primary amine, the product is a secondary

amine. Similarly, when the aminating agent is a secondary amine, the product

is a tertiary amine. Examples are shown in reactions 31.13 and 31.14.

ð31:13Þ

ð31:14Þ

Each of the reductive amination reactions gives a specific product, and this

method of preparing primary, secondary or tertiary amines is superior to the

nucleophilic substitution reactions described in reactions 31.1–31.3.

Reductive amination of an

aldehyde using NH3 gives a

primary amine with the

NH2 group attached to a

terminal C atom (i.e. to a

primary alkyl group).

Reductive amination of a

ketone using NH3 gives a

primary amine with the

NH2 group attached to a

secondary alkyl group.
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Although high pressures of H2 are used commercially, it is more con-

venient to use NaBH3CN or NaBH(OAc)3 in the laboratory as in reaction

31.15. (NaBH4 is not suitable as the reducing agent as it would reduce the

starting aldehyde.)

ð31:15Þ

The drug amphetamine (see Box 31.1) provides an example of a commercial

application of reductive amination of a ketone:

Because it is so addictive, medical uses of amphetamine (which is a controlled

substance) are limited. A further example of the use of reductive amination in

drug synthesis is given at the end of the chapter.

31.4 Physical properties of amines

Boiling points and enthalpies of vaporization

Like NH3, low molecular weight amines possess characteristic smells often

described as ‘fishy’. Amines are polar molecules. Structure 31.20 shows the

approximate direction of the dipole moment in MeNH2. The presence of

N�H bonds in primary and secondary amines means that some of their

physical properties contrast with those of tertiary amines. In the neat

liquid and solid state, primary and secondary amines form intermolecular

hydrogen bonds, but this is not generally true of tertiary amines.

Table 31.1 lists boiling points and values of �vapH(bp) for selected amines.

Some points to note are as follows.

. There is a general increase in values with increasing molecular weight for

the series of straight chain primary amines (MeNH2, EtNH2,
nPrNH2 . . .).

. For a series of primary amines of constant molecular weight but

different degrees of chain branching, the boiling point and enthalpy of

vaporization are highest for the straight chain member of the family.

Look at the trend for nBuNH2,
secBuNH2,

isoBuNH2,
tBuNH2 and

consider the intermolecular interactions between the molecules.

. There is a significant difference between the boiling points and values of

�vapH for 1-hexylamine (a primary amine) and triethylamine (a tertiary

amine) despite the fact that they have the same molecular weight. The

space-filling diagrams in Figure 31.3 emphasize the difference in overall

shapes of these molecules.

(31.20)

Intermolecular interactions
between alkane chains:

see Section 25.3

"
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The Pauling electronegativity values of N and H are 3.0 and 2.2 respectively,

and intermolecular hydrogen bonds form between amine molecules containing

N�H bonds. The strengths of these hydrogen bonds are less than those

between alcohol molecules (see Chapter 30). Structure 31.21 shows hydrogen

bonding between molecules of diethylamine. A comparison of the boiling

points of hexane (341.7K) and 1-hexylamine (405.8K) illustrates how the

Hydrogen bonding:
see Section 21.8

"

Table 31.1 Boiling points and enthalpies of vaporization of selected amines. Values of NH3 are included for comparison.

Compound Structure Relative

molecular mass

Boiling

point /K

�vapH(bp) /

kJmol
�1

Ammonia 17.0 239.7 23.3

Methylamine 31.1 266.7 25.6

Dimethylamine 45.1 279.9 26.4

1-Propylamine 59.1 320.2 29.6

2-Propylamine (isopropylamine) 59.1 304.8 27.8

1-Butylamine 73.1 350.0 31.8

2-Butylamine (sec-butylamine) 73.1 335.7 29.9

2-Methyl-1-propylamine
(isobutylamine)

73.1 340.7 30.6

2-Methyl-2-propylamine
(tert-butylamine)

73.1 317.0 28.3

Diethylamine 73.1 328.5 29.1

1-Hexylamine 101.2 405.8 36.5

Triethylamine 101.2 362.0 31.0
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introduction of the NH2 group also introduces the effects of hydrogen

bonding. The difference in boiling points between hexane and 1-hexylamine

also reflects an increase in molecular weight. A more realistic feel for the

contributions made by hydrogen bonding can be made by comparing the boil-

ing points of the alkane hexane (bp 341.7K, Mr 86.2) and the primary amine

1-pentylamine (bp 377.3K, Mr 87.2).

Solubility in water

Amines form hydrogen bonds with water molecules. Primary, secondary and

tertiary amines may interact as shown in structure 31.22. In addition,

primary and secondary amines can form hydrogen bonds of the type

shown in diagram 31.23. The structures on the right-hand side of the page

remind you about the presence of lone pairs of electrons in amine and

water molecules.

(31.22) (31.23)

It follows from these interactions that low molecular weight amines are

water soluble. They are also miscible with polar solvents such as ethers

and alcohols, because of the formation of hydrogen bonds as exemplified

in structure 31.24.

Amines as bases

Like NH3, amines behave as weak Brønsted bases and values of pKa and pKb

(equation 31.16) for selected amines are listed in Table 31.2. In Chapter 16,

we considered the relationship between pKb for a base B, and the value of

pKa for its conjugate acid BHþ in aqueous solution (equation 31.17).

pKa ¼ � logKa

pKb ¼ � logKb

)
ð31:16Þ

pKa þ pKb ¼ 14:00 ð31:17Þ

(31.21)

(31.24)

Fig. 31.3 Space-filling
diagrams of the structures

of (a) triethylamine and
(b) 1-hexylamine. Colour code:
C, grey; N, blue; H, white.

Physical properties of amines 1107



 For NH3, Kb refers to equilibrium 31.18, and Ka refers to equilibrium

31.19. Similarly, for an amine RNH2, Kb and Ka apply to equilibria 31.20

and 31.21 respectively. Take care when looking up values of equilibrium

constants; some tables quote Kb values for amines, while others quote Ka

values for their conjugate acids. In discussing the acid–base behaviour of

amines in this book, we use Ka or pKa values.

NH3ðaqÞ þH2OðlÞ Ð NH4
þðaqÞ þOH�ðaqÞ pKb ¼ 4:75 ð31:18Þ

NH4
þðaqÞ þH2OðlÞ Ð H3O

þðaqÞ þNH3ðaqÞ pKa ¼ 9:25 ð31:19Þ

RNH2ðaqÞ þH2OðlÞ Ð RNH3
þðaqÞ þOH�ðaqÞ ð31:20Þ

RNH3
þðaqÞ þH2OðlÞ Ð H3O

þðaqÞ þRNH2ðaqÞ ð31:21Þ

The smaller the value of pKa for the conjugate acid of a base, the stronger

the conjugate acid and the weaker the base. The values in Table 31.2 illustrate

that aliphatic amines are stronger bases than H2O or alcohols, but are weaker

bases than hydroxide or alkoxide ions.

Compounds with two NH2 groups (diamines) are characterized by two pKa

values. We define pKa(1) to refer to the loss of a proton from the diprotonated

conjugate acid of the amine. pKa(2) refers to the loss of a proton from the

The smaller the value of

pKa (and the larger the

value of Ka) for the

conjugate acid BHþ of a

base B, the stronger the

conjugate acid and the

weaker the base.

Alcohols and alkoxide ions:
see Section 30.3

"

Table 31.2 pKb values for selected amines and pKa values for their conjugate acids.
Ammonia is included for comparison.

Amine Structure pKa pKb

Ammonia 9.25 4.75

Methylamine 10.66 3.34

Ethylamine 10.81 3.19

1-Propylamine 10.71 3.29

1-Butylamine 10.77 3.23

2-Methyl-2-propylamine
(tert-butylamine)

10.83 3.17

Diethylamine 10.49 3.51

Triethylamine 11.01 2.99
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monoprotonated conjugate acid. Equations 31.22 and 31.23 show the appro-

priate equilibria for 1,2-ethanediamine. It is a general trend that the value

of pKað1Þ < pKað2Þ, i.e. the diprotonated conjugate acid is a stronger acid

than the monoprotonated conjugate acid. Conversely, the monoprotonated

base is a weaker base than the neutral, parent compound.

pKað1Þ ¼ 7:56 ð31:22Þ

pKað2Þ ¼ 10:71 ð31:23Þ

The ability of RNH2 to accept a proton is important in the chemistry of

amino acids. An amino acid has the general structure shown in 31.25. The

NH2 group can act as a Brønsted base and gain a proton, while the car-

boxylic acid group may function as a Brønsted acid and be deprotonated.

However, at a given solution pH, intramolecular proton transfer occurs to

generate the neutral zwitterion shown in structure 31.26 (see Section 35.4).

(31.25) (31.26)

We look further at the reactions of amines as bases in Section 31.6.

31.5 Spectroscopic characterization of amines

IR spectroscopy

The IR spectrum of a primary or secondary amine exhibits a broad absorp-

tion band around 3000–3500 cm�1 assigned to the N�H stretch, i.e. �(N�H).

Because a tertiary amine does not possess an N�H bond, its IR spectrum

does not exhibit this characteristic absorption. Figure 31.4 shows the IR

spectra of 1-butylamine and triethylamine. Both spectra show absorbances

between �3000 and 2800 cm�1 assigned to �(C�H), and there are bands in

the fingerprint region that are characteristic of each compound. The broad

band centred around 3330 cm�1 in the IR spectrum of 1-butylamine is

assigned to �(N�H). No analogous absorption is present in the IR spectrum

of Et3N. It would not be seen either in the spectrum of an ammonium salt

containing an R4N
þ ion.

In general, bands arising from N�H stretches are less intense than those

assigned to �(O�H). Compare the spectrum of 1-butylamine (Figure 31.4)

with that of dodecan-1-ol (Figure 30.5). Bands arising from �(N�H) tend to

be sharper than those assigned to �(O�H) because the degree of hydrogen

bonding between amine molecules is less than that between alcohol molecules.
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Ammonium ions that contain N�H bonds (e.g. Et3NHþ) have character-
istic absorptions assigned to �(N�H) depending on the type of ion:

. R2NH2
þ and R3NHþ exhibit bands �2700–2250 cm�1;

. RNH3
þ has an absorption around 3000 cm�1.

1H NMR spectroscopy

The 1HNMR spectrum of a primary or secondary amine is expected to contain

a broad signal in the approximate range � þ1 and þ6ppm (Table 14.3). How-

ever, in some cases the signal may be difficult to observe. On its own, 1H NMR

spectroscopy is not a reliable method of confirming the presence of an NH or

NH2 group. Coupled with other data (e.g. IR spectroscopy), the 1H NMR

spectrum of an unknown compound provides supporting information.

The assignment of a peak to an NH proton can be aided by adding D2O to

the solution. The exchange reaction:

R2NHþD2OÐ R2NDþDOH

leads to the disappearance of the NH proton signal in the 1H NMR

spectrum. The same observation is made when D2O is added to a solution

of an alcohol, and the signal assigned to the OH proton disappears.

Mass spectrometry

In Chapter 10, we discussed the use of mass spectrometry in compound

characterization. We focused on the identification of parent ions and frag-

mentation patterns. A simple organic compound containing C, H, O and

N and an odd number of N atoms always has an odd molecular mass, e.g.

the parent ion for Me2NH is at m=z ¼ 45. Figure 31.5 shows the mass

spectrum of ethylamine, EtNH2. The parent ion comes at m=z ¼ 45. Loss

of H gives [C2H6N]þ with m=z ¼ 44. The base peak at m=z ¼ 30 arises

Fig. 31.4 The IR spectra of 1-butylamine (a primary amine) and triethylamine (a tertiary amine). Colour code for
structures: C, grey; N, blue; H, white.
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from cleavage of the C�C bond adjacent to the NH2 group. This is a

characteristic cleavage, shown in equation 31.24 for ethylamine and in

equation 31.25 for a general aliphatic amine.

ð31:24Þ

ð31:25Þ

31.6 Reactivity

Amines as weak bases

The fact that amines are weak bases means that they form salts when treated

with acid. Equations 31.26–31.28 give examples, starting from primary,

secondary and tertiary amines respectively.

ð31:26Þ

Fig. 31.5 The mass spectrum of
ethylamine, EtNH2.
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ð31:27Þ

ð31:28Þ

Salt formation can be applied in the laboratory to the purification of

amines if the amine is in a mixture of compounds in which only the amine

will act as a base. The mixture of compounds is dissolved in an organic

solvent such as an ether. Aqueous hydrochloric acid is then added to the

solution contained in a separating funnel (see Figure 29.3). The amine

forms a chloride salt (as in equation 31.26), and dissolves in the aqueous

solution. The ether and aqueous solution are immiscible and the two layers

are separated as described at the end of Section 29.4. Addition of base

(e.g. NaOH) to the aqueous solution of the ammonium salt regenerates the

amine (equation 31.29).

RCH2NH3
þCl� þNaOH��"RCH2NH2

"
þNaCl

"
þH2O ð31:29Þ

Soluble in an Water
organic solvent soluble

Commercially available amines may be sold in the form of, for example,

a hydrochloride, e.g. cetirizine dihydrochloride is an anti-histamine drug,

and ecstasy (a controlled substance which has hallucinogenic effects) is a

hydrochloride of a secondary amine.

Amines as weak acids

Just as alcohols can act as acids or bases, so too can amines. Amines are

very weak acids, much weaker than alcohols, and very much weaker than

carboxylic acids. The pKa values below illustrate this:

Acetic acid

MeCO2H

Ethanol

EtOH

Diisopropylamine
i
Pr2NH

pKa ¼ 4:77 pKa ¼ 16 pKa ¼ 40
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We must be clear to what equilibrium this last value refers, because earlier

in the chapter we discussed pKa values of the conjugate acids of amines. The

pKa value of an amine refers to the loss of a proton and formation of an amide

ion. For diisopropylamine, equilibrium 31.30 is the relevant one.

pKa ¼ 40 ð31:30Þ

The diisopropylamide ion is especially important in synthetic chemistry.

Because it is the conjugate base of a very weak acid, iPr2N
� is a very strong

base. It is also sterically hindered (Figure 31.6). This allows iPr2N
� to depro-

tonate a compound without there being competition with it acting as a nucleo-

phile. Lithium diisopropylamide (LDA) is prepared by reaction 31.31 and is

commonly used as a base in the formation of lithium enolates (31.27) from car-

bonyl compounds. We return to this application in Section 33.13.

ð31:31Þ

Hofmann elimination

A quaternary ammonium ion is susceptible to attack by a strong base such as

hydroxide or an amide ion. The result is an elimination reaction yielding a

tertiary amine and an alkene. Equation 31.32 shows an example.

ð31:32Þ

A tertiary amine, R3N, is a good leaving group and the E2 mechanism is as

follows:

Caution! The word amide is

used both for an ion derived

from an amine, and for a

neutral compound of type

RCONH2:

(31.27)

E2 mechanism:
see Section 28.7

"

Fig. 31.6 Stick and space-
filling diagrams of the

structure of the diisopropylamide
ion, illustrating the steric
crowding around the nitrogen
atom. Colour code:
C, grey; N, blue; H, white.
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If a similar reaction were carried out starting from an amine, the potential

leaving group would be NH2
�, RNH� or R2N

�. All these are poor leaving

groups and so the reaction does not occur. To overcome this problem, the

amine is first methylated using methyl iodide to give a quaternary salt, e.g.

reaction 31.33. Base-promoted elimination can now take place with a tertiary

amine as the leaving group (equation 31.34).

ð31:33Þ

ð31:34Þ

This type of elimination reaction is called a Hofmann elimination.

Alkylation and acylation of amines

Alkylation of an amine (i.e. the conversion of an NH group to an NR group)

can be achieved by reaction with a halogenoalkane, RX. However, as we saw

in equations 31.2–31.4, such reactions tend to give a mixture of products as in

equation 31.35. In reaction 31.33, an excess of MeI was used to ensure com-

plete conversion to the ammonium salt.

ð31:35Þ

In contrast, if an amine is acylated (i.e. an NH group is converted to an

NCOR group), the reaction is more readily controlled. Acylation takes

place when ammonia or an amine reacts with an acyl chloride, and gives a

specific amide as in reactions 31.36 and 31.37.

ð31:36Þ

ð31:37Þ

Leaving groups:
see Chapter 28

An acyl chloride has the

general formula:

"
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Reduction of the amide using lithium aluminium hydride gives the

corresponding amine (e.g. equation 31.38).

ð31:38Þ

Combination of acylation and reduction therefore provides a means of

specific alkylation, as opposed to the non-specific direct alkylation shown

in equation 31.35.

Acylation and alkylation of amines are steps in the synthesis of the pain-

relieving drug Fentanyl. The central structural unit of Fentanyl is a piperi-

dine ring (31.28), the NH group in which must be protected with a benzyl

group during the first steps of the reaction sequence. The first step is the

reductive amination of a ketone to produce an amine that is then acylated.

After deprotection of the piperidine amine unit, alkylation results in the for-

mation of Fentanyl:(31.28)
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SUMMARY

This chapter has been concerned with amines: their syntheses and physical, spectroscopic and chemical
properties. Hydrogen bonding involving NH groups occurs, although the strength of these hydrogen
bonds is not as strong as those involving OH groups. Amines behave as weak bases; they may also act
as very weak acids. The NH2 group is a poor leaving group; elimination reactions involving attack by
strong base are enhanced by converting amines into quaternary ammonium salts.

Do you know what the following terms mean?

. primary amine

. secondary amine

. tertiary amine

. quaternary ammonium ion

. diamine

. aza-

. Gabriel synthesis

. imide

. reductive amination of an
aldehyde or ketone

. amide functional group

. amide ion

. Hofmann elimination

. alkylation of an amine

. acylation of an amine

. acyl chloride

. piperidine

The following abbreviation was introduced in this chapter. Do you know what it means?

. LDA

You should be able:

. to give a systematic name of a simple amine
given the structure

. to draw the structure of a simple amine given a
systematic name

. to distinguish between primary, secondary and
tertiary amines

. to know what is meant by a quaternary
ammonium salt

. to recognize if an amine is chiral, and to
comment on the possibility of resolving
mixtures of enantiomers

. to describe methods of preparing amines,
commenting on disadvantages or advantages
of individual methods

. to comment on the effects of hydrogen
bonding on physical properties of amines

. to relate pKa and pKb values for ammonium
ions and amines to appropriate equilibria

. to assign an absorption in the IR spectrum of an
amine to �(N�H)

. to interpret the 1H NMR spectrum of a simple
amine

. to interpret the mass spectrum of a simple
amine and comment on characteristic
fragmentation patterns

. to discuss characteristic reactions of amines

PROBLEMS

31.1 Give systematic names for the following amines: 31.2 Draw the structures of the following amines:

(a) 2-hexylamine; (b) 3,3-dimethyl-1-heptylamine;

(c) triethylamine; (d) dimethylamine;

(e) 1,4-butanediamine; (f ) isopropylamine;

(g) N,N-dimethylbutylamine; (h) 1-octylamine;

(i) benzylamine. Classify each compound as a

primary, secondary or tertiary amine.

31.3 Give structural representations of the following

salts: (a) tetraethylammonium chloride;

(b) tetrabutylammonium bromide;

(c) diethylammonium sulfate;

(d) N,N-dimethylbenzylammonium bromide.
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31.4 Explain why racemates of salts of chiral

quaternary ammonium ions can usually be

resolved whereas this is not generally true for

chiral amines in which the chiral centre is

the N atom.

31.5 (a) Suggest how the reaction of NH3 with

1-bromopropane might proceed.

(b) Suggest a method of preparing 1-hexylamine in

high yield from 1-bromohexane.

31.6 Suggest a multi-step synthesis by which

ethene might be converted to

1-propylamine.

31.7 Suggest products in the following

reactions:

31.8 Give the products expected from the reductive

amination using NH3 of (a) butanone;

(b) propanal; (c) pentane-2,4-dione;

(d) cyclohexanone.

31.9 How would you expect the boiling points of

compounds in the following series of compounds

to vary? Rationalize your answers.

(a) Pentane; 1-pentylamine; 2-pentylamine.

(b) 1-Butylamine; 2-methyl-1-propylamine;

2-methyl-2-propylamine.

(c) Ethane; butane; 1-propylamine;

1,2-ethanediamine.

31.10 Write down the equilibria to which the following

pKa and pKb values refer: (a) pKb for

methylamine; (b) pKa values for the conjugate

acids of 1,3-propanediamine; (c) pKa for

triethylammonium ion; (d) pKb for

benzylamine; (e) pKa for the conjugate acid

of 1-butylamine.

31.11 (a) Match the following compounds to the

correct 1H NMR spectroscopic data given in the

table. (b) What coupling patterns do you expect to

see in the spectrum of compound B? (c) Explain

why the signal at � 1.15 ppm in the spectrum of C is

a singlet.

Compound
1
H NMR �/ppm (relative integral)

A 2.69 (4H), 2.43 (6H), 1.24 (2H)

B 2.30 (2H), 2.22 (6H), 1.06 (3H)

C 1.41 (2H), 1.15 (9H)

31.12 (a) Match the following compounds to the correct
13C NMR spectroscopic data given in the table.

(b)Doany of the compounds possess stereoisomers?

Could you distinguish between them using 13C

NMR spectroscopic data? (c) The data could be

recorded as 13C or 13C{1H} NMR spectra. What is

the difference between these spectra for a given

compound?

Compound
13
C NMR �/ppm

A 49.2, 31.3, 27.2

B 44.1, 15.4

C 50.6, 46.0, 36.7, 34.5, 32.0, 25.1, 22.6

31.13 Suggest likely products in the following reactions.
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31.14 What problems would be encountered if you used

the reaction of 1-bromohexane with NH3 as a

route to 1-hexylamine?

31.15 Elemental analysis for a compound A gives C

58.8%, N 27.4% and H 13.8%. In the mass

spectrum of A, a parent ion is observed at

m=z ¼ 102 and a major fragmentation peak comes

at m=z ¼ 30. The 13C NMR spectrum exhibits

signals at � 42.1, 33.8 and 24.2 ppm. (a) Suggest

an identity for A. (b) How would A react with

HNO3?

31.16 Suggest likely products in the following reactions.

For the two-step syntheses, give the intermediate

compounds as well as the final products.

   

31.17 Suggest ways of carrying out the following

transformations. More than one step may be

required.

   

31.18 Suggest two methods of preparing

2-aminopentane as selectively as possible and

starting from a suitable halogenoalkane.

ADDITIONAL PROBLEMS

31.19 The mass spectrum of a compound X has a parent

peak at m=z ¼ 69. The 13C NMR spectrum of X

has signals at � 119.9, 19.3, 19.0 and 13.3ppm.

Treatment ofXwith LiAlH4 gives compoundY, the

mass spectrum of which contains major peaks at

m=z ¼ 73 and 31. The 13C NMR spectrum of Y

shows signals at � 42.0, 36.1, 20.1 and 13.9ppm.

Elemental analytical data forX andY are:X, 69.6%

C, 20.3% N, 10.1% H; Y, 65.7% C, 19.2% N,

15.1% H. Compound Z is an isomer of X; its
1H NMR spectrum contains signals at � 1.3
(doublet, 6H), 2.7 (septet, 1H)ppm. Suggest

identities for X, Y and Z. How would Y react with

(a) H2SO4, (b) an excess of MeI and (c) butanoyl

chloride, C3H7COCl?

31.20 (a) To what equilibrium does a value of pKa ¼ 40

for iPr2NH refer? Why does this value differ

from a pKa value of 10.9 calculated from the

equation pKa ¼ 14:00� pKb where pKb refers

to iPr2NH?

(b) Suggest how NaN3 would react with

2-bromobutane. How could the product of this

reaction be converted into 2-butylamine?

(c) Which of the following compounds possess

stereoisomers? Draw structural diagrams that

differentiate between these stereoisomers.

(d) The 1H NMR spectrum of an amine RNH2

contains a broad resonance. Explain why the

signal disappears when D2O is added to the

solution.

CHEMISTRY IN DAILY USE

31.21 Figure 31.7 shows amines that are present in fish

under normal physiological conditions. When

dead fish is stored, the concentrations of these

amines change with time: levels of spermine and

spermidine decrease, while levels of putrescine,

histamine and cadaverine increase. Health

legislation in Europe has a caution level of 10 mg

of histamine per 100 g of fish. For tuna, this level

compares with � 0.4 mg and >25 mg histamine in

100 g of fresh and decomposed fish, respectively.

Histamine and cadaverine (so-called biogenic
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amines) originate from bacterial decarboxylation

of the amino acids histidine and lysine.

(a) Do the compounds in Figure 31.7 contain

primary, secondary or tertiary amine groups?

By referring to Chapter 34, state how

histamine should be classified.

(b) Using Table 35.2 to help you, write equations

for the bacterial decarboxylation reactions

described in the question.

(c) One method of analysing for histamine in fish

is by use of GC-MS (see Box 24.3). An EI mass

spectrum of histamine exhibits peaks at m/z

111, 82 (base peak), 81 and 30. Assign these

peaks.

31.22 Bupivacaine is used as a local anaesthetic drug, but

accidental overdoses result in cardiac arrest.

Recent research has examined the use of

poly(acrylic acid) nanoparticles to scavenge and

extract bupivacaine (pKb = 5.76) from saline

solutions maintained at body temperature and at

pH ¼ 7.4.

(a) Draw a structural representation of

poly(acrylic acid), showing clearly the repeat

unit. The structure of acrylic acid is:

(b) Under the conditions given above, 73 mg of

bupivacaine can be extracted within 5 min by

1 g of poly(acrylic acid) nanoparticles.

Electrostatic interactions are considered

important in the extraction process. Suggest

how these interactions arise.

Fig. 31.7 Amines present in fish.
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32
Aromatic
compounds

32.1 An introduction to aromatic hydrocarbons

In Figure 24.2, we classified hydrocarbon compounds in two primary groups:

aliphatic and aromatic compounds. Chapters 24–31 are concerned with

aliphatic compounds. Now we turn our attention to aromatic compounds,

the archetypal example of which is benzene, C6H6 (32.1 and Figure 32.1).

Sources of aromatic hydrocarbons

Figure 25.14 showed how industrial distillation of crude oil gives fractions

of hydrocarbons with different molecular weight ranges. Crude oil is

not naturally rich in aromatic compounds, but benzene and toluene

(methylbenzene), for example, are made industrially from cyclohexane

(see Section 32.6) and methylcyclohexane (see equation 32.35) respectively.

The second crude material for aromatics is coal. The structure of coal is

complex, but on heating at very high temperatures in the absence of O2,

the structure is destroyed and coal tar is produced. Coal tar contains a

mixture of aromatic hydrocarbons and derivatives can be separated by frac-

tional distillation. Aromatic hydrocarbons obtained from petroleum and

coal tar contain at least one C6 ring and include benzene, naphthalene and

anthracene. Although their structures can be represented as in 32.1–32.3,

we shall see in the next section that they do not contain localized double

and single C�C bonds. Derivatives of benzene obtained from coal tar include

alkyl-substituted compounds such as toluene (32.4) and the three isomers of

xylene (32.5–32.7).

Topics

Benzene: structure and

bonding

Aromaticity

IR spectroscopy

NMR spectroscopy

Electronic spectroscopy

Benzene: reactivity

Electrophilic substitution

Orientation effects

Toluene

Phenol

Nitrobenzene

Aniline

Diazonium salts

Nucleophilic substitution

(32.1) (32.2)

(32.3)



 

(32.8) (32.9)

(32.10)

(32.11) (32.12)

(32.4) (32.5) (32.6) (32.7)

32.2 The structure of benzene and its delocalized bonding

C6H6: early history

Benzene was discovered in 1825 by Faraday as he studied the liquid con-

densed from products of gas combustion. Its formula was established as

C6H6 and in the years that followed, various structures were proposed,

including those shown in 32.8–32.10. At this time, structural data could

not be confirmed by X-ray diffraction or spectroscopic techniques. Early

ideas about the structure of benzene came instead from observations about

the number of isomers of the disubstitution product of the reaction of

C6H6 with Cl2 or Br2. Consider Kekulé’s structure 32.10 for benzene: for

the disubstitution product 1,2-dichlorobenzene, two isomers are possible

depending on whether the Cl atoms are separated by a C�C single or

double bond. However, only one isomer was actually observed. Kekulé

explained this observation by allowing the two theoretical isomers of 1,2-

dichlorobenzene to be in rapid equilibrium (equation 32.1).

ð32:1Þ

When looking at these early proposals, you should bear in mind that, in the

mid-1800s, ideas of valency were not yet established and so Kekulé’s concepts

were remarkably well developed. However, although extremely valuable at

the time of Kekulé, equilibrium 32.1 is an incorrect explanation. Within the

framework of modern valence bond theory, Kekulé’s ideas are represented

in terms of the contributions made by the two resonance structures 32.11

and 32.12. Resonance structures indicate the contributions that different

valence bond structures (both covalent and ionic contributions, if appropri-

ate) make to the overall bonding in a molecule (see Section 7.2). Resonance

structures 32.11 and 32.12 contribute equally to the net bonding in benzene,

and this results in an average bond order for each carbon–carbon bond of 1.5.

Structural determination

The structure of benzene was determined by diffraction methods in the mid-

1900s, and this confirmed the equivalence of the C�C bonds (Figure 32.1).
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The molecule is planar and all the C�C bonds are of length 140 pm. This

value lies between typical values for C�C single (154 pm) and double

(134 pm) bonds. Thus, the representation of benzene as the triene-like

molecule shown in 32.10 is incomplete, although the resonance pair 32.11

and 32.12 does provide an explanation for the bond equivalence.

Thermochemical evidence for the non-triene-like nature of benzene

Thermochemical data also provide evidence that benzene should not be

described as a triene with localized single and double C�C bonds. When

cyclohexene is hydrogenated (equation 32.2), the enthalpy change accom-

panying the reaction is �118 kJmol�1.

ð32:2Þ

When cyclohexadiene (32.13 shows one isomer) is converted to cyclohexane,

the enthalpy change (�rH) is approximately twice that associated with

reaction 32.2. This is consistent with a value of �118 kJ being a measure

of the enthalpy change associated with the addition of one mole of H2 to

one mole of C¼C bonds. From this, we would predict that the enthalpy

change for reaction 32.3 (the hydrogenation of benzene) should be about

�ð3� 118Þ ¼ �354 kJmol�1. This is shown on the left-hand side of Figure 32.2.

ð32:3Þ

The observed value of �rH is significantly less than the predicted value as

Figure 32.2 shows. This means that benzene is thermodynamically more

stable than the triene model suggests.

Chemical evidence for the non-triene-like nature of benzene

Further evidence for the failure of the triene model comes from the reactiv-

ity of benzene. Alkenes with localized C¼C bonds undergo facile addition

reactions. For example, when ethene is bubbled through an aqueous

Recall from Chapter 26
that a triene contains

three C¼C bonds

(32.13)

Additions to alkenes:
see Chapter 26

"

"

Fig. 32.1 Two views of
the structure of benzene.

The C�C bond lengths are all
equal (140 pm), the C�H bond
lengths are equal (110 pm), and
the C�C�C bond angles are
all the same (1208).
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(32.14)

solution of Br2, the solution is decolourized as reaction 32.4 occurs (see

Figure 26.4).

ð32:4Þ

In contrast, benzene only reacts with Br2 in the presence of a catalyst, and

the reaction is a substitution, not an addition (equation 32.5).

ð32:5Þ

A delocalized bonding model

The resonance pair 32.11 and 32.12 can also be represented by structure

32.14. This indicates that the bonding is delocalized around the ring. Each

C atom is in a trigonal planar environment (see Figure 32.1) and so an sp2

hybridization scheme is appropriate. Figure 32.3a illustrates that the C sp2

hybrid orbitals and the H 1s orbitals overlap to give a �-bonding framework

consisting of C�C and C�H interactions. Each C atom provides three of its

four valence electrons, and each H atom contributes one electron to the

�-bonding interactions. After the formation of the �-interactions shown in

Figure 32.3a, each C atom has one 2p orbital and one valence electron left

over. The 2p orbitals can overlap to give a delocalized �-molecular orbital

(Figure 32.3b) that is continuous around the C6 ring. In Box 32.1, we

consider the �-interactions in detail and show how the six �-electrons are

accommodated in three �-bonding molecular orbitals.

Fig. 32.2 The experimental molar enthalpy of hydrogenation (�rH) of benzene is smaller than that predicted by assum-
ing a cyclic triene model.
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The relationship between the Kekulé and delocalized models of bonding in

benzene is similar to the one we described for the allyl anion or allyl radical in

Figure 13.6 and resonance pair 26.29. Structure 32.14 is exactly equivalent to

the pair of resonance structures 32.11 and 32.12, but for the most part, we

shall use the Kekulé representation of benzene. Moreover, we shall draw

only one resonance structure in chemical equations. However, you should

not forget that this is only part of the story so far as bonding is concerned.

32.3 Aromaticity and the Hückel (4n + 2) rule

At the beginning of the chapter, we stated that benzene is an aromatic com-

pound. By aromatic, we mean that there is some special character associated

with the ring system. While this is difficult to quantify in a simple definition,

we can state that an aromatic species is typified by a planar ring with a

delocalized �-system. Even so, diagrammatic representations of the ring

may show alternating single and double bonds as in 32.10. Caution is

needed though: not all rings that are drawn with alternating single and

double bonds are aromatic. For example, cyclobutadiene (although planar)

has C�C bond lengths of approximately 159 and 134 pm (structure

32.15).§ Cyclobutadiene is, therefore, not aromatic. Most cyclobutadienes

are stable for only very short periods, e.g. the lifetime of C4H4 is <5 s.

Aromatic compounds are stabilized with respect to a localized structure by

delocalization of the �-electrons. For some related cyclic compounds, the

delocalized structure is less stable than the localized one. Such compounds

are described as being anti-aromatic. We have already seen that benzene

possesses a delocalized �-system extending over the ring, but this alone

does not make the compound aromatic. The number of �-electrons in

the ring is critical, and the Hückel rule states that there must be (4nþ 2)

�-electrons where n is an integer. Benzene has six �-electrons and obeys

the Hückel (4nþ 2) rule with n ¼ 1. Cyclobutadiene is planar and has four

�-electrons; it does not obey the Hückel rule, i.e. an integral value of n

cannot be found to satisfy the equation: ð4nþ 2Þ ¼ 4. Cyclobutadiene is

anti-aromatic. Table 32.1 lists examples of Hückel (4nþ 2) �-systems and

The term aromatic originally
arose because of the

aromatic smells that some
members of this family of

compounds possess

(32.15)

The Hückel (4n+2) rule

states that an aromatic

compound possesses a

planar ring with a

delocalized �-system
containing (4nþ 2)

�-electrons.

"

Fig. 32.3 In benzene, each C atom provides four electrons and each H atom provides one electron. (a) The �-bonding
framework in C6H6 can be described in terms of sp2 hybridized C atoms. The C�H interactions are localized, 2c–2e
�-bonds. The �-contributions to the overall C�C bonding are localized. (b) After forming three �-bonds, each C atom has
one 2p orbital left over. Overlap between all six 2p orbitals can occur to give a delocalized �-system. (c) A computer-generated
picture of the �-bondingMO in benzene (computer generation using Spartan ’04,#Wavefunction Inc. 2003). Diagrams (b) and
(c) are representations of the same MO.

§ These bond lengths are for a derivative of cyclobutadiene.

1124 CHAPTER 32 . Aromatic compounds



 

THEORY

Box 32.1 A molecular orbital approach to the �-bonding in benzene

Before working through this box, you may wish to

review the �-bonding in the allyl anion (Figure 13.6).

The �-bonding in benzene arises from the overlap of the

six carbon 2p orbitals. The interaction of the six 2p atomic

orbitals must lead to six MOs. This is shown below. Each

MO is represented in a diagrammatic form, and in a

more realistic form generated computationally using

Spartan ’04, #Wavefunction Inc. 2003. The diagrams

in each pair are equivalent to one another. Each �-MO

possesses a nodal plane that coincides with the plane

of the C6H6 molecule. Additional nodal planes which

lie perpendicular to the plane of the molecule are

noted in the figure shown below.

An in-phase overlap of all six 2p orbitals generates the

lowest-energy �-bonding MO and this has �-character
that extends continuously (no phase change) around the

ring. This is clearly seen in the computer-generated

orbital representation. The highest-energy MO results if

all pairs of adjacent 2p orbitals are out of phase with

one another. This MO is antibonding between each pair

of adjacent C atoms, and contains three nodal planes

that lie perpendicular to the plane of the benzene ring:

The remaining four MOs consist of two degenerate

pairs with either one or two nodal planes. In two of

these MOs, the nodal planes pass through two C

atoms and this means that there is no contribution

from these 2p orbitals to the MO; compare this with

the description of the allyl anion in Figure 13.6. One

MO of each degenerate pair is illustrated below to

show the positions of the nodal planes:
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some other cyclic �-systems. C8H8 does not obey the (4nþ 2) rule and

would be anti-aromatic if planar. However, the non-planarity of the ring

(Figure 32.4) and the alternating C�C bond lengths of 134 and 147 pm

provide evidence for the localized nature of the bonding. The 1H NMR

spectrum of C8H8 shows a signal at � 5.7 ppm which is typical of an alkene

rather than an aromatic compound. We return to NMR spectroscopy of

aromatics in the next section.

Hückel species include neutral molecules, anions and cations. For

example, cyclopentadiene (C5H6, 32.16) is a diene with four �-electrons(32.16)

Table 32.1 Examples of Hückel (4nþ 2) aromatic systems and non-aromatic systems. Each trigonal planar C atom provides
one electron to the �-system.

Formula Structure Number of

�-electrons
n Comments

C6H6 6 1 Planar ring; obeys (4nþ 2) rule; aromatic

(C6H5)2CH2 6 (twice) 1 Each ring is planar and is a separate
�-system; obeys (4nþ 2) rule; each
ring is aromatic

C10H8 10 2 Complete ring system is planar; aromatic
(but see text)

C18H18 18 4 Planar ring; obeys (4nþ 2) rule; aromatic
(see Box 32.2)

C8H8 8 – Does not obey (4nþ 2) rule; ring is non-
planar (see Figure 32.4); non-aromatic

C10H10 10 2 Obeys (4nþ 2) rule, but the ring is
non-planar; non-aromatic

Fig. 32.4 (a) The
structure (optimized by

computer modelling) of C8H8

(cyclooctatetraene). (b) The
non-planar ring has localized
�-bonding with alternating short
(C¼C) and long (C�C) bonds.
Each C atom is trigonal planar
and sp2 hybridized.
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(32.17)

(32.18)

and localized bonding (see Figure 26.2), but the cyclopentadienyl anion

C5H5
� is a planar, Hückel system with six �-electrons and delocalized bond-

ing. It is represented by structure 32.17.

Naphthalene, C10H8, is listed in Table 32.1 as being aromatic, but its

aromaticity deserves special mention. The question is: should naphthalene

be considered in terms of two fused benzene rings? A structural feature of

benzene that points towards the delocalization of the �-electrons is the

equal lengths of the C�C bonds (140 pm). The bond lengths in naphthalene

are shown in structure 32.18 and the central C�C bond is noticeably shorter

than the remaining bonds. Furthermore, the remaining C�C bonds are non-

equivalent. Figure 32.2 presented thermochemical evidence for the non-triene-

like nature of benzene based on the enthalpy change for the reaction of C6H6

with H2. A similar consideration of the enthalpy change accompanying

the reaction of C10H8 with H2 indicates that the molecule is stabilized by

�-electron delocalization. However, the stabilization is less than would be

expected for two benzene rings, and it is easier to hydrogenate the first ring

(step 1 in scheme 32.6) than the second (step 2 in scheme 32.6).

ð32:6Þ
These data support a delocalized bonding model, but one in which the

aromaticity per ring is less than in benzene. Once one ring in naphthalene

has been hydrogenated, the molecule contains a benzene ring, and

the aromaticity increases, making hydrogenation of the second ring more

difficult than that of the first. Within the remit of valence bond theory, the

bonding in naphthalene is represented in terms of the resonance structures

A, B and C below. The structural data (32.18) are consistent with a major

contribution from resonance structure B:

32.4 Spectroscopy

IR spectroscopy

The IR spectrum of benzene is shown in Figure 32.5. Absorptions in the

range 3120–3000 cm�1 are assigned to the C�H stretches. Look back at

Figure 12.13, where we compared this region in the IR spectra of benzene

and ethylbenzene, and drew attention to the differences in the frequencies

of the vibrations of the C(sp2)�H and C(sp3)�H bonds. The IR spectra of

benzene and its derivatives show a strong absorption near 1500 cm�1. In
benzene, this absorption comes at 1480 cm�1 (Figure 32.5). It arises from

the vibration of the C6 ring (a ring mode). This band is particularly useful

in aiding the identification of a 6-membered aromatic ring. The strong

absorption at 680 cm�1 in Figure 32.5 is assigned to the out-of-plane bending

of the C�H bonds.
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1H and 13C NMR spectroscopy

The 1H NMR spectrum of benzene is shown in Figure 32.6a. The six H

atoms are equivalent and, consistent with this, the spectrum contains a

singlet. The chemical shift of � 7.2 ppm is at relatively high frequency

Fig. 32.5 The IR spectrum of benzene.

Fig. 32.6 (a) The 1H NMR
spectrum of benzene, (b) the
13C{1H} NMR spectrum of
benzene and (c) the 13C{1H}
NMR spectrum of
chlorobenzene. (Recall from
Chapter 14 that {1H} means
‘proton-decoupled’.)
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Box 32.2 Deshielding of aromatic protons

The 1H NMR spectrum of benzene exhibits a singlet at

� 7.2 ppm. This signal comes at a higher frequency

than those arising from typical alkene protons (see

Table 14.3), and the significant shift in signals is further

evidence for the aromatic character of benzene. The

protons attached to the C6 ring in derivatives of

benzene also give signals around � 7.0–7.7 ppm. Signals

in the region � 6.0 to 10.0 ppm are characteristic of

many aromatic compounds. The origin of this effect is

as follows.

When a benzene molecule is placed in the magnetic

field of an NMR spectrometer, the �-electrons undergo
circular motion (a ring current) that generates a second-

ary (induced) magnetic field:

In benzene, the induced field reinforces the applied

field and the protons experience a greater magnetic

field than do protons not affected by the induced field.

The protons are deshielded. In the 1H NMR spectrum,

deshielded protons appear at higher frequency.

In some aromatic systems, the induced magnetic field

opposes the applied field and the aromatic protons are

shielded. In the 1H NMR spectrum, shielded protons

appear at lower frequency. The classic example of this

effect is observed in the 1H NMR spectrum of

[18]-annulene, C18H18 (see Table 32.1). The ring current

shields the protons lying within the ring (the H atoms

shown in red below), and deshields the protons lying

outside the ring (the H atoms shown in blue below):

At low temperatures, the 1H NMR spectrum of [18]-

annulene contains two signals at � þ9.3 and �3.0ppm.

and is typical of protons attached directly to an aromatic ring (see

Box 32.2). The shift distinguishes aromatic (aryl) protons from those in

alkenes (see Table 14.3).

Figure 32.6b shows the 13C{1H} NMR spectrum of benzene. One signal is

consistent with the presence of equivalent C atoms. The chemical shift of �

128.4 ppm is typical of sp2 hybridized C atoms (see Figure 14.4 and

Table 14.2). Carbon nuclei in the C6 rings of derivatives of benzene resonate

at similar frequencies to those in C6H6, e.g. the proton-decoupled
13C NMR

spectrum of chlorobenzene is shown in Figure 32.6c. Notice that the signal

integrals do not give a correct indication of the relative numbers of C

atoms in each type of environment (see Section 14.7). The signal assigned

to the substituted or ipso-C atom (signal a in Figure 32.6c) is of low intensity

and this is typical for substituted rings. In some cases, the intensity is so low

that the signal is barely visible. We see more examples later in the chapter.

Electronic spectroscopy

In Chapter 13, we considered how the effects of �-conjugation permit the

��3��� transition to be observed in the near-UV part of the electronic

In a monosubstituted

benzene derivative, the

substituted C atom is called

the ipso-position:
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spectrum of conjugated polyenes. Similarly, the presence of the delocalized

�-system in benzene (see Box 32.1) reduces the energy difference between the

highest-lying � MO and the lowest-lying �� MO, and the associated ��3���
transition is observed in the near-UV. The electronic spectrum of benzene

has three absorptions, the most intense of which occurs at �max ¼ 183nm

("max ¼ 46 000 dm3 mol�1 cm�1). Selected electronic spectroscopic data for

benzene and some of its derivatives are given in Table 32.2.

32.5 Nomenclature

Derivatives of benzene

Before discussing the synthesis and reactivity of benzene, we introduce the

basic rules for naming derivatives of benzene. An aromatic group is called

an aryl substituent and has the abbreviation Ar, e.g. ArCl stands for a

chloroarene as opposed to RCl which represents a chloroalkane. Benzene

derivatives of the type shown in structure 32.19 are named in one of two

ways. Group X may be taken as a substituent of the benzene ring and the

compound is named by prefixing ‘benzene’ with the name of the functional

group; e.g. for X¼Cl in 32.19, the compound is chlorobenzene. Further

The general abbreviation

for an aryl substituent is Ar.

Compare the use of R for

an alkyl group.

(32.19)

Table 32.2 Observed values of �max for benzene and some related aromatic molecules.
Only the most intense band in each spectrum is listed.

Compound Structure �max / nm "max /

dm3 mol
�1

cm
�1

Benzene 183 46 000

Biphenyl 246 20 000

Naphthalene 220 132 000

Anthracene 256 182 000

Styrene 244 12 000

Diphenylacetylene 236 12 500
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(32.27)

examples are compounds 32.20–32.23. An exception is benzenesulfonic

acid (32.24).

(32.20) (32.21) (32.22) (32.23) (32.24)

In the second method of nomenclature, the C6H5 group is considered to be

a substituent of X. C6H5 is called a phenyl group (abbreviated to Ph), and a

compound is named by prefixing the name of the X group with ‘phenyl’, e.g.

for X¼NH2 in 32.19, the compound is phenylamine, although its common

name of aniline is also used. Further examples are given in 32.25 and 32.26,

and abbreviating phenyl to Ph gives a shorthand way of writing these

compounds as Ph2NH and Ph3P.

(32.25) (32.26)

Anumber of important derivatives of benzene have commonnames that remain

in use, and you should learn the names and structures of the following compounds:

When there is more then one substituent on the benzene ring, numerical

descriptors are used so as to place one substituent at ring atom C(1). Thus,

compound 32.27 is 1,3-dichlorobenzene. Additional examples are given below:
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Ortho-, meta- and para-substitution patterns

A disubstituted derivative of benzene such as dibromobenzene possesses three

isomers: 1,2-dibromobenzene, 1,3-dibromobenzene and 1,4-dibromobenzene.

These compounds can also be named using the prefixes ortho-, meta- and

para- respectively. The examples below illustrate use of this nomenclature

for isomers of dimethylbenzene (also called xylene):

Phenyl versus benzyl

It is important to distinguish between a phenyl and a benzyl group:

. phenyl ¼ C6H5 ¼ Ph;

. benzyl ¼ C6H5CH2 ¼ PhCH2.

A compound such as chlorobenzene (32.28) has a chloro group attached

directly to the aromatic ring. In benzyl chloride (32.29), the chloro group is

part of the alkyl substituent.Thus, benzyl chloridebehaves as a halogenoalkane

(see equation 28.25 and accompanying discussion). The structures of

chlorobenzene and benzyl chloride are compared in Figure 32.7.

32.6 Industrial production of benzene

Benzene is commercially available and its place among some of the most

important organic chemicals manufactured in Europe is illustrated in

Figure 32.8. The large-scale production of ethene and propene arises from

their use in polymer manufacture (see Chapter 26). Industrially, C6H6 is

made by the catalytic dehydrogenation of cyclohexane (equation 32.7).

ð32:7Þ

ortho- (o-) stands for

1,2-substitution.

meta- (m-) stands for

1,3-substitution.

para- (p-) stands for

1,4-substitution.

(32.28) (32.29)

Fig. 32.7 Ball-and-stick
models of (a) chloro-

benzene and (b) benzyl chloride.
Colour code: C, grey; Cl, green;
H, white.
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Caution! Benzene is a
carcinogen and prolonged

exposure may cause
leukaemia

"

32.7 Physical properties of benzene

Benzene is a colourless liquid at room temperature (mp 278.7K, bp 353.2K)

and has a characteristic smell. It is non-polar and immiscible with water;

C6H6 (density¼ 0.89 g cm�3) is less dense than H2O (density¼ 1.00 g cm�3).
It is miscible with other non-polar organic solvents and alcohols. At one

time, benzene was widely used as a solvent, but the toxicity of both liquid

and vapour is now well recognized and its use in the laboratory is restricted.

32.8 Reactivity of benzene

Combustion

Like other hydrocarbons, C6H6 burns in air and O2 to give CO2 and H2O

(equation 32.8).

2C6H6ðlÞ þ 15O2ðgÞ ��" 12CO2ðgÞ þ 6H2OðlÞ ð32:8Þ

�cH
oð298KÞ ¼ �3268 kJ per mole of C6H6

Hydrogenation

The hydrogenation of benzene to give cyclohexane (see Figure 32.2) can be

achieved by reaction of C6H6 under a very high pressure of H2 in the presence

of a platinum catalyst. These drastic conditions reflect the stability of the

aromatic system. Scheme 32.9 compares the conditions needed to hydrogenate

a typical alkene and benzene.

Fig. 32.8 Manufacturing output of important organic chemicals in Europe in 2006. Data are in megatonnes (Mt). [Data:
Chemical & Engineering News (2008) July 7, p. 61.]
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ð32:9Þ

Under these harsh conditions, hydrogenation is complete. Controlled

reduction is achieved by a Birch reduction. Benzene is added to a solution

of an alkali metal (Li, Na or K) in liquid NH3 containing a small amount

of EtOH. The addition of an alkali metal to liquid NH3 generates solvated

electrons (see equation 21.112). Reduction of benzene to a radical anion

occurs (equation 32.10).

      

ð32:10Þ

The alcohol acts as a source of protons, and the radical anion above is

rapidly converted to a radical, which is further reduced and then protonated

again as shown in equation 32.11.

ð32:11Þ

Substitution reactions: an overview

The characteristic reactions of benzene are substitution of H by an atom

or functional group and most substitutions require a catalyst. This

introduction gives examples of substitution reactions with appropriate

reaction conditions. In the next section, we look at the mechanisms of

these reactions.

The reaction of C6H6 with Cl2 to give chlorobenzene occurs in the presence

of AlCl3 (equation 32.12). Aluminium chloride is a Lewis acid and the

chlorination of benzene is an example of a Lewis acid-catalysed reaction.

An alternative Lewis acid catalyst is FeCl3.

A Birch reduction is

reduction using Li, Na or K

in liquid NH3 in the

presence of an alcohol,

ROH.

Lewis acidity of AlCl3:
see discussion
accompanying
equation 22.21

"
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In a Friedel–Crafts

alkylation, an alkyl

substituent R is introduced

into an aromatic ring by

reaction with RCl or RBr in

the presence of a Lewis acid

catalyst.

In a Friedel–Crafts

acylation, an acyl

substituent RCO is

introduced into an aromatic

ring by reaction with

RCOCl in the presence of a

Lewis acid catalyst.

Nitrobenzene is a precursor
to aromatic amines:

see Section 32.13

"

ð32:12Þ

Similarly, bromination of benzene using Br2 takes place in the presence of

Lewis acids such as FeBr3 or AlCl3. Iodination is more difficult because I2
is less reactive than Cl2 or Br2.

Alkyl derivatives of C6H6 can be produced by Friedel–Crafts alkylation.

This involves the reaction of a chloro- or bromoalkane, RX, with C6H6 in

the presence of a Lewis acid catalyst (equation 32.13). Polyalkylation is a

complication and rearrangements may also occur as in reaction 32.14. We

return to these effects in Section 32.9.

ð32:13Þ

ð32:14Þ

Friedel–Crafts acylation of benzene is the reaction with an acyl chloride

RCOCl in the presence of a Lewis acid catalyst to give a ketone (equation

32.15). Acylations do not suffer from the multiple substitutions or rearrange-

ments that are a problem with Friedel–Crafts alkylations.

ð32:15Þ

The nitration of benzene is carried out using a mixture of concentrated

HNO3 and H2SO4. This acid combination generates NO2
þ as the reactive

species (equation 32.16); H2SO4 acts as a catalyst in the reaction. Reaction

32.17 summarizes the nitration of C6H6.

HNO3 þH2SO4 Ð H2NO3
þ þHSO4

�

H2NO3
þ Ð NO2

þ þH2O

)
ð32:16Þ

ð32:17Þ
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The reaction between C6H6 and concentrated sulfuric acid and SO3

( fuming sulfuric acid or oleum) leads to sulfonation of the ring. The reactive

species is HSO3
þ, and reaction 32.18 summarizes the sulfonation of C6H6.

H2SO4 þ SO3 Ð HSO3
þ þHSO4

�

ð32:18Þ

The use of chlorosulfonic acid (HOSO2Cl) in place of SO3/H2SO4 results

in chlorosulfonation of the ring (equation 32.19).

ð32:19Þ

One application of this reaction is in the synthesis of the drug sildenafil,

commercially available as a citrate salt and sold under the name of

Viagra1. It first came on to the market in 1998 and is used to treat male erec-

tile dysfunction. The drug inhibits the enzyme phosphodiesterase, thereby

sustaining erection of the penis. An initial step in the commercial synthesis

of sildenafil is the chlorosulfonation of 2-ethoxybenzoic acid and subsequent

reaction of the chloro group with N-methyl piperazine:

See also Box 5.3

"
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32.9 The mechanism of electrophilic substitution

The general mechanism

The substitution reactions described in the previous section are electrophilic

substitutions. The mechanism involves two steps:

. the reaction between the aromatic ring and an electrophile to give an

intermediate carbenium ion;
. loss of the leaving group.

The first step in the reaction of benzene with an electrophile Xþ is shown in

equation 32.20. The direction of movement of the electron pair shows that the

aromatic ring behaves as a nucleophile and donates a pair of electrons to the

electrophile. Step 32.20 is the rate-determining step of the electrophilic

substitution.

ð32:20Þ

The carbenium ion is an intermediate (see Figure 32.9) and possesses a

4-coordinate (tetrahedral) C atom. The six �-electron delocalized system of

the aromatic ring has been destroyed. Only four �-electrons remain and

the Hückel (4nþ 2) rule is no longer obeyed. Although the positive charge

in the intermediate is shown in equation 32.20 as being localized on one

C atom, this structure is only one of a set of contributing resonance forms,

and the charge is actually delocalized around the ring. This is represented

either as the set of resonance structures shown in 32.30, or by the single

structure 32.31. We return to electron distribution around the ring when

we discuss orientation effects later in the chapter.

(32.30) (32.31)

Fig. 32.9 Reaction profile for the
electrophilic substitution of Hþ

in benzene by Xþ. One of three
resonance structures for the
intermediate is shown (see 32.30).
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Structure 32.32 emphasizes the geometries and appropriate hybridization

schemes for the ringCatoms in the intermediate carbenium ion. The tetrahedral

sp3 C atom uses all its valence orbitals to form �-bonds (C�C, C�H or C�X).

In the next step of the electrophilic substitution reaction, Hþ is lost from

the intermediate by heterolytic bond cleavage of the C�H bond at the

tetrahedral C atom. This is represented in equation 32.21. The step is fast,

i.e. non-rate-determining. In this equation, we show only one of the

resonance structures for the intermediate (see end-of-chapter problem 32.14).

ð32:21Þ

Figure 32.9 shows a reaction profile for the overall reaction ofC6H6 withX
þ.

The reaction intermediate is at a local energy minimum. Each step has an

associated activation barrier, but that for the first (i.e. rate-determining) step

is the higher. The second step shown in Figure 32.9 is accompanied by rehybri-

dization of one C atom from sp3 to sp2. As this occurs, a new �-interaction is

formed and the delocalized �-system returns to the ring. The product (like

the reactant benzene) is therefore stabilized by delocalization of six �-electrons.

Substitution is energetically preferable to addition to the ring, e.g. reaction

32.22 is energetically more favourable than reaction 32.23. In reaction 32.22,

aromaticity is retained, but in reaction 32.23, aromaticity is destroyed.

Substitution is observed ð32:22Þ

Addition is not favoured ð32:23Þ

Now we consider specific electrophilic substitution reactions, and the roles

of catalysts in generating the electrophiles.

Chlorination and bromination

Halogenation reactions require a Lewis acid catalyst to encourage the forma-

tion of the electrophile. Suitable catalysts are AlCl3, FeCl3 and FeBr3. Each

reacts with Cl2 or Br2 as illustrated in equation 32.24; the diagram in the

margin illustrates how AlCl3 acts as a Lewis acid during the reaction.

ð32:24Þ

(32.32)

Benzene undergoes

electrophilic substitution

reactions and the

aromaticity of the ring is

retained. Addition reactions

are unfavourable because

the aromaticity of the C6

ring is destroyed.
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Relative stabilities of
carbenium ions:
see Section 26.5

"

Scheme 32.25 shows the transfer of Clþ to C6H6 followed by release of

Hþ to form chlorobenzene. Note how the catalyst is regenerated. A

similar reaction scheme can be drawn for the conversion of benzene into

bromobenzene.

ð32:25Þ

Friedel--Crafts alkylation

In a Friedel–Crafts alkylation (e.g. equations 32.13 and 32.14), the Lewis

acid catalyst behaves in a similar way to that in the halogenations described

above. Treatment of an alkyl chloride RCl with AlCl3 generates Rþ as in

equation 32.26.

ð32:26Þ

The reaction of Rþ with benzene now proceeds through the two steps shown

in scheme 32.27. Although we show Rþ as a separate entity, it is likely that it

remains associated with AlCl4
� during the first step.

ð32:27Þ

In reaction 32.14, we showed the reaction of benzene with 1-chloropropane

giving mixed products: isopropylbenzene (the dominant product) and

n-propylbenzene. These products are a result of the rearrangement of the

Rþ carbenium ion prior to its reaction with the aromatic ring. The relative

stabilities of carbenium ions follow the sequence:

This means that when the alkylating agent is a primary halogenoalkane,

the favoured product does not contain a straight chain alkyl substituent
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because rearrangement of the primary carbenium ion takes place as shown in

equation 32.28.

ð32:28Þ

The reaction of benzene with 1-chloropropane gives a mixture of alkylated

products that reflects the relative stabilities of the primary and secondary

carbenium ions formed after loss of Cl� from 1-chloropropane. Scheme

32.29 summarizes the reaction.

ð32:29Þ

A further complicating factor in the alkylation of aromatic rings is that

the introduction of the first alkyl substituent activates the ring towards further

substitution at the ortho- and para-positions. In the synthesis of toluene from

benzene, a mixture of products is obtained because the entry of the first Me

substituent encourages further electrophilic substitution as shown in equation

32.30. In Section 32.10 we explain the origin of these observations.

ð32:30Þ

Friedel--Crafts acylation

Acylation occurs in a similar manner to alkylation. The precursor is an acyl

chloride or acid anhydride such as acetic anhydride (see below). We illustrate

the mechanism using an acyl chloride. This reacts with a Lewis acid catalyst

to produce an electrophile. Scheme 32.31 illustrates the formation of the

An acid anhydride consists

of two acyl groups bonded

to the same oxygen atom:

The acyl groups may be the

same or different.
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(32.33)

electrophile and its subsequent reaction with benzene. The acyl group

deactivates the ring and multiple substitution is not a problem as it is with

alkylation.

ð32:31Þ

In the pharmaceutical industry, the acylation of isobutylbenzene is the

first step in the synthesis of the non-steroidal anti-inflammatory (NSAID)

drug ibuprofen, which is sold under a variety of tradenames including

Nurofen1 (Boots) and Proflex1 (Novartis). Ibuprofen is marketed as a

racemate, but only the (S)-enantiomer is active as a drug. The acylation

uses acetic anhydride as the source of the acetyl group:

Nitration

Nitration of benzene cannot be carried out usingHNO3 alone. It requires amix-

ture of concentrated nitric and sulfuric acids. Sulfuric acid is a stronger acid than

HNO3 and a proton is transferred from the stronger to the weaker acid:

HNO3

Br6onsted base

þ H2SO4

Br6onsted acid

Ð H2NO3
þ þHSO4

�

The H2NO3
þ ion (32.33) readily loses H2O to generate the nitryl (or

nitronium) ion, NO2
þ:

This is an electrophile and reactswithC6H6 to give nitrobenzene (scheme32.32).

ð32:32Þ
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Sulfonation

Benzenesulfonic acid is made by the sulfonation of C6H6. The electrophile in

the reaction is either SO3 or HSO3
þ. The latter is produced by the protona-

tion of SO3 in concentrated H2SO4. Scheme 32.33 illustrates the reaction of

benzene with HSO3
þ.

ð32:33Þ

32.10 Orientation effects, and ring activation and deactivation

In the rest of this chapter, we consider the chemistry of derivatives of

benzene. Electrophilic substitution reactions remain important. However,

before discussing them, we must look at the effects of introducing substitu-

ents into the benzene ring. We have already mentioned that alkylations of

benzene are complicated by the substitution of more than one alkyl group.

For example, an Me group directs the second Me substitution into the

ortho- and para-positions (equation 32.30). We have also introduced the

terms activating and deactivating with respect to the effects that the alkyl

and acyl groups, respectively, have on the reactivity of the C6 ring towards

further substitution.

Consider reaction 32.34. Although, in theory, three isomers of C6H4XY

can be formed, in practice, particular isomers are favoured.

ð32:34Þ

The substituent X is:

. either electron-releasing (e.g. X¼ alkyl) or electron-withdrawing (e.g.

X¼F, Cl or NO2);
. either activating (rate of substitution is increased) or deactivating (rate of

substitution is decreased).

The interplay of these two factors determines the position of the second

substitution. Table 32.3 lists the effects observed for selected substituents.

Activation of the ring tends to be associated with ortho- and para-directing

groups, whereas deactivation is usually associated with meta-directing

groups. Halo-substituents are the odd ones out. To understand these obser-

vations, we now look at specific examples.

See end-of-chapter
problem 32.14

Electron-releasing groups:
see Sections 25.8 and 26.5

"

"
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(32.34)

Aniline (phenylamine) and phenol

Aniline and phenol contain substituents with one or two lone pairs,

respectively, on the atom attached to the C6 ring. Resonance structures for

these compounds are shown below and illustrate a distribution of negative

charge onto the ortho- and para-C atoms:

The donation of the lone pair electrons takes place by conjugation into the

�-system as shown in diagram 32.34 and described for the phenoxide ion in

Table 32.3 The orientation and activation effects of substituents X in monosubstituted
aromatic compounds C6H5X.

Substituent X Ortho-, para- or meta-directing? Activating or deactivating?

Me ortho- and para-directing Activating

Et ortho- and para-directing Activating (less than Me)

OH ortho- and para-directing Activating

NH2 ortho- and para-directing Activating

F ortho- and para-directing Deactivating

Cl ortho- and para-directing Deactivating

Br ortho- and para-directing Deactivating

I ortho- and para-directing Deactivating

NO2 meta-directing Deactivating

CN meta-directing Deactivating

SO3H meta-directing Deactivating

CHO meta-directing Deactivating

COMe meta-directing Deactivating

CO2H meta-directing Deactivating
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Section 32.12. The C�� ortho- and para-positions in aniline and phenol are

activated towards attack by electrophiles. Rates of substitution are relatively

fast. Since N is less electronegative than O, the lone pair in aniline is more

readily available than that in phenol, making the resonance stabilization

greater for aniline. As a result, aniline is more activated than phenol towards

electrophilic attack at the ortho- and para-positions.

Now consider what happens when an electrophile, Yþ, attacks aniline.

The resonance structures for each of the three possible intermediates (ortho-,

meta- and para-substitution) are drawn below:

For ortho-substitution, resonance contributions for the carbenium ion

intermediate include one in which the N atom bears the positive charge.

The same is true for the intermediate in para-substitution, but this is not

the case for meta-substitution. The extra resonance stabilization of the

intermediate in ortho- and para-substitution results in a lowering of its

energy. Stabilization of the intermediate also stabilizes the first transition

state (see Figure 32.9) because the transition state has some features in

common with the intermediate that follows it in the reaction pathway. It

follows that a more stable carbenium ion means a lower activation energy,

Ea, and a greater rate of reaction. A similar argument can be put forward

for faster rates of substitution at the ortho- and para-sites in phenol

compared with the meta-positions.

In summary, resonance effects activate the ortho- and para-positions in the

ground state of aniline and phenol, and are also responsible for the lowering

of the activation barrier for substitution at these same sites. Thus, the OH

and NH2 groups are activating and ortho- and para-directing. But a word

of caution: see the discussions following equations 32.50 and 32.63.
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Nitrobenzene

The nitro group is electron-withdrawing. The resonance structures on the

following page show how charge is withdrawn from the ring in nitrobenzene,

leaving the ortho- and para-positions �þ. The charge is delocalized by

conjugation involving the �-system:

The ring is therefore deactivated with respect to attack by electrophiles.

The resonance structures indicate that more electronic charge is removed

from the ortho- and para-positions than the meta-positions. Thus, when

nitrobenzene reacts with electrophiles, it does so at the meta-carbon atoms:

i.e. the NO2 group is meta-directing.

Now consider the carbenium ion intermediate during the reaction between

nitrobenzene and an electrophile Yþ:

The resonance structures above show thatwhenYþ enters in themeta-position,
the positive charge is delocalized around the ring on the ortho- and para-

positions. When Yþ enters in the ortho- or para-position, delocalization of

the charge can again occur, but there is a contribution from a resonance

form in which the positive charge resides on the C atom adjacent to the
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positively charged N atom. This destabilizes the intermediate, raising it in

energy. Destabilization of the intermediate also destabilizes the first transition

state (see Figure 32.9) and raises its energy. It follows that the activation

energy is increased, and as a consequence, substitutions at the ortho- and

para-positions are slower than at the meta-site.

In summary, resonance effects deactivate the ring towards electrophilic

substitution in the ground state of nitrobenzene. They are also responsible

for raising the activation barrier for substitution at the ortho- and

para-positions, and making substitution at the meta-position faster than at

the ortho- and para-sites. Therefore, the NO2 group is deactivating and

meta-directing.

Halobenzene derivatives

Halogen substituents are electronegative and can withdraw electrons from

the ring in halobenzene derivatives. This is an inductive effect, and is greatest

for the most electronegative halogen, i.e. F > Cl > Br > I. There is an

opposing effect: halo-groups can use their lone pair electrons to enter into

�-conjugation just as we described for OH and NH2 groups (see diagram

32.34). We can use resonance stabilization arguments analogous to those

for aniline and phenol to rationalize why a halo-group directs electrophilic

substitution into the ortho- and para-positions. However, Table 32.3 lists

F, Cl, Br and I as being deactivating, in contrast to the activating properties

of NH2 and OH groups. Why is there a difference? Two effects must be

considered:

. The highly electronegative F atom withdraws negative charge from the

ring, making the C atoms �þ, militating against attack by electrophiles:

inductive effects win out over �-conjugation, and the ring is deactivated

in fluorobenzene.

. Effective �-conjugation (diagram 32.35) depends on there being good overlap

of the C 2p orbital with the np orbital of halogen X. For the later halogens,

overlap is poor. (This is exactly the same as the argument that we put forward

in Section 22.3 to rationalize the effectiveness of �-bonding in BF3 compared

with that in BCl3, BBr3 and BI3.) For Cl, Br and I, �-conjugation is not

sufficiently effective to activate the rings in chlorobenzene, bromobenzene

and iodobenzene towards electrophilic substitution. Substitution is therefore

slower than in aniline or phenol.

Toluene

The methyl group in toluene releases electrons into the C6 ring through

hyperconjugation as shown in diagram 32.36. (Compare this with the

discussion in Section 26.5 of hyperconjugation in carbenium ions.) Electrons

from a C�H �-bond are conjugated into the ring �-system. This directs

electrophiles to attack at the ortho- and para-positions, just as in phenol or

aniline.

In the following sections, we shall see orientation effects at work as we

describe the reactivity of selected derivatives of benzene. Before working

through these sections, you should use the following questions to test your

understanding of the first part of Chapter 32.

Inductive effects:
see Section 27.4

(32.35)

(32.36)

"
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(32.37)

32.11 Toluene

Synthesis

Toluene (32.37) can be prepared by a Friedel–Crafts methylation of benzene.

However, the reaction suffers from multiple substitution (equation 32.30)

because the first Me group activates the ring towards further electrophilic

substitution at the ortho- and para-positions. On an industrial scale, toluene

is manufactured by dehydrogenating methylcyclohexane (reaction 32.35).

ð32:35Þ

Physical properties

Toluene is a colourless liquid (mp 178.0K, bp 383.6K). It is less toxic than

benzene and has, as far as possible, replaced benzene as a laboratory solvent.

Like benzene, toluene is non-polar and immiscible with water.

Spectroscopy

The IR spectrum of toluene is shown in Figure 32.10. The aromatic and alkyl

C�H bonds both have absorptions near to 3000 cm�1, but bands assigned to

MID-CHAPTER PROBLEMS

1 Draw a representation of the structure of benzene

and comment on the bonding.

2 Comment on what is meant by the following

diagram:

3 C5H5
� is aromatic. Which of the following

properties do you associate with this anion:

(a) planarity; (b) non-planarity; (c) equal C�C bond

lengths; (d) localized C�H bonds; (e) localized

�-bonds; (f ) cyclic C5 framework; (g) ð4nþ 2Þ
�-electrons.

4 The IR spectrum of benzene has absorptions at

3120–3000, 1480 and 680 cm�1. Assign these

absorptions.

5 (a) The 13C NMR spectrum of benzene contains one

signal at � 128.4 ppm, while that of

1,4-dimethylbenzene contains three signals at

� 129.0, 134.7 and 20.9 ppm. Comment on these

observations.

(b) What spectroscopic method could you use to

distinguish between 1,2-dibromobenzene and

1,4-dibromobenzene?

6 Draw the structure of chlorobenzene and label the

ipso-, ortho-, meta- and para-carbon atoms.

7 Draw the structures of (a) toluene, (b) phenol,

(c) benzoic acid, (d) styrene, (e) aniline and

(f ) diphenylamine.

8 Draw the structures of o-, m- and p-difluorobenzene

and give each compound a systematic name (i.e.

using position numbers).

9 Outline how benzene reacts with Cl2 in the presence

of AlCl3, and describe the mechanism of the reaction.

10 Comment on the following observations.

(a) In the nitration of benzene, it is necessary to use a

mixture of concentrated HNO3 and H2SO4.

(b) The reaction of benzene with 1-bromopropane in

the presence of a Lewis acid catalyst gives

isopropylbenzene as the major product.

(c) The NH2 group in aniline is ortho/para-directing

and activates the ring towards attack by

electrophiles.
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the alkyl C�H come at a lower wavenumber than those assigned to the

aromatic C�H. Compare the region around 3000 cm�1 in Figure 32.10 with

the IR spectra of benzene (Figure 32.5) and ethylbenzene (Figure 12.13).

Figure 32.10 shows a strong absorption at 1496 cm�1 assigned to the C6

ring vibration. This closely resembles the absorption at 1480 cm�1 for benzene
(Figure 32.5). The strong absorptions at 730 and 695 cm�1 in Figure 32.10 are

assigned to the out-of-plane bending of the aromatic C�H bonds. This pair of

absorptions is typical of a monosubstituted ring (compare with the single

strong absorption at 680 cm�1 for benzene in Figure 32.5).

Figure 32.11 shows the proton-decoupled 13C NMR spectrum of toluene

and illustrates the distinction between the chemical shifts of the alkyl and

aryl C atoms (see also Table 14.2). On going from benzene to toluene, there

is a lowering of molecular symmetry. All the C atoms in C6H6 are equivalent

and the 13C NMR spectrum exhibits one signal (Figure 32.6b), but in toluene,

there are four ring C environments, labelled b–e in Figure 32.11. Compare the

pattern of signals with that for chlorobenzene in Figure 32.6c. In both

chlorobenzene and toluene, the ipso-C atom (the one bearing the substituent)

comes at highest frequency, and this is a typical observation.

In the 1H NMR spectrum of toluene, the protons in the Me group give a

singlet at � 2.3 ppm. There are three aryl proton environments (ortho-,

meta- and para-). The signals for them are at similar chemical shifts, and

there is spin–spin coupling between non-equivalent proton nuclei. The

final signal appears complex and is composed of overlapping multiplets

centred around � 7.1 ppm.

Refer also to Figure 32.14b

"

Fig. 32.10 The IR spectrum of toluene.

Fig. 32.11 The 13C{1H} NMR
spectrum of toluene showing
peak assignments.
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The Me group attached to

an aromatic C6 ring is

activating and ortho- and

para-directing.

(32.38)

Caution! Many nitro
compounds are explosive;

the products in reaction
32.38 are related to TNT

(trinitrotoluene,
see Box 30.2)

(32.39)

(32.40)

"

Reactions

We have already seen that the Me group in toluene is activating and

ortho- and para-directing. Electrophilic substitution in toluene occurs

at the 2-, 4- and 6-positions (32.38); note that the 2- and 6-positions in

toluene are identical. The nitration of toluene first gives a monosubsti-

tuted product, either o- or p-nitrotoluene (equation 32.36).

ð32:36Þ

Further nitration can occur because, although the NO2 group is deacti-

vating, the Me group is activating. The position of substitution depends

on the orientation effects of both the Me and NO2 groups. The Me group

is ortho-directing, while the NO2 group is meta-directing. Starting from

p-nitrotoluene, the orientation effects of the two substituents combine to

direct the incoming electrophile as shown in 32.39 and a single dinitro

derivative forms (equation 32.37). Starting from o-nitrotoluene (32.40),

two products are possible (equation 32.38).

ð32:37Þ

ð32:38Þ

In the presence of Cl2 or Br2 and a Lewis acid catalyst, toluene is converted

to o-chlorotoluene, p-chlorotoluene, o-bromotoluene or p-bromotoluene.

Equation 32.39 illustrates bromination.

ð32:39Þ
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APPLICATIONS

Box 32.3 Phenols in action

Some commercial applications of phenols are high-

lighted in this box, along with examples of their

biological roles. Many phenols have common names

with which you should be familiar, for example:

Commercial applications of phenols are widespread.

Cresols (three isomers) are used in the manufacture of

dyes and indicators, e.g. bromocresol green is an

acid–base indicator (see Chapter 16). o-Cresol is the pre-

cursor for 4,6-dinitro-o-cresol (DNOC) and 2-methyl-p-

chlorophenoxyacetic acid (MCPA). DNOC is used as a

spray insecticide against, for example, locusts, and is a

contact herbicide for the control of broad-leaved

weeds and treatment of potatoes and leguminous

crops. MCPA is also used to control broad-leaved

weeds.

When fats are oxidized by atmospheric O2, they

become rancid. To prevent this, antioxidants are

added to foods; these additives work by reacting

preferentially with O2. BHT (‘butylated hydroxy-

toluene’ or 2,6-di-tbutyl-p-cresol) and BHA (‘butylated

hydroxyanisole’) are used as antioxidants and can

be recognized on food-packaging labels by their E-

numbers (see Box 35.3) of E321 and E320 respectively.

There is concern that BHT and BHA may be carcino-

genic, and the Joint FAO/WHO Expert Committee

on Food Additives has set an acceptable daily

intake of 0–0.3mg per kg of body weight for BHT,

and 0–0.5mg per kg for BHA.

Mixtures of phenol, the three isomers of cresol and

isomers of xylenols (C6H3Me2OH) are referred to as

cresylic acids and are used as precursors to phenolic

resins and disinfectants.

A quinone is a fully conjugated cyclic dione, for

example 1,2-benzoquinone (o-benzoquinone) and

1,4-benzoquinone (p-benzoquinone). p-Benzoquinone

is often referred to simply as quinone. Quinone, semi-

quinone and hydroquinone play a vital role as media-

tors in the mitrochondrial electron transport chain;

mitrochondria are sites in cells where biological fuels

are converted into energy:

Because it is readily oxidized, hydroquinone is used

commercially as an antioxidant. One application is in

creams applied to bleach melanin-hyperpigmented

skin, e.g. freckles and age spots. Resorcinol and cate-

chol are isomers of hydroquinone. Resorcinol is used

as a starting material in the manufacture of resins,

plastics and dyes and in the pharmaceutical industry.

In Box 32.4, we look at the formation of Bakelite

from phenol and formaldehyde. A related polymeriza-

tion reaction between resorcinol and formaldehyde

leads to a resin that is used commercially to treat

nylon so that the material can be impregnated with

rubber. Catechol is a precursor for various pharma-

ceutical drugs, e.g. L-DOPA which is used in the

treatment of Parkinson’s disease. Our bodies contain
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the hormones adrenaline and noradrenaline (see

Box 31.1) which are derivatives of catechol.

Pyrogallol (the name of which arises from its original

source of gallic acid, obtained from certain tree galls, and

the fact that gallic acid converts to pyrogallol on heating)

used to be used widely as a photographic developer.

In the laboratory, alkaline solutions of pyrogallol are

used to absorb O2 both qualitatively and quantitatively.

Polyphenols are major components in tea. Tea

belongs to one of the following categories: green (unfer-

mented), oolong (partly fermented) and black (fer-

mented). The fermentation process is a polyphenol

oxidase catalysed oxidation of catechins (also called

flavan-3-ols) which are present in fresh tea leaves.

The most important catechins are (�)-epicatechin,
(�)-epigallocatechin, (�)-epigallocatechin gallate and

(�)-epicatechin gallate, and these compounds are

responsible for the bitterness in the taste of green tea:

Flavonoids present in tea function as antioxidants and

scavenge radicals, thereby protecting cells against

damage from radical species. In the production of

black tea, oxidation of catechins and other phenols

present in the tea leaves results in the formation of

orange theaflavins and brown thearubigins. The oxida-

tion processes are complex. Each catechin contains a

1,2-dihydroxyaryl unit which is oxidized to a quinone:

Two quinones now react together with loss of CO2 to

form fused 6- and 7-membered rings. This gives rise

to a family of theaflavins. For example, oxidation

involving (�)-epicatechin and (�)-epigallocatechin
gives results in the formation of theaflavin, the parent

member of the family:

Black tea.
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Unlike benzene, toluene contains both aryl and alkyl H atoms (32.41).

Halogenation of the aromatic ring requires a Lewis acid catalyst. Halogena-

tion of the alkyl group occurs when toluene reacts with Cl2 or Br2 under

thermal or photolytic conditions (equation 32.40). The mechanism of this

radical substitution is the same as for radical substitution in an alkane.

ð32:40Þ

The methyl group in toluene is oxidized by KMnO4 or K2Cr2O7 to give

a carboxylic acid (equation 32.41). This is in contrast to the fact that

neither benzene nor alkanes are oxidized by KMnO4 or K2Cr2O7. The

reaction can be extended to other alkyl derivatives, e.g. ethylbenzene. As

reaction 32.42 shows, oxidation is still at the CH2 group attached to

the aromatic ring, giving benzoic acid irrespective of the starting alkylben-

zene derivative. We return to benzoic acid and related compounds

in Chapter 33.

ð32:41Þ

ð32:42Þ

32.12 Phenol

Phenols are compounds in which an OH group is attached directly to an

aromatic ring, and the parent member of this family is called phenol

(32.42). In Box 32.3, we highlight applications of selected phenols, and intro-

duce hydroquinones, semiquinones and quinones.

Synthesis

Phenol (PhOH) is manufactured on a large scale (Figure 32.8) and output

in the US places it about 30th among industrially produced chemicals.

The commercial process for production of phenol involves the oxidation

of isopropylbenzene (cumene), and is also a means of obtaining acetone

(scheme 32.43).

(32.41)

In toluene, the aryl ring

undergoes electrophilic

substitution by Clþ or

Brþ, and the alkyl group

undergoes radical

substitution by Cl
�
or Br

�
.

(32.42)
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Epoxy resins: see Box 29.2

Carboxylic acids:
see Chapter 33

"

"

ð32:43Þ

Commercial applications of phenol have been important for many decades,

and Bakelite (see Box 32.4) was one of the first industrially manufactured

polymers. Uses also include the formation of phenolic resins and bisphenol A.

The latter is a precursor in the manufacture of some epoxy resins, e.g. that

formed from bisphenol A and epichlorohydrin:

Two other methods of preparing phenol are the fusion of a benzenesulfonate

salt with alkali (equation 32.44) and the hydrolysis of a diazonium salt (see

equation 32.68). A reaction analogous to that in equation 32.44 but starting

with benzene-1,3-disulfonate is used for the manufacture of resorcinol (see

Box 32.3).

           

ð32:44Þ

Physical properties

Phenol is a colourless, hygroscopic, crystalline solid at room temperature

(mp 313.9K). It is polar (O ��) and is soluble in water and a range of organic

solvents. An old name for phenol is ‘carbolic acid’. It is a strong disinfectant;

J. J. Lister recognized this property and, in 1865, introduced phenol as the

first antiseptic in surgery.

Phenol is a weak acid (pKa ¼ 9:89). Other phenols behave similarly in

aqueous solution and this property makes them stand apart from aliphatic

alcohols, pKa values for which are considerably larger (for ethanol,

pKa � 16). Note though, that phenols are typically weaker acids than
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APPLICATIONS

Box 32.4 Bakelite: a thermosetting polymer

Thermosetting polymers were introduced in Box 29.2.

One of the early polymers to be industrially manufac-

tured was Bakelite. The polymer was first prepared by

the Belgian chemist Leo Baekeland, and the Bakelite

Corporation was set up in about 1910. Bakelite

products were at the peak of their popularity in

the 1920s–1940s, but after the Second World War,

new polymers and plastics dominated the market.

Nowadays, Bakelite items from household utensils to

jewellery are collectable pieces, and one of the

largest collections was amassed by the artist Andy

Warhol.

Bakelite is prepared from phenol and formaldehyde

(methanal, see Chapter 33). The OH group in phenol

is strongly activating and ortho- and para-directing.

In the first step of polymer formation, substitution at

the ortho-position occurs. Water is then eliminated

between adjacent monomers in a condensation reaction

to give a polymer:

This polymer is a chain, but a cross-linked polymer

is desirable. Cross-linking provides the polymer with

added structural rigidity, making Bakelite a hard

material that does not soften on heating. By controlling

the stoichiometry of the reaction between phenol

and methanal, para-substitution as well as ortho-

substitution is obtained in some monomers. This

introduces additional side-chains in the chain-polymer.

Cross-linking then occurs as follows:
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(32.43)

Refer also to Figure 32.14b

"

carboxylic acids. What is so special about the direct attachment of the

OH group to an aromatic ring? Consider equilibrium 32.45. The factor

that determines the acidity of phenol is the stability of the phenoxide ion

(PhO�).

ð32:45Þ

The negative charge of the phenoxide ion is not localized on the O

atom, but is delocalized over the aromatic ring by conjugation into the

�-system. This is represented in diagram 32.43, in which there is overlap

between an O 2p orbital and the adjacent C 2p orbital. Compare this with

diagram 32.34.

Within valence bond theory, the stabilization of the phenoxide ion can be

described in terms of the following set of resonance structures:

Spectroscopy

The IR spectrum of phenol (Figure 32.12a) exhibits the typical broad absorption

around 3300 cm�1 assigned to the OH group (compare Figure 32.12a with

Figures 12.12 and 30.5). The strong absorptions at 1598, 1500 and

1475 cm�1 are assigned to the vibrations of the ring. Lower-energy bands

occur in the fingerprint region of the spectrum.

The 13C{1H} NMR spectrum of phenol is shown in Figure 32.12b. The

four resonances are assigned to the four C environments as shown. The

ipso-C atom (C atom a) comes at highest frequency (compare the spectra

of chlorobenzene, toluene and phenol in Figures 32.6, 32.11 and 32.12)

and is of low intensity as is typical of ipso-C atoms.

The 1HNMR spectrum of phenol exhibits multiplets centred at � 7.24, 6.93

and 6.84 ppm assigned to the meta-, para- and ortho-H atoms respectively.

A spectrum of phenol dissolved in CDCl3 shows a singlet at � 5.35 ppm

assigned to the OH proton, but (as with aliphatic alcohols) the shift and

lineshape of this signal are solvent-dependent.

Reactions

The acidity of phenol discussed above means that reactions with metal

hydroxides occur to give phenoxide salts, e.g. reaction 32.46. However,

phenol is not a strong enough acid to neutralize aqueous NaHCO3. This
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observation can be used to distinguish phenol from a carboxylic acid which

does react with NaHCO3 (scheme 32.47).

   

ð32:46Þ

    

ð32:47Þ

TheOH group is strongly activating and ortho- and para-directing (Table 32.3).

The conditions under which phenol undergoes electrophilic substitutions are

less harsh than those required for the corresponding reactions of benzene.

Nitration of phenol (equation 32.48) can be carried out using HNO3 alone

(compare the need for HNO3/H2SO4 when nitrating benzene or toluene).

The NO2 substituent is deactivating, but the highly activating nature of the

An OH group attached to

an aromatic C6 ring is

strongly activating and

ortho- and para-directing.

Fig. 32.12 (a) The IR spectrum of phenol. (b) The 13C{1H} NMR spectrum of phenol (dissolved in CDCl3),
showing peak assignments.
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(32.44)

(32.45)

TCP is the brand name of a com-

monly used antiseptic in the UK.

OH group means that nitration continues after the introduction of one and

twoNO2 groups, the final product being 2,4,6-trinitrophenol (picric acid, 32.44).

ð32:48Þ

The activation of the aromatic ring in phenol towards electrophilic

substitution means that chlorination and bromination occur on treatment

with aqueous Cl2 and aqueous Br2 respectively (compare the use of a

Lewis acid catalyst for the halogenation of benzene). Sulfonation requires

only H2SO4 rather than the oleum that is required to sulfonate benzene.

Bromination and sulfonation of phenol are summarized in schemes 32.49

and 32.50. The introduction of the first SO3H group deactivates the ring

towards further substitution; hence the need for harsher conditions to

encourage attack by the second electrophile. Halogenations are rapid and

multi-substitution is common. 2,4,6-Trichlorophenol (32.45) is abbreviated

to TCP and this is well known in the UK as the brandname of an antiseptic

(see margin). This liquid, however, is an aqueous glycerol solution of various

halogenated phenols and phenol; TCP itself is probably a human carcinogen

and is no longer used in the US as an antiseptic or pesticide. Further chlor-

ination under forcing conditions gives pentachlorophenol. Its use in wood

preservatives, and the environmental problems associated with halogenated

compounds, are described in Box 32.5.

ð32:49Þ

ð32:50Þ

Friedel–Crafts alkylations and acylations of phenol are affected by the

fact that the OH group can act as a base, forming an adduct with the Lewis

acid catalyst. Reactions still proceed, but not as readily as one would expect.

We return to this effect again in the discussion of substitutions in aniline.
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ENVIRONMENT

Box 32.5 Polychloroaromatics: environmental problems

Common pipistrelle bat (Pipistrellus pipistrellus).

Pentachlorophenol (PCP) is a fungicide used to treat

wood, but there are environmental side effects. Field

research has shown that pipistrelle bats roosting in

wooden boxes treated with PCP died within a short

period after exposure to the chemical in the concentra-

tions used in the study. Bats often roost in the roof

spaces of older houses and barns, and may be in close

proximity of timbers treated with PCP. Not all chemi-

cals used as wood preservatives are as toxic to bats

and other mammals, but we must be aware of, and

assess, the environmental side effects that such treat-

ments may have.

PCP is not the only chloro-substituted aromatic

compound to have environmental side effects. Other

examples include DDT (dichlorodiphenyltrichloro-

ethane) and the family of PCB (polychlorinated

biphenyl) derivatives. PCBs and DDT are among the

most significant persistent organic pollutants (POPs).

POPs are defined as chemicals that persist in the envir-

onment, bioaccumulate in the food chain, and are a risk

to the environment and to human health. DDT has

been used as a pesticide for over 50 years, but in

1973, it was banned in the US. Although it remains in

use in other parts of the world, legislative measures

are in place to control the use of DDT.

PCBs are entirely man-made compounds. They are che-

mically inert and are viscous liquids or solids at room

temperature. Because of their dielectric properties and

fire resistance, PCBs have been extensively used in elec-

trical components, heat transfer liquids, lubricants,

adhesives and paints. Despite their origins in consumer

goods and in industry, PCBs now occur in the environ-

ment throughout the world, including the Arctic and

Antarctica, confirming that they can be readily trans-

ported either by water (due to sufficient solubility) or

air (a consequence of adequate volatility). The organic

nature of PCBs means that they are able to accumulate

in organic matter and, thus, these compounds pose a

serious environmental threat. Their use has been

banned by most countries since the 1970s and 1980s.

However, this still leaves an enormous quantity of

waste products that contain PCBs, and their disposal

must be carried out under strict regulatory control.

Polychlorinated dibenzo-p-dioxins (PCDDs) are struc-

turally related to PCBs. They are produced when PVC

plastics or PCB-containing materials are incinerated

and are also emitted from general waste incineration,

the steel industry and fuel combustion. Like PCBs,

PCDDs are persistent organic pollutants. Two interna-

tional protocols are now in place to reduce the produc-

tion and use of POPs: the Stockholm Convention on

POPs (which came into force in 2004) and the Regional

UNECE Convention on Long Range Transboundary

Air Pollution on POPs (functional since 2003).

Further information: to read about the problems of

chlorinated aromatics and related compounds and

methods of disposing of them, see: M. L. Hitchman

et al. (1995) Chemical Society Reviews, vol. 24, p. 423.
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Williamson synthesis of
ethers: see Section 29.3

For information on
quinones: see Box 32.3

"

"

The phenoxide ion is used in the Williamson synthesis to form ethers

containing the PhO group. Scheme 32.51 shows the formation of ethyl

phenyl ether.

     

ð32:51Þ

Like aliphatic alcohols, phenols can be converted to esters. Whereas an

aliphatic alcohol reacts with a carboxylic acid in the presence of an acid

catalyst (see equation 30.37) or with an acyl chloride, only the acyl chloride

route can be applied effectively to phenols. Reaction 32.52 shows the

formation of phenyl propanoate.

ð32:52Þ

Earlier, we mentioned the formation of epoxy resins from the reaction

between bisphenol A and epichlorohydrin. A related reaction is used in the

manufacture of the drug Propranolol, an AstraZeneca product used as a

b-blocker in the treatment of high blood pressure. The starting material is

1-naphthol, a close relation of phenol:

Phenols and phenoxide ions are readily oxidized, turning brown. The

products of oxidation are quinones. Strong oxidizing agents convert phenol

into p-benzoquinone. Alternatively, 1,4-dihydroxybenzene or 1,4-dimethoxy-

benzene can be used as the precursor (scheme 32.53). In the latter reactions,

the oxidizing agent is cerium(IV) which is reduced to cerium(III).
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ð32:53Þ

The phenoxide ion easily loses an electron (a 1-electron oxidation step) to

give a phenoxide radical (equation 32.54). The odd electron is delocalized

around the ring, giving 32.46 as one resonance form. Radical coupling between

the para-C atoms occurs, followed by oxidation to paraquinone, 32.47.

O

1-electron oxidation

O

ð32:54Þ

32.13 Nitrobenzene and aniline

Synthesis

Nitrobenzene is manufactured by the nitration of benzene (equation 32.17). It

is an industrial precursor to aniline which has widespread applications in the

dye-stuffs and pharmaceutical industries. Of historical significance is William

H. Perkin’s synthesis in 1856 of the dye mauve (later called mauveine) which

was much loved by Queen Victoria. At the time, Perkin was trying to synthesize

the anti-malarial drug quinine. Mauveine is prepared by mixing aniline,

2-methylaniline (o-toluidine) and 4-methylaniline (p-toluidine), and is a mixture

of the related compounds shown in Figure 32.13. The absorption maximum in

the visible spectrum of the dye is at 550 nm. Mauveine was the first synthetic

dyestuff, and Perkin became the founder of the organic chemical industry.

The reduction of nitrobenzene to aniline is the best way of attaching an

NH2 group to the aromatic ring, and can be carried out by various routes

(e.g. scheme 32.55).

ð32:55Þ

(32.46) (32.47)

Azo dyes: see Figure 13.8

"
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pKa = � log Ka

"

In small-scale reactions, granulated tin in hydrochloric acid is a good

reducing agent. The acidic conditions mean that the initial product is an

anilinium salt and this is neutralized with base to obtain aniline

(scheme 32.56).

ð32:56Þ

Physical properties

Nitrobenzene (PhNO2) is a colourless liquid with a relatively long liquid

range (mp 278.7K, bp 483.8K). It has a characteristic marzipan-like smell

and is extremely toxic. Aniline (phenylamine, PhNH2) is a colourless, oily

liquid (mp 267.0K, bp 457.2K) and is also toxic. It often appears brownish

in colour owing to the presence of oxidation products. Aniline is polar (N, ��)
and is slightly soluble in water: at 298K, 100 cm3 of water dissolves 3.7 g

of PhNH2.

Aniline is an aromatic primary amine and behaves as a very weak base (equa-

tion 32.57). Table 32.4 lists the pKa values of the conjugate acids of aniline and

some of its derivatives. Compare these values with those of selected aliphatic

Fig. 32.13 Aniline and two isomeric methyl derivatives of aniline are the starting materials for the dye mauveine, first synthe-
sized by Perkin in 1856 when he was 18 years old.
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amines in Table 31.2. Remember that the larger the value of pKa, the smaller is

the value of Ka. The larger the value of pKa, the weaker is the conjugate acid,

and the stronger is the base. Thus, the data in Tables 32.4 and 31.2 show that

aromatic amines are generally weaker than aliphatic amines. As a Brønsted

base, aniline reacts with Brønsted acids, e.g. reaction 32.58.

Table 32.4 pKb values of aniline and selected derivatives of aniline. (For a reminder about
pKa and pKb values, refer to Chapter 16.)

Compound Structure pKa of conjugate acid

Aniline (phenylamine) 4.63

N-Methylaniline
(N-methylphenylamine)

4.85

N,N-Dimethylaniline
(N,N-dimethylphenylamine)

5.15

o-Chloroaniline (2-chloroaniline,
2-chlorophenylamine)

2.65

p-Nitroaniline (4-nitroaniline,
4-nitrophenylamine)

1.00

p-Methylaniline (4-methylaniline,
4-methylphenylamine)

5.08
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ð32:57Þ

   

ð32:58Þ

The weak basicity of aniline can be understood in terms of resonance

stabilization.Whereas a series of resonance structures can be drawn for PhNH2:

the same is not true of the anilinium ion. Therefore, equilibrium 32.57 lies

towards the left-hand side. Table 32.4 includes derivatives of aniline that are

substituted on the aromatic ring. The pKa values are sensitive to the nature

of the substituent. Both Cl and NO2 are electron-withdrawing and destabilize

the positively charged N centre in the anilinium ion (compare this with the

discussion in Section 32.10 of the deactivating effects of Cl and NO2).

Destabilization of the cation on the right-hand side of equilibrium 32.59 by

introducing an electron-withdrawing substituent means that equilibrium

32.59 lies further towards the left-hand side than equilibrium 32.57, i.e. the sub-

stituted aniline is less basic than aniline itself. The relatively small values of pKa

for o-chloroaniline and p-nitroaniline in Table 32.4 confirm this statement.

ð32:59Þ

Table 32.4 shows that p-methylaniline is a stronger base than aniline. The

Me substituent is electron-releasing and its presence stabilizes the p-methyl-

anilinium ion. As a result, equilibrium 32.60 lies further towards the right-

hand side than equilibrium 32.57.

ð32:60Þ
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Spectroscopy

Figure 32.14a shows the IR spectrum of nitrobenzene. Stretching of the

aromatic C�H bonds gives rise to the absorption at 3080 cm�1. Strong

absorptions between 1600 and 1500 cm�1 are assigned to the C6 ring

vibrations and the stretching of the NO2 group.

The 13C{1H} NMR spectrum of PhNO2 contains four signals assigned to

the four C environments. The spectrum resembles that of chlorobenzene

(Figure 32.6c), except that the signals are shifted, reflecting the different

electron distributions in the molecules of PhCl and PhNO2. Diagram 32.48

shows the chemical shifts of the signals in the 13C NMR spectrum. The

signal at � 148.3 ppm for the ipso-C atom is of very low intensity. The 1H

NMR spectrum of nitrobenzene is shown in Figure 32.14b. The three

multiplets are assigned to the three chemically non-equivalent proton

environments. Spin–spin coupling occurs between magnetically non-

equivalent 1H nuclei. Although the two ortho-H atoms are chemically

equivalent, they are magnetically non-equivalent and can couple to each

other. (We examined a similar example in Chapter 14: furan, structure

14.11.) Using the atom labelling in Figure 32.14b, the coupling constants

are JðHaHa’Þ ¼ 2:46Hz, JðHaHbÞ ¼ JðHa’Hb’Þ ¼ 8:35Hz, JðHaHb’Þ ¼
JðHa’HbÞ ¼ 0:48Hz, JðHaHcÞ ¼ JðHa’HcÞ ¼ 1:17Hz, JðHbHb’Þ ¼ 1:47Hz,

and JðHbHcÞ ¼ JðHb’HcÞ ¼ 7:46Hz. In Figure 32.14b, the largest couplings

dominate, giving a spectrum that appears as a doublet for Ha (ortho), a doublet

of doublets (an apparent triplet because of the similarity in J values) for Hb

(meta), and a triplet for Hc ( para).

 

 

 

 

(32.48)

Fig. 32.14 (a) The IR spectrum of nitrobenzene, and (b) the 400MHz 1HNMR spectrum of nitrobenzene in CDCl3 with
peak assignments. The 1H NMR spectrum is simulated using experimental data.
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(32.49)

An NO2 group attached to

an aromatic C6 ring is

strongly deactivating and

meta-directing.

(32.50)

The IR spectrum of aniline is shown in Figure 32.15. The absorptions around

3400 cm�1 arise from the stretching of the N�H bonds, and the aromatic C�H
stretches give rise to the absorptions centred at 3010cm�1. The strong absorp-

tions at �1600 and 1496 cm�1 are assigned to vibrations of the C6 ring.

The 13C NMR spectrum of aniline looks similar to that of phenol (Fig-

ure 32.12), with four signals assigned to the four C environments. Diagram 32.49

shows the 13C NMR chemical shifts and their assignments. The signal at

� 146.5 ppm assigned to the ipso-C is of very low intensity. In the 1H NMR

spectrum of PhNH2 dissolved in CDCl3, a signal at � 3.55 ppm is assigned

to the NH2 proton; the lineshape and chemical shift of this signal are

solvent-dependent. There are three ring proton environments, giving rise to

three signals (ortho � 6.64 ppm, meta � 7.12 ppm and para � 6.73 ppm).

These appear as multiplets owing to 1H–1H coupling; look at Figure 32.14b

and the accompanying discussion.

Reactions

We have already seen that reduction of nitrobenzene gives aniline and this is an

important reaction. The NO2 group is meta-directing (Table 32.3) and

substitution is directed towards the 3- and 5-positions (diagram 32.50). How-

ever, NO2 is strongly deactivating and electrophilic substitution in PhNO2 is

difficult. This explains why the synthesis of PhNO2 from benzene is not

complicated by the formation of disubstituted products. The introduction of

a secondNO2 group intoPhNO2 ismuchmoredifficult than the initial nitration

of benzene. Contrast this with the nitration of toluene (reactions 32.36–32.38).

Since the aromatic ring in PhNO2 is deactivated towards electrophilic substitu-

tion, conditionsmust be harsh tomake such reactions occur. For example, bro-

mination requires a Lewis acid catalyst and high temperature (equation 32.61).

Compare this with the bromination of benzene which requires a Lewis acid cat-

alyst, but not an elevated temperature, and with the bromination of phenol

(OH is activating) which occurs in the absence of a catalyst.

ð32:61Þ

Fig. 32.15 The IR spectrum of aniline.
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The mechanism of this reaction is represented in scheme 32.62. Note the

charge distribution on the intermediate carbenium ion and compare this with

the resonance structures that we drew for this intermediate in Section 32.10.

ð32:62Þ

The nitro-group is so deactivating that some substitutions do not work.

Friedel–Crafts alkylations and acylations of PhNO2 are not readily achieved.

Consequently, nitrobenzene is a suitable inert solvent for Friedel–Crafts

reactions involving other substrates.

We have already described the reduction of PhNO2 to PhNH2. By changing

the reduction conditions, it is possible to reduce nitrobenzene to azobenzene,

although in practice, mixtures of products are generally obtained including

hydroazobenzene and azoxybenzene. The scheme below shows the formation

of azobenzene, and the structures of likely by-products:

The NH2 group in aniline is highly activating, and is ortho- and

para-directing. Electrophiles are directed to the 2-, 4- and 6-positions (dia-

gram 32.51). Electrophilic substitutions such as halogenations occur readily

and multi-substituted products are obtained, e.g. reaction 32.63.

ð32:63Þ
(32.51)
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Lewis acid--base adducts:
see ‘Aluminium halides’

in Section 22.4

(32.52)

(32.53)

"

AnNH2 group attached to an aromatic C6 ring is highly activating and ortho- and

para-directing.

Despite the activation of the NH2 group, Friedel–Crafts alkylations and

acylations fail because the NH2 group acts as a Lewis base and interacts

with the Lewis acid catalyst (structure 32.52). Similar problems occur in

acidic conditions (e.g. during nitration) when PhNH3
þ forms. A way of

overcoming this problem is to convert the NH2 group into an amido group

prior to the Friedel–Crafts reaction. Reaction 32.64 shows the conversion

of aniline to an amide.

ð32:64Þ

The N atom in the amide is less basic than the N in the NH2 group because

negative charge is delocalized on to the carbonyl O atom as shown in

resonance pair 32.53. Thus, the catalyst in the Friedel–Crafts reaction

remains unhindered, and alkylations and acylations of the aromatic ring in

the amide take place where they fail in the corresponding amine. The

amide group is ortho- and para-directing (i.e. the same as the NH2 group).

The amide group can be hydrolysed back to an amine group after alkylation.

Scheme 32.65 summarizes a general Friedel–Crafts alkylation of acetanilide.

ð32:65Þ
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Aniline reacts with alkyl halides to give N-alkyl derivatives. Scheme 32.66

shows the conversion of PhNH2 to PhNMe2.

ð32:66Þ

One of the most important reactions of aromatic primary amines is their

conversion to diazonium salts by treatment with nitrous acid, prepared

in situ by the action of an acid (e.g. HCl) on sodium nitrite (equation

32.67). (The instability of nitrous acid was described in Section 22.8.)

Caution! Solid diazonium salts are explosive.

ð32:67Þ

The diazonium cation is resonance stabilized with the positive charge

conjugated on to the aromatic ring C atoms:

Diazonium salts undergo two general types of reaction in which:

. N2 is eliminated, or

. an �N¼N� group (an azo group) is formed.

Elimination of N2 occurs when a diazonium ion is hydrolysed. This takes

place only slowly under the aqueous conditions used in the preparation of

diazonium chloride, but the reactions of diazonium salts with water are a

convenient method of preparing phenols, e.g. reaction 32.68.

ð32:68Þ

Elimination of N2 accompanies the conversion of PhN2
þ to PhCl, PhBr,

PhI and PhCN. Chlorobenzene, bromobenzene and benzonitrile (or

derivatives of these compounds) are formed in the Sandmeyer reaction in

which diazonium salts are treated with CuCl, CuBr or CuCN in the presence

of an excess of the corresponding anion (Cl�, Br� or CN�). In reaction 32.69,

the copper(I) salt acts as a catalyst. The mechanism involves radicals, with

A diazonium salt contains

the diazonium cation:

In the Sandmeyer reaction, a

diazonium ion is converted

to a chloro-, bromo- or

cyano-benzene derivative by

reaction with CuCl, CuBr

or CuCN.
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Chromophores and
azo-compounds:
see Section 13.6

"

Cu(I) being oxidized to Cu(II) as aryl radicals are generated. Copper(II) is then

reduced back to Cu(I) as Ar
�
is converted to ArX. The conversion of PhN2

þ to

iodobenzene is achieved by direct reaction with NaI. The Sandmeyer reaction

is historically important as a method of preparing halobenzene compounds.

Sandmeyer reaction ð32:69Þ

The coupling of a diazonium ion with phenols or amines takes place without

N2 elimination. The product is an azo-compound: two aryl groups coupled by

an azo (�N¼N�) unit. Equation 32.70 shows the general reaction.

ð32:70Þ

The reaction is an electrophilic substitution (PhN2
þ acts as an electro-

phile), and works because conjugation of the lone pairs from the OH or

NH2 substituents into the ring �-system makes the ring electron-rich.

Electrophilic substitution takes place at the ortho- and para-positions of

PhOH or PhNH2; look back at the resonance structures near the beginning

of Section 32.10. The mechanism is represented as follows:

The �N¼N� group is a chromophore and some azo-compounds absorb light

in the visible region making them coloured and of commercial use as biological

stains (see Box 13.2), indicators and dyes. The dyes methyl orange and Congo

red are azo dyes (see Figures 13.8 and 13.9). The food and cosmetic industries

are major users of dyestuffs, all of which are regulated by the Food and Drug

Administration in the US, the European Commission in the EU, and the Min-

istry of Health, Labour and Welfare in Japan. Several examples are given in

Figure 32.16. These include tartrazine (denoted in foods in the EU by the

E-number E102), which is used in a wide range of foods including fizzy
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drinks, ice creams, custard powder, marzipan and sweets. Many of the

commercially available dyes contain SO�3 Naþ groups which are necessary to

make the compounds water soluble. Since 2003, legislation in the European

Union has banned the use of certain azo dyes in consumer goods which

may have significant skin contact, e.g. leather and textile goods. The restriction

(which applied to about 4% of azo dyes in use in the manufacturing industry

before 2003) is on those dyes which may give rise to the formation of one of 22

specified amines including those shown below:

See end-of-chapter
problem 32.32

"

Fig. 32.16 Examples of azo dyes used in the food and cosmetics industries. In the names, CI stands for Colour Index (Society of
Colourists and Dyers, UK), E-numbers are given by the European Parliament, and the FD&C classification is within the remit
of the US Food and Drug Administration. The photograph illustrates dyes and cake decorations which contain food colourants
E102, E122 and E124 (the structures of which are shown) in addition to other colourants.
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Beer–Lambert Law: see
Section 11.4

Explosives: see Box 30.2

(32.54)

"

"

The Griess test for nitrite ion has been in use since 1889. In the classical

Griess test, the reagent is a mixture of sulfanilic acid and 1-naphthylamine:

In acidic solution, nitrite ion converts the NH2 group of the sulfanilic acid to a

diazonium ion, which then couples with the 1-naphthylamine to give a red azo

dye. The coupling is analogous to reaction 32.70 with 1-naphthylamine replacing

C6H5X. Sulfanilamidemay be used in place of sulfanilic acid. TheGriess test has

been developed for use in waste water analysis. Levels of nitrites and nitrates in

watermust bemonitored, and levels are controlled by legislation, being set by the

World Health Organization (WHO), the US Environmental Protection Agency

(EPA) and the EuropeanUnion (EU). The diseasemethaemoglobinaemia is asso-

ciated with the presence of nitrates and nitrites in drinking water. Methaemoglo-

binaemia, or ‘blue baby syndrome’, results from the irreversible oxidation of

Fe2þ in haemoglobin by nitrite. The oxidized iron centres can no longer bind

O2, and the effect is most serious in babies who have a lower O2-carrying capa-

city than older children and adults. Before analysis, nitrate is reduced to nitrite

and a combined nitrate/nitrite analysis can then be carried out, either qualita-

tively or quantitatively (the latter by measuring the absorbance at 540 nm and

applying the Beer–Lambert Law). The Griess test is also used in food, medical

and forensic analysis. Commercial kits (e.g. the Merckoquant1 nitrite test kit)

are available that have adapted the Griess reaction to operate with test strips

for determining the concentration of nitrite ion in urine, the colour of the azo

dye produced being matched to a colour chart. Nitrate and nitrite levels in

milk and milk products are monitored under guidelines from the International

Dairy Federation using the Griess test. In forensics, the Griess test is a standard

means of investigating gunshot and explosive residues.

32.14 Nucleophilic substitution in aromatic rings

Although halogenoalkanes undergo nucleophilic substitution reactions,

halobenzenes (PhCl, PhBr and PhI) do not. However, in special cases, a halo-

substituent on an aromatic ring bearing other substituents can be displaced by

a nucleophile. The key to success is that the ring must contain ortho- or para-

substituents that are electron-withdrawing and deactivating, e.g. NO2 or CN.

2,4,6-Trinitrochlorobenzene (32.54) fulfils these criteria, and can be

converted to picric acid by treatment with hydroxide (equation 32.71) or

to a derivative of benzonitrile (equation 32.72).

ð32:71Þ
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ð32:72Þ

The mechanism of substitution does not parallel that for displacement of

halide from a halogenoalkane, i.e. it is not SN1 or SN2. The mechanism is

one of addition and elimination:

. addition of the nucleophile to give a resonance-stabilized intermediate,

followed by
. elimination of halide.

The resonance-stabilized intermediate is shown below, and the resonance

forms that are dominant are those in which the negative charge is delocalized

on to the nitro groups (i.e. the top three structures):

The above example highlights an important use of this type of reaction. The

CN andNO2 groups are bothmeta-directing, but Cl, Br and I groups are ortho/

para-directing. Preparing the benzonitrile derivative via the halo-derivative

allows the CN group to be introduced ortho to the NO2 group.

SUMMARY

In this chapter, we have introduced aromatic compounds. Benzene is the parent of a wide range of com-
pounds, many of which are of commercial importance. Although representations of the structure of ben-
zene may imply the presence of C¼C bonds, the �-electrons in the ring are delocalized. As a result,
benzene and its derivatives behave differently from alkenes; electrophilic substitution reactions are charac-
teristic. The introduction of substituents such as Me, Et, OH and NH2 activates the ring towards electrophilic
substitution. Substituents such as Cl, Br, I, CN, NO2 and SO3H deactivate the ring towards electrophilic
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substitution. Both the nature of the ground state and carbenium ion intermediates contribute towards the
orientation effects of different substituents.

Do you know what the following terms mean?

. benzene

. Kekulé structure

. delocalized 6�-electron
system in benzene

. aromaticity

. Hückel (4nþ 2) rule

. ortho-position

. meta-position

. para-position

. aryl

. phenyl

. benzyl

. Birch reduction

. electrophilic substitution

. Friedel--Crafts reaction

. Lewis acid catalyst

. acid anhydride

. electron-releasing group

. electron-withdrawing group

. activating substituent

. deactivating substituent

. orientation effects

. benzoquinone

. azobenzene

. diazonium salt

. Griess test

. nucleophilic substitution

You should be able:

. to comment on the historical development of a
bonding scheme for benzene

. to rationalize why the C�C bonds in benzene
are equivalent

. to apply the Hückel (4nþ 2) rule to test whether
a compound is aromatic, and to distinguish
between aromatic and anti-aromatic systems

. to give typical chemical shift values for ring C
and H atoms in the 13C and 1H NMR spectra of
aromatic compounds

. to interpret the 13C and 1H NMR spectra of
simple aromatic compounds

. to interpret the IR spectra of simple aromatic
compounds

. to name simple aromatic compounds

. to draw the structures of simple aromatic
compounds given the systematic name

. to relate structures and trivial names for the
following: toluene, xylene, phenol, aniline,
styrene, anisole

. to discuss typical reactions of benzene

. to describe a general mechanism for electro-
philic substitution in benzene and to apply this
to halogenations, Friedel--Crafts alkylations,
acylations, nitration and sulfonation

. to discuss the origins of activation and
deactivation of a ring for selected substituents

. to describe why some substituents are ortho/
para-directing, while others are meta-directing

. to give preparations of PhMe, PhOH, PhNO2

and PhNH2

. to describe typical reactions of PhMe, PhOH,
PhNO2 and PhNH2

. to illustrate how diazonium salts are prepared

. to describe how to convert a diazonium salt
into an azo-compound and comment on the
importance of these derivatives

. to illustrate examples of nucleophilic substitu-
tion in aromatic compounds

PROBLEMS

32.1 Resonance structures 32.11 and 32.12 are usually

drawn to rationalize the bonding in benzene in

terms of the VB model. However, the set of

contributing resonance structures can be extended

to include Dewar benzene. Draw such an extended

set that retains the equivalence of the C�C bonds.

32.2 What evidence is there to make you believe

that it is incorrect to consider benzene as

a triene?

32.3 Comment on the following observations.

(a) The C�C bond lengths in benzene are all 140 pm.

(b) Ethylbenzene undergoes some free radical

reactions that are typical of an alkane.

(c) The electronic spectrum of benzene has an

intense absorption at �max ¼ 183 nm.

32.4 Describe the bonding in benzene in terms of an

appropriate hybridization scheme for the C atoms

and account for the equivalence of the C�C bonds.
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32.5 Which of the following are aromatic:

(a) cyclopropenyl cation, C3H3
þ; (b) cyclopropenyl

anion, C3H3
� ; (c) cyclobutadiene, C4H4;

(d) cycloheptatriene, C7H8; (e) cycloheptatrienyl

cation, C7H7
þ ; (f ) cyclooctatetraene, C8H8?

32.6 Assign appropriate hybridization schemes to the

C atoms in the following molecules.

32.7 Draw structural formulae for the following

compounds: (a) PhOH; (b) Ph2CH2; (c) Ph2NH;

(d) PhNO2; and (e) PhSMe.

32.8 Match the 1H NMR spectroscopic data in the

following table to the compounds shown below;

the multiplets may consist of overlapping signals.

Compound
1
H NMR �/ppm

A 7.2 (multiplet), 2.9 (septet, J 8Hz),
1.3 (doublet, J 8Hz)

B 7.1 (singlet), 2.3 (singlet)

C 7.1 (multiplet), 2.3 (singlet)

D 7.3 (multiplet), 4.5 (singlet), 2.4 (broad)

E 5.6 (multiplet), 2.4 (multiplet)

F 7.2 (multiplet), 2.6 (quartet), 1.2 (triplet)

32.9 Consider the following compounds.

(a) What would you see in the 1H NMR spectrum

of compound A? (b) Suggest a spectroscopic

method that would allow you to distinguish

between isomers B and C. Give the structure of a

third isomer of dichlorobenzene and comment on

how it could be distinguished from B and C.

32.10 Draw the structures of (a) PhNH2, (b)

iodobenzene, (c) isopropylbenzene, (d) PhCHO,

(e) benzoic acid, (f ) benzyl alcohol, (g) PhC�CPh,
(h) toluene, (i) p-xylene and ( j) 1,2-diaminobenzene.

32.11 Suggest ways of carrying out the following

transformations:

32.12 Two isomers of tribromobenzene have been

prepared. NMR spectroscopic data for them are

given below. Assign a structure to each isomer.

Isomer
1
H NMR �/ppm 13

C NMR �/ppm

A 7.61 133.0, 123.4

B 7.77, 7.47, 7.29 136.2, 134.7, 131.7,
125.9, 123.8, 121.4

32.13 Equation 32.14 shows that the Friedel–Crafts

reaction of benzene with 1-chloropropane gives a

mixture of products. How would you use 1H and
13CNMR spectroscopy to characterize the products?
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32.14 (a) Equation 32.21 shows loss of Hþ from a

carbenium intermediate in the electrophilic

substitution of Xþ for Hþ in benzene. Write

two analogous equations starting from the

remaining two resonance structures in 32.30.

(b) Equation 32.33 shows the sulfonation of

benzene using HSO3
þ. Write a mechanism for

the conversion of benzene to benzenesulfonic

acid in which the electrophile is SO3.

32.15 Suggest products for the following reactions and

give reasons for your answers:

32.16 Use resonance stabilization arguments to describe

(a) why phenol is acidic and (b) why the OH group

in phenol is ortho- and para-directing.

32.17 Suggest ways of making the following compounds

starting from phenol, toluene or nitrobenzene.

   

32.18 How would you differentiate between the

following pairs of isomers using 13C{1H} NMR

spectroscopy?

(a) 1,2-dimethylbenzene and ethylbenzene

(b) 1,3-dichlorobenzene and 1,4-dichlorobenzene

(c) 1,3,5-trimethylbenzene and

1,2,3-trimethylbenzene

(d) n-propylbenzene and isopropylbenzene

(e) cyclooctatetraene and styrene

32.19 Under what conditions (using one or more

steps) could you convert benzene to

(a) bromobenzene, (b) aniline,

(c) o-chloronitrobenzene, (d) phenol?

32.20 Suggest mechanisms for the conversions of

(a) C6H6 to PhCl; (b) C6H6 to PhSO3H; (c) PhNO2

to m-bromonitrobenzene. Describe the role of

catalysts where appropriate.

32.21 Which of the following molecules are polar, and in

what sense?

32.22 Give suitable reagents to carry out the following

transformations.
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ADDITIONAL PROBLEMS

32.23 When PhMeNH reacts with PhN2
þ in aqueous

solution, two azo-compounds are obtained. In

one, the substituent in one aromatic ring para to

the azo-group is MeNH, while in the second, the

para-substituent is OH. Draw the structures of the

products and suggest an explanation for these

observations.

32.24 (a) Account for the fact that the 1H NMR

spectrum of benzene contains a singlet at

� 7.2 ppm, but the spectrum of buta-1,3-diene

shows lower frequency multiplets (� 5.0, 5.1
and 6.3 ppm).

(b) An aromatic compound A shows a parent ion

in its mass spectrum at m=z ¼ 104. The results

of an elemental analysis are: C, 92.3%; H,

7.7%. Compound A reacts readily with Br2 to

give an addition product, B. The 13C NMR

spectrum of A exhibits signals at � 137.6, 137.0,
128.5, 127.8, 126.2 and 113.7 ppm. In the

600MHz 1H NMR spectrum, overlapping

signals appear in the range � 7.5–7.1 ppm, and

there are three doublets of doublets at � 6.7
(J 18Hz, 11Hz), 5.7 (J 18Hz, 2Hz) and

5.2 (J 11Hz, 2Hz) ppm. Suggest identities for

A and B.

32.25 The conversion of benzene to o-methylacetanilide

can be carried out in the following four steps.

Suggest how each step can be carried out.

32.26 Comment on the following observations.

(a) The pKa of phenol is 9.89.

(b) Bromination of 4-methylphenol gives

2-bromo-4-methylphenol.

(c) The CF3 substituent in PhCF3 is deactivating

and meta-directing.

32.27 (a) Nitrobenzene and nicotinic acid are isomers.

How could NMR spectroscopy be used to

distinguish between them?

(b) The 1HNMR spectrum of phenol contains three

multiplets in the region � 6.8–7.2ppm. Explain

the origins of the couplings in these signals.

(c) Suggest a method of preparing each of the

following compounds starting from benzene.

Comment on the formation of possible side-

products.

   

    

32.28 Explain why the nitration of aniline gives a

mixture of o-, m- and p-nitroaniline.

CHEMISTRY IN DAILY USE

32.29 Cockroaches are pests in households worldwide,

and chemical baits are commonly used to attract the

insects. In 2005, the structure of the pheromone

(blattellaquinone) of the female German cockroach

Blattella germanica was determined:

(a) What structural feature makes the pheromone

a quinone? (b) Manufacturers are interested in

using blattellaquinone in cockroach traps. How

would it work? (c) Suggest a two-step synthetic
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route to blattellaquinone starting from the

following compounds:

32.30 Aromatic compounds including benzene, toluene

and styrene have been found in bottled water and

foods. They may originate from packaging

materials, degradation of preservatives or other

sources. Even though benzene is a known

carcinogen, there is presently (as of 2008) no

legislation concerning its content in foods. A

guideline from the World Health Organization

(WHO) states that the benzene content should be

�10 mg kg�1. An investigation of a range of canned

and glass-bottled drinks for traces of benzene

and toluene was carried out using GC-MS (GC,

see Box 24.3). The retention times for standard

samples of benzene and toluene were 6.2 and

7.3 minutes, respectively. Fully deuterated

hydrocarbon standards (10 mg kg�1) were added to

each sample. The concentration of each

contaminant was determined from the relative

intensities of mass spectrometric peaks for pairs of

deuterated and non-deuterated compounds. (a)

What do you understand by ‘retention time’ in a

GC experiment, and why are the retention times of

benzene and toluene different? (b) Explain why the

researchers focused on peaks at m/z 77, 78, 84, 91,

92, 98 and 100 in their mass spectrometric analysis.

(c) The researchers also looked for possible peaks

in the GC with retention times of 8.4, 8.5 and 8.8

minutes, and for corresponding mass

spectrometric peaks at m/z 106 and 116. Suggest

for which compounds they were looking. (d) All

measurements were repeated several times. Why?

(e) From the mass spectrometric peaks at m/z 77,

78, 84, 91, 92, 98 and 100, choose a pair

appropriate for determining the concentration of

benzene in the sample, and explain how the

concentration is determined. (f) Data for three of

the drinks tested are given below. Comment on the

results within the context of the WHO guidelines.

Drink A Drink B Drink C

Concentration of
benzene / mg kg�1

1.7 3.2 3.7

Concentration of
toluene / mg kg�1

1.9 4.9 6.7

[Data: F. Fabietti et al. (2001) Food Control, vol. 12, p. 505.]

32.31 Essential oils are volatile compounds with

characteristic aromas that have a wide variety of

commercial applications. Each of the aromatic

compounds shown in Figure 32.17 is an essential

oil. (a) State the name of the functional group or

groups that each compound contains in addition

to the aromatic ring. (b) Which compounds are

related as isomers? (c) Which compounds could be

interconverted by oxidation or reduction? Suggest

Fig. 32.17 Examples of aromatic essential oils. Common (rather than systematic) names are given for the compounds.
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reagents to carry out the oxidation reaction(s). (d)

Which compounds are chiral? (e) Which one of the

essential oils could be prepared from the following

reagents:

Suggest conditions for the reaction.

32.32 At the end of Section 32.13, it was stated that

legislation in the European Union now bans the

use of a small number of suspected carcinogenic

azo dyes in consumer goods. The problem stems

from the effects of amines that can arise from the

dyes. Following the leaching of dyes from textiles

or leather goods, anaerobic bacterial metabolism

(e.g. in the liver, skin or intestines) can result in

reductive cleavage of the azo group to produce

amines. (a) In addition to the amines shown in

Section 32.13, the following are also on the banned

list: 4-chloro-2-methylaniline, 4,4’-thiodianiline,

2-methoxyaniline, 4-aminoazobenzene,

2,4-diaminotoluene, 2,4,5-trimethylaniline and

2-methyl-5-nitroaniline. Draw the structures of

these compounds. (b) Could anaerobic bacterial

metabolism of any of the azo dyes shown in

Figure 32.18 give rise to the banned amines listed

above or in Section 32.13? Give reasons for your

answer.

32.33 Polycarbonate is a thermoplastic and among its

many applications is its use in the manufacture of

compact discs. Polycarbonate is produced from

the following precursors:

(a) The first step in the synthesis of polycarbonate is

the treatment of bisphenol A with NaOH. Write an

equation for this reaction. Show how you expect the

product of this reaction to react with phosgene.

Hence draw a structural formula for polycarbonate,

clearly showing the repeat unit in the polymer.

(b) Look up the following research article, and

comment on the recycling of polycarbonate: C.-H.

Lin et al. (2007) Green Chemistry, vol. 9, p. 38.

Fig. 32.18 Three azo dyes. In the names, CI stands for Colour Index (Society of Colourists and Dyers, UK).
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33
Carbonyl
compounds

33.1 The family of carbonyl compounds

We have already mentioned some aspects of chemistry involving aldehydes,

ketones, carboxylic acids and esters, including:

. Brønsted acid behaviour of carboxylic acids (Chapter 16);

. reduction of carbonyl compounds to prepare alcohols (equations

30.6–30.9);
. oxidation of alcohols to aldehydes, ketones and carboxylic acids

(equations 30.32–30.34);
. amination of aldehydes and ketones (equations 31.11–31.15);
. formation of esters (equation 30.37).

The structural feature common to aldehydes, ketones, carboxylic acids,

amides, acyl chlorides and esters is the C¼O bond, a carbonyl group. In

the formulae below, R and R’ in the ketone or ester may be the same or

different:

Topics

What are carbonyl

compounds?

Polarity of the C¼O

bond

Structure and bonding

IR spectroscopy

NMR spectroscopy

Keto–enol tautomerism

Syntheses

Saponification

Carbonyl compounds as

acids

Enolate ions in synthesis

Aldol reactions

Claisen condensations



 

33.2 What are carbonyl compounds?

Aldehydes

Aldehydes are manufactured on a large scale from alkenes by hydroformyla-

tion (the oxo process). This manufacturing process also produces alcohols

and is summarized as follows using propene as the precursor:

Aldehydes occur widely in nature. Monosaccharides (sugars) occur in open

and closed forms which are in equilibrium with one another (see Section

35.2). The open form contains either an aldehyde or ketone functionality.

Sugars with an aldehyde group are called aldoses, and examples are glycer-

aldehyde, ribose and glucose:

Most moth pheromones are mixtures of 10- to 18-carbon chains alcohols,

aldehydes and acetates (esters), and two examples are shown below.

Some aldehydes are used as spices and flavourings. Benzaldehyde occurs in

the kernels of bitter almonds and commercially manufactured benzaldehyde

is used in artificial almond essence. Cinnamaldehyde occurs in cinnamon, or

can be synthesized by condensation of benzaldehyde and acetaldehyde for

use in the flavour industry. Vanillin is extracted from vanilla beans or is

also produced synthetically for use as a flavouring agent in foods.

Vanillin in the food industry:
see Section 36.7

"
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The essential role of the unsaturated aldehyde (11Z)-retinal was described in

Box 26.1.

The systematic name for an aliphatic aldehyde is constructed by taking the

root name for the carbon chain (e.g. methan-, ethan-, propan-) and adding

the ending -al. Examples are:

Note two general points:

. The aldehyde functional group is written as CHO and not COH; this

avoids confusion with an alcohol group.
. One C atom in the chain is part of the functional group; thus, methanal does

not contain a methyl group, and butanal does not contain a butyl group.

Aldehydes in which the CHO group is attached to a benzene ring are named

by adding the ending -carbaldehyde, e.g. 33.1 is benzenecarbaldehyde,

although the common name of benzaldehyde is usually used.

Ketones

The ketone functional group is widespread in biological molecules. We noted

above that aldoses form one class of monosaccharides. If the sugar contains a

ketone rather than an aldehyde group, it is called a ketose and an important

example is fructose:

Muscone is a cyclic ketone that is responsible for the characteristic smell of

musk, a glandular secretion from musk deer. Naturally occurring muscone is

the (R)-enantiomer shown on the next page. The perfume industry uses syn-

thetic muscone which is usually a racemate. Like muscone, civetone (secreted

by the civet cat) has a musky smell and synthetic civetone is used in perfumes.

Another ketone used in perfumes is acetophenone which has an orange-

blossom odour. In contrast, the diketone butane-2,3-dione is added to

foods and beverages to give a buttery taste.

The common name for
methanal is formaldehyde,

and for ethanal is
acetaldehyde

(33.1)

Butane-2,3-dione in
the food industry:

see Section 36.7

"

"
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Ketone functionalities are present in glucocorticoids. These are steroids

(see margin) which are produced by the adrenal gland, and which are also

synthesized in the pharmaceutical industry. Corticosterone (a steroid hor-

mone) is associated with the conversion of amino acids into carbohydrates

and glycogen, but is not used therapeutically. In contrast, 17-hydroxycorti-

costerone, better known as hydrocortisone, both occurs naturally and is

manufactured for use as an anti-inflammatory drug.

Ketones are named using the ending -one (or -dione if there are two C¼O
functional groups). The carbon chain is numbered from the end nearest to the

C¼O group. In 33.2, the six C atoms in the chain give the root name of

hexan- and to this is added the ending -one as well as a position number

-2- to show where the C¼O group is within the chain. Compound 33.3 is

an isomer of 33.2 differing only in the position of the C¼O group.

One of the most common ketones in the laboratory is acetone (33.4). The

common name is so well recognized that the systematic name of propanone is

hardly ever used. Acetylacetone (33.5) is a diketone; its systematic name is

pentane-2,4-dione. The conjugate base of acetylacetone is acetylacetonate

(acac�) and we described its use as a ligand in Chapter 23 (e.g. see Figure 23.5).

Ketones involving aryl groups are named by taking the aryl group as a substi-

tuent, e.g. diphenyl ketone. Substituent names are placed in alphabetical order

when they are different:

 

(33.2)

(33.3)

(33.4) (33.5)

A steroid is a compound

that contains the following

hydrocarbon core:
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Carboxylic acids

Carboxylic acids have abundant roles to play in everyday life. Examples

include acetic acid (vinegar, see Box 33.1), citric acid (in lemons and limes,

see Box 33.3), saturated and unsaturated fatty acids (in oils, nuts, and other

foods, e.g. corn oil contains 12–18% palmitic acid, 40–50% oleic acid and

29–42% linoleic acid), folic acid (vitaminB9) andamino acids (seeChapter 35).

Pharmaceuticals with carboxylic acid functionalities include the non-

steroidal anti-inflammatory drugs (NSAIDS) aspirin, fenbufen and fenoprofen:

Aspirin is a household name among painkillers, but taken in excess of the

prescribed doses, it can prove fatal to children, and can cause stomach

ulcers in adults. Naproxen is a world leading NSAID. It is a chiral drug
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and is sold as the pharmacologically active (S)-(þ)-enantiomer; the (R)-(�)-
enantiomer gives rise to a number of undesirable side effects.

Drugs that are used to relieve hypertension include captopril (Figure 33.1).

The sulfur atom in captopril has a crucial role to play. It coordinates to the

Zn2þ ion present in the active site of the enzyme that the drug is designed to

inhibit. Figure 33.1 shows how the anti-hypertensive drug captopril binds

through the sulfur atom to the Zn2þ centre in human testicular angiotensin

I-converting enzyme.

In the systematic names for carboxylic acids, the root name gives the

number of C atoms in the chain and this includes the C atom in the CO2H

group. The ending added to the name is -oic acid. Methanoic and ethanoic

acids have the trivial names of formic and acetic acids and these are generally

preferred to the systematic ones:

Fig. 33.1 (a) The structure of the drug captopril. Colour code: C, grey; N, blue; S, yellow; O, red; H, white. (b) The struc-
ture of the human testicular angiotensin I-converting enzyme, binding captopril to the Zn2þ centre. The metalloenzyme is

drawn in a ribbon representation with the zinc atom shown as a silver-coloured sphere. The captopril molecule is shown in a
‘stick’ representation, with the sulfur atom (in yellow) coordinated to the Zn2þ centre. [Determined by single crystal X-ray dif-
fraction: R. Natesh et al. (2004) Biochemistry, vol. 43, p. 8718.]
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Benzoic acid is the name given to PhCO2H (33.6). Many common names

for carboxylic acids are linked to their occurrence in nature and we highlight

this aspect of nomenclature in Box 33.1.

Salts of carboxylic acids are called carboxylates. The names of the

carboxylate anions are derived from those of their conjugate acids as follows:

Acid Conjugate base (carboxylate ion)

Formic acid Formate ion

Acetic acid Acetate ion

Propanoic acid Propanoate ion

Butanoic acid Butanoate ion

Pentanoic acid Pentanoate ion

The salts are named as exemplified below:

   

  

Although the structures above show the charge localized on one O atom, we

shall see later that it is actually delocalized over CO2 unit.

Amides

Primary amides have the general structure shown in 33.7. The amide func-

tionality is present in a large class of polymers which occur naturally

(e.g. polypeptides and proteins, see Chapter 35) or are manufactured (e.g.

Kevlar and nylon 66):

Polyacrylamide is produced by alkene polymerization of acrylamide, and has

applications in the paper manufacturing industry, as a soil-conditioning

agent and in sewage treatment. The monomer, however, is carcinogenic

and, in 2002, it was recognized as being present in fried foods where it origi-

nates from the reaction of the amino acid asparagine (see Table 35.2) with

reducing sugars such as glucose. Biologically important amides include nico-

tinamide which is a member of the vitamin B group and, along with nicotinic

acid (see Section 34.1), is a precursor to the coenzymes nicotinamide adenine

(33.6)

(33.7)
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BIOLOGY AND MEDICINE

Box 33.1 Names of carboxylic acids: natural beginnings

Whereas systematic names provide structural infor-

mation, many trivial names were chosen to convey

some other description of the compound. Formic acid

derives from the Latin formica meaning ant; formic

acid is the chemical that gives an ant its sting. Acetic

acid is the component of vinegar that provides its sour

taste. The Latin word acetum means vinegar and, in

modern Italian, vinegar is aceto. Butyric acid is named

using the Latin butyrum for butter; rancid butter has a

characteristic smell caused by butyric acid.

Wood ant (Formica rufa) in defence position ready to spray

formic acid.

Valeric acid is the old name for pentanoic acid.

Isovaleric acid is an isomer of valeric acid and occurs

in the roots of the plant valerian.

Caproic, caprylic and capric acids are responsible

for goaty smells; the names for these acids have their

origins in the Latin words capra (a female goat) and

caper (goat).

Oxalic acid is poisonous and can cause paralysis of

the nervous system. The name of the acid derives

from the plant wood sorrel (Oxalis acetosella), the

leaves of which contain potassium hydrogen oxalate

(KHC2O4). Palmitic acid is an important ‘fatty acid’

(see Section 33.9) and its name originates from its

main source of palm oil.

Bottles of Italian white and dark balsamic vinegar.
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dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate

(NADP).

The names of amides are constructed in a similar way to those of car-

boxylic acids, replacing the -oic of the systematic name of the acid by -amide:

The trivial names formamide and acetamide remain in common use. If the

H atoms of the NH2 group are substituted by R (alkyl) or Ar (aryl)

groups, the prefix N- is used to signify the position of the substituent, for

example N-methylformamide (33.8) and N,N-dimethylformamide (DMF,

33.9). The latter is a common laboratory solvent.

Acyl chlorides (acid chlorides)

Acyl (or acid) chlorides are extremely reactive reagents in the chemical

laboratory. The name of an acyl chloride is derived from that of the corre-

sponding carboxylic acid by replacing the -oic acid by -oyl chloride, e.g. buta-

noic acid becomes butanoyl chloride. Ethanoyl chloride is usually referred to

by its common name of acetyl chloride. The acyl chloride derived from ben-

zoic acid is benzoyl chloride:

Esters

Esters are derived from carboxylic acids by the replacement of the H of the

�OH group by an alkyl (R) or aryl (Ar) substituent. The characteristic fruity

smells of esters lead to their use in artificial fruit essences as illustrated in

Figure 33.2. The ester functionality is also regularly encountered in biological

molecules, for example in fats which are esters of glycerol (propane-1,2,3,triol,

see Sections 33.9 and 35.4). Acetates derived from long chain carboxylic acids

commonly occur as moth sex pheromones, for example:

(33.8) (33.9)
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Honeybees (Apis mellifera) use alarm pheromones to trigger attack by a

swarm of bees, for example, if the bees’ hive is threatened. In contrast, the

same pheromones attract adult small hive beetles (Aethina tumida) which

invade the hive and form a parasitic relationship with the bees. The mix of

pheromones responsible for this activity consists of two esters and a ketone:

Fig. 33.2 Artificial fruit essences depend on esters.
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In the pharmaceutical industry, aspirin contains both ester and carboxylic

acid functionalities (see p. 1183). Ester and amide groups are key compo-

nents of many prodrugs. In carrier-linked prodrugs, the active drug is con-

nected to a carrier by a functional group such as an ester which is cleaved

upon hydrolysis, thereby releasing the drug in vivo (see Section 33.9).

The name of the ester has two parts: the first derives from the R or Ar

group, and the second from the carboxylic acid. Structure 33.10 shows

these derivations for ethyl butanoate, where the parent acid is butanoic

acid. Further examples are shown below:

33.3 The polar C¼O bond

Polarity and reactivity

The difference between the electronegativity values of C (�P ¼ 2:6) and O

(�P ¼ 3:4) means that the C¼O bond is polarized in the sense shown in

diagram 33.11. In terms of an MO bonding description (Figure 33.3), the

difference in the effective nuclear charges of the C and O atoms means that

both the C�O �-bonding and �-bonding MOs contain greater contributions

from the O than the C atom. The corresponding �� and ��MOs contain more

C than O character. This is similar to the situation we described for the CO

molecule in Section 5.14.

In a carbonyl compound, electrophiles (e.g. Hþ) are attacked by the �� O atom

of the C¼O group; nucleophiles attack the �þ C atom:

The polarization of the C¼O bond has important consequences with regard

to the reactivity of carbonyl compounds. Electrophiles (most commonly Hþ)
are attacked by the �� O atom, while nucleophiles attack the �þ C atom.

Physical properties

The presence of the polar C¼O bond in aldehydes, ketones, esters and acyl

chlorides results in significant intermolecular dipole–dipole interactions

 

(33.10)

�P = Pauling
electronegativity value:

see Section 5.7

  

(33.11)

"

The polar C¼O bond 1189



 

and these compounds possess relatively high boiling points. Carboxylic

acids and amides are able to form intermolecular hydrogen bonds.

Figure 33.4 shows part of the solid state structure of 3-fluorobenzamide.

The molecules are ordered into chains through the formation of intermolecu-

lar hydrogen bonds. We return to hydrogen bonding between carboxylic acid

molecules in the next section. Table 33.1 lists dipole moments, melting points

and boiling points for related carbonyl compounds and compares the data

Hydrogen bonding:
see Section 21.8

"

Fig. 33.4 Intermolecular hydrogen bonding occurs in amides between the O atoms
of the C¼O groups and the H atoms of the NH2 groups. The solid state structure

of 3-fluorobenzamide illustrates the intermolecular association resulting from hydrogen
bonding. [X-ray diffraction data: T. Taniguchi et al. (1975) Mem. Osaka Kyoiku Univ.
Ser. 3, vol. 24, p. 119.] Colour code: C, grey; O, red; N, blue; F, green; H, white.

Fig. 33.3 Part of the MO
diagram for a carbonyl
compound. The diagram shows
only the orbital interactions that
are associated with the C¼O
bond. The diagrams on the right-
hand side represent the
characters of the four MOs in the
centre of the figure. The �- and
�-bonding MOs contain more O
than C character; the �� and ��

MOs contain more C than O
character. See also Figure 5.14.
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with those of alcohols and an ether of similar molecular weights. Alcohols

also exhibit intermolecular hydrogen bonding, but simple ethers do not

(see Sections 29.4 and 30.3). The effects of intermolecular association, and

of hydrogen bonding in particular, are evident from the data in Table 33.1.

Note especially the high dipole moment and high melting and boiling

points of acetamide.

Many carbonyl compounds possess characteristic odours. The lower

molecular weight amides smell ‘mousy’. Esters often smell fruity (Fig-

ure 33.2), and a number of carboxylic acids also have characteristic smells

(see Box 33.1).

Table 33.1 Dipole moments and melting and boiling points for selected carbonyl compounds. The values for selected polar,
O-containing compounds of similar molecular weights are given for comparison.

Compound Structure Dipole

moment / D

Relative

molecular mass

Melting

point / K

Boiling

point / K

Acetaldehyde 2.75 44.05 150.0 293.2

Propanal 2.52 58.08 193.0 321.0

Acetone 2.88 58.08 178.3 329.2

Acetic acid 1.70 60.05 289.7 391.0

Acetyl chloride 2.72 78.49 161.1 324.0

Acetamide 3.76 59.07 355.0 494.0

Methyl formate 1.77 60.05 174.0 304.8

Ethanol 1.69 46.07 159.0 351.3

Propan-1-ol 1.55 60.09 147.0 370.2

Dimethyl ether 1.30 46.07 131.6 248.3
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33.4 Structure and bonding

Structural details

In a carbonyl compound, the C atom of the C¼O group is in a trigonal planar

environment. An sp2 hybridization scheme for this C atom is appropriate to

allow for the formation of three �-bonds and one �-interaction:

The �-component of the C¼O bond is formed by the overlap of the C and O

2p orbitals. Typical lengths for C¼O bonds in carbonyl compounds are

around 121 pm, and the three bond angles around the trigonal planar C

atom are usually close to 1208 (33.12).

Dimerization of carboxylic acids

We described earlier how carboxylic acids are able to form hydrogen-bonded

intermolecular interactions. The OH and C¼O groups in a carboxylic acid

molecule are perfectly positioned to allow the formation of hydrogen-bonded

dimers as in structure 33.13. Figure 33.5 shows part of the solid state structure

of terephthalic acid, an example of a dicarboxylic acid. The presence of two

CO2H groups per molecule allows the formation of an extended structure in

the solid state through intermolecular hydrogen bonding.

In the liquid state, evidence for dimerization of carboxylic acids comes

from molecular weight determinations and from the fact that the boiling

points of the acids are relatively high. The boiling points of formic acid

and acetic acid are significantly higher than those of aldehydes of

corresponding molecular weights (Table 33.2). The ratio of �vapH(bp) to

(33.12)

(33.13)

Fig. 33.5 Terephthalic acid is a dicarboxylic acid. Intermolecular hydrogen bond-
ing in the solid state leads to the formation of a ribbon-like structure. The structure

shown here was determined by neutron diffraction for the fully deuterated compound. This
allows accurate location of the H/D positions. [Data: P. Fischer et al. (1986) J. Solid State
Chem., vol. 61, p. 109.] Colour code: O, red; C, grey; D, yellow.
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the boiling point (in K) is equal to �vapS, and Trouton’s rule states that this

ratio is approximately constant (equation 33.1).

�vapS ¼
�vapHðbpÞ

bp
� 88 JK�1 mol�1 Trouton’s rule ð33:1Þ

Both acids show anomalously low values of the molar entropy of vapori-

zation (�vapS). That is, they do not obey Trouton’s rule, and this can be

explained in terms of the formation of hydrogen-bonded dimers which

lowers the entropy of the system. The aldehydes in Table 33.2 obey Trouton’s

rule, because both aldehydes are monomers.

33.5 IR and NMR spectroscopy

IR spectroscopy

In Section 12.6, we used the carbonyl group as an example of a functionality

that could be detected by IR spectroscopy. Table 12.1 lists typical wave-

numbers associated with the stretching of the C¼O bond in different types

of carbonyl compounds. Figure 33.6 shows the IR spectra of a ketone

(hexan-2-one), a carboxylic acid (hexanoic acid) and an ester (methyl

hexanoate). A dominant feature of each spectrum is the absorption near

1700 cm�1. This arises from the stretching of the C¼O bond. The IR spec-

trum of the carboxylic acid contains a broad band centred around

3000 cm�1. This is assigned to the O�H stretch, and the broadening of the

absorption arises from hydrogen bonding, exactly as it does for alcohols

(see Figure 30.5). Sharper absorptions near to 3000cm�1 are assigned to the

alkyl C�H stretches, and these are observed in all the spectra in Figure 33.6.

Absorptions below 1600 cm�1 lie in the fingerprint region.

Trouton’s rule: see
equations 17.67 and 21.50

and associated text

"

Table 33.2 Values of �vapH(bp) and boiling points for formic and acetic acids compared with aldehydes of similar molecular
weights.

Compound Structure Relative

molecular mass

Boiling

point / K

�vapH(bp)

/ kJmol
�1

�vapHðbpÞ
bp

= JK�1 mol
�1

Formic acid 46.03 374.0 22.7 60.7

Acetic acid 60.05 391.0 23.7 60.6

Acetaldehyde 44.05 293.2 25.8 88.0

Propanal 58.08 321.0 28.3 88.2
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13C NMR spectroscopy

A compound containing a carbonyl group possesses a characteristic high-

frequency signal assigned to the sp2 C atom of the C¼O group. In addition,

this signal is usually of relatively low intensity. Figure 33.7 shows the proton-

decoupled 13C NMR spectrum of butanone with signal assignments.

The signal at � 209 ppm is assigned to the carbonyl C atom. This is a typical

Signal intensities:
see Section 14.7

"

Fig. 33.6 The IR spectra of (a) hexan-2-one (a ketone), (b) hexanoic acid (a carboxylic acid) and (c) methyl hexanoate
(an ester). In each, the strong absorption near 1700 cm�1 is assigned to the stretch of the C¼O bond. Colour code for the

structures: C, grey; O, red; H, white.
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chemical shift for this type of C environment, and the signal is easily distin-

guished from those of alkyl or aryl C atoms (see Figure 14.4). Structures

33.14 and 33.15 give additional examples of � 13C values for C¼O groups.

1H NMR spectroscopy

Aldehydes (RCHO), carboxylic acids (RCO2H) and amides (RCONH2 or

RCONHR’) possess protons that give characteristic signals in the 1H

NMR spectrum (see Table 14.3).

In an aldehyde, the proton of the CHO group gives rise to a sharp signal at

�� 8–10 ppm. A small coupling to alkyl protons on the adjacent C atom may

be observed. For example, the 1H NMR spectrum of acetaldehyde (33.16)

exhibits a quartet at � 9.8 ppm (1H, JHH ¼ 3Hz) for the CHO proton, and

a doublet at � 2.2 ppm (3H, JHH ¼ 3Hz) for the methyl protons.

In a carboxylic acid, the OH proton gives a signal in the region � 9–13 ppm

in the 1H NMR spectrum, and the signal is typically of low intensity and

broadened. Hydrogen bonding between carboxylic acid molecules typically

occurs in solution. There may also be interactions between carboxylic acid

and solvent molecules, making the chemical shift of the OH proton signal

solvent-dependent. Just as in alcohols, the OH proton of a CO2H group

exchanges with deuterium from D2O (equation 33.2). Such exchange does

not occur with the proton in an aldehyde functional group.

RCO2HþD2OÐ RCO2DþHOD ð33:2Þ

The 1H NMR spectra of amides RCONH2 and RCONHR’ show broad

signals assigned to the NH protons. The chemical shift range is variable,

typically between � 5 and 12 ppm. The N atom is in a trigonal planar

environment and, because �-bonding restricts rotation about the C�N
bond, the two H atoms in RCONH2 are magnetically non-equivalent. In hex-

anamide, for example, two broad signals at � 6.3 and 5.9 ppm are observed,

one assigned to each NH2 proton. (See end-of-chapter problem 33.26.)

33.6 Keto–enol tautomerism

Keto–enol tautomerism and the enolate ion

When an OH group is attached to a C¼C bond, the species is unstable with

respect to rearrangement to a carbonyl compound. The rearrangement is a

keto–enol tautomerism and the two tautomers are in equilibrium (equation

33.3) with the keto-form usually being favoured. The preference for the

(33.14)

(33.15)

(33.16)

See diagrams 33.27 and
33.28 for bonding

descriptions of an amide

Tautomerism involves the

transfer of a proton between

sites in a molecule with an

associated rearrangement of

multiple bonds.

"

Fig. 33.7 The 13Cf1Hg NMR
spectrum of butanone. The
low-intensity peak at � 209 ppm is
assigned to the carbonyl C atom.
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keto-form can be rationalized in terms of the sum of the bond enthalpies of

the C¼O (806 kJmol�1), C�C (346 kJmol�1) and C�H (416 kJmol�1)
bonds versus the C�O (359 kJmol�1), O�H (464 kJmol�1) and C¼C
(598 kJmol�1) bonds.

ð33:3Þ

The formation of the enol from the keto-form is called enolization and is

catalysed by acid or base. The acid-catalysed route involves protonation of

the carbonyl O atom followed by loss of Hþ from the adjacent (or a) C atom:

The base-catalysed route involves abstraction of the a-C�H proton by a

base such as hydroxide ion, followed by protonation, e.g. by H2O:

The keto–enol pair is acidic, with the enol-tautomer being more acidic than

the keto-tautomer. Loss of Hþ by treatment with base gives the conjugate

base: the enolate ion. This anion is also the intermediate formed in the

base-catalysed enolization shown above. The structure of and bonding in

the enolate ion are represented by resonance pair 33.17, or by the delocalized

bonding description 33.18. (Compare this with the allyl anion that we

described in detail in Figure 13.6.) Of the two contributing resonance

forms in 33.17, the left-hand one is preferred with the negative charge on

the O atom (remember that O is more electronegative than C).

(33.17) (33.18)

The structures that make up resonance pair 33.17 are not separate entities, but

are contributing forms that together describe the bonding in the enolate ion. In

contrast, the keto- and enol-forms of the conjugate acid are discrete and

different chemical compounds. It is important to remember this distinction.

Reactions of an enol or enolate ion with electrophiles

We described above the protonation of the O atom of the C¼O group.

Although Hþ is an electrophile, electrophiles may attack the a-C atom

A carbon atom adjacent to

the C¼O carbon atom is

labelled a-C, e.g.
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rather than the carbonyl O atom. This can be understood by considering the

involvement of the enol-tautomer. We can draw an analogy with the reaction

of a particular type of alkene with an electrophile, Eþ:

The same is also true of electrophilic attack on an enolate ion, as the scheme

below shows:

We return to these mechanisms later when we apply them to a number of

reactions.

33.7 Aldehydes and ketones: synthesis

In this and the following four sections, we look at ways of preparing carbonyl

compounds. Some of the reactions interconvert different types of carbonyl

compounds, e.g. making esters or acyl chlorides from carboxylic acids.

Therefore the discussion necessarily includes aspects of the reactivity of car-

bonyl compounds.

Oxidation of alcohols

The oxidation of alcohols can lead to the formation of aldehydes, ketones or

carboxylic acids depending on:

. the position of the OH group (whether the alcohol is primary or secondary);

. the reaction conditions.

As we discussed in Section 30.5, primary and secondary (but not tertiary)

alcohols are oxidized to carbonyl compounds. Suitable oxidizing agents

are KMnO4, Na2Cr2O7, K2Cr2O7 and CrO3, all under acidic conditions.

The oxidation of a secondary alcohol (R2CHOH) gives a ketone (e.g. reac-

tion 33.4) and this cannot easily be oxidized further, since oxidation of

ketones involves C�C bond cleavage.

ð33:4Þ

Oxidation of a primary alcohol initially gives an aldehyde and this can be

further oxidized to a carboxylic acid (scheme 33.5).

ð33:5Þ

See also under ‘Oxidation’
in Section 30.5

"
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The choice of oxidizing agent affects the outcome of the oxidation of a

primary alcohol. With KMnO4, K2Cr2O7, Na2Cr2O7 or CrO3 in the presence

of dilute H2SO4 in acetone, oxidation to a carboxylic acid occurs (a Jones

oxidation). To stop the reaction at the aldehyde stage, the most convenient

oxidant is pyridinium chlorochromate (PCC, 33.19) in non-aqueous (e.g.

CH2Cl2) solution. Scheme 33.6 gives examples.

ð33:6Þ

Reduction of acyl chlorides and esters

The reduction of acyl chlorides or esters by LiAlH4 yields alcohols (see

Section 30.2) but if a milder reducing agent is used, aldehydes can be

obtained. Lithium tri-tert-butoxyaluminium hydride (33.20) is related to

LiAlH4 by replacement of three H atoms by tBuO groups. Reaction 33.7

illustrates use of LiAlH(OtBu)3 to reduce an acyl chloride to an aldehyde.

It can be applied to both alkyl and aryl derivatives.

ð33:7Þ

Reduction of esters can be carried out using a reducing agent called

DIBAL (diisobutyl aluminium hydride, 33.21) and is a good method of

preparing aldehydes (equation 33.8).

ð33:8Þ

Friedel–Crafts acylation: preparation of aryl ketones

We described the Friedel–Crafts acylation of benzene in detail in Chapter 32.

This reaction is used to prepare aryl ketones, as illustrated in equations 33.9

and 33.10.

ð33:9Þ

For mechanistic details:
see Section 30.5

(33.19)

(33.20)

(33.21)

"
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ð33:10Þ

For substituted aromatic compounds, the choice of starting compounds

may be critical because some substituents deactivate the ring towards

electrophilic substitution. For example, consider the formation of the

target molecule in scheme 33.11.

 

ð33:11Þ

The NO2 group in PhNO2 is meta-directing, and so we could consider

the acylation of nitrobenzene as a possible route. However, the NO2 group

is strongly deactivating, and PhNO2 does not react with acetyl chloride in

the presence of a Lewis acid catalyst. An alternative route to the target

molecule is to acylate benzene before nitration. Like the NO2 group, the

MeCO group is meta-directing, and Table 32.3 shows that both groups are

deactivating. However, the acyl substituent is less deactivating than is the

nitro group, and the nitration step in the lower pathway in scheme 33.11 is

successful.

33.8 Carboxylic acids: synthesis and some applications

Oxidation of primary alcohols and aldehydes

We have already seen that the oxidation of primary alcohols by acidified

KMnO4, K2Cr2O7, Na2Cr2O7 or CrO3 in acetone (a Jones oxidation) gives

first an aldehyde and then a carboxylic acid (equations 30.33 and 33.5).

This is a convenient method of preparing carboxylic acids and can be applied

Orientation effects,
activation and deactivation:

see Section 32.10

"
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to aliphatic alcohols, including benzyl alcohol (equation 33.12). The same

reaction conditions can be used to prepare a carboxylic acid starting from

an aldehyde.

ð33:12Þ

Oxidation of an alkylbenzene derivative

The oxidation of the alkyl group of an alkylbenzene derivative leads to

the formation of a carboxylic acid in which the CO2H group is attached

directly to the aryl ring. Oxidation takes place at the CH2 group attached

to the ring (equation 33.13) and oxidation of, for example, toluene,

ethylbenzene, n-propylbenzene and n-butylbenzene gives the same aromatic

product: benzoic acid.

ð33:13Þ

The reaction can be extended to prepare carboxylic acids with more

than one CO2H group. Phthalic acid (reaction 33.14) and its isomers are

prepared from o-, m- and p-xylene and are of commercial importance (see

below).

ð33:14Þ

Benzoic acid derivatives are among several compounds manufactured on a

large scale as herbicides. The group consists of molecules that mimic the

action of the plant hormone auxin. Synthetic mimics of auxin include

dicamba, 2,4-D and 2,4,5-T. The hormone mimics interfere with plant

growth and are selective herbicides targeting broad-leaved plants. In the

Vietnam War, a mixture of 2,4-D and 2,4,5-T called Agent Orange was

used by the US forces to defoliate forests, thereby removing cover used by

the enemy. The huge quantities of agent orange used in the war and its

Remember that benzyl
alcohol is a primary alcohol

Oxidation of toluene and
ethylbenzene: see equations

32.41 and 32.42

"

"
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contamination with the dioxin TCDD (see end of Section 29.2) remain

controversial issues.

Benzenedicarboxylic acid has ortho-, meta- and para-isomers, of which two

are of particular commercial importance. The ortho-isomer (benzene-1,2-

dicarboxylic acid) is usually known by its common name of phthalic acid

(equation 33.14), while the para-isomer (benzene-1,4-dicarboxylic acid) is

called terephthalic acid. An important use of phthalic acid is as the precursor

to synthetic indigo dye, the major producer of which is BASF in Germany.

Although indigo dye can be extracted from the true indigo plant (Indigofera

tinctoria), the quantities needed for dyeing commercially manufactured blue

jeans require the use of the synthetic route summarized in Figure 33.8.

Terephthalic acid is one of the precursors to the polymer poly(ethylene

terephthalate) (PET) which is described in Section 33.9.

Use of Grignard reagents

Halogenoalkanes, RX, can be converted to carboxylic acids by first

transforming RX into the corresponding Grignard reagent, RMgX (e.g.

reaction 33.15).

ð33:15Þ

The Grignard reagent is then treated with solid CO2 (dry ice). The reaction

involves an increase in the carbon chain length: the precursor is RMgX and

the product is RCO2H (equation 33.16).

ð33:16Þ

The Mg�C bond in the Grignard reagent is polar in the sense Mg�þ–C��,
and this allows it to act as a nucleophile, attacking the C�þ centre of CO2:

Grignard reagents:
see Section 28.4

"
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Grignard reagents can be used to prepare a wide range of carboxylic acids

including alkyl and aryl derivatives.

Acid- and base-catalysed hydrolysis of nitriles

Nitriles RC�N can be produced by the nucleophilic substitution of a

halide group in a halogenoalkane by cyanide (e.g. reaction 28.19). The

C�N group is then readily hydrolysed in the presence of acid or base and

the usual product is a carboxylic acid. Scheme 33.17 shows the conversion

of 1-bromopropane to butanoic acid: note the increase in the carbon chain

length.

      

ð33:17Þ

Competition with E2
reactions may occur with

secondary or tertiary
halogenoalkanes:

see Chapter 28

"

Fig. 33.8 Synthetic route to indigo dye (left-hand side) and production of indigo from the true indigo plant from which
indoxyl-b-D-glucoside (right-hand side) is extracted. The photograph shows the true indigo plant (Indigofera tinctoria).
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33.9 Esters: synthesis and hydrolysis

Synthesis from a carboxylic acid and alcohol

An ester can be produced by a condensation reaction (in which H2O is

eliminated) between a carboxylic acid and an alcohol. The reaction is

catalysed by acid, and is summarized in equation 33.18. The fact that the

acid O�H, rather than the alcohol O�H, bond is cleaved has been confirmed

by 18O labelling studies.

      

ð33:18Þ

The reaction is general and can be applied to R and R’ being alkyl or aryl

groups, although usually the alcohol is an alkyl derivative. The mechanism

of the reaction involves the protonation of the carbonyl group of the acid,

followed by nucleophilic attack by the alcohol. Protonation of the diol

that forms in the first step then facilitates conversion to the ester by loss of

H2O (a good leaving group):

Each step in the pathway above is an equilibrium, and the general forma-

tion of the ester (equation 33.18) is an equilibrium. This has consequences for

the success (or not) of the synthesis. If the ester is to be formed in good yield,

equilibrium 33.18 must be driven to the right-hand side. Ways of achieving

this are to continually remove the ester or water by distillation, or to add

an excess of the alcohol and carboxylic acid. Alternatively, syntheses invol-

ving acyl chlorides or acid anhydrides can be used (see below).

The condensation of a diol (a compound with two alcohol OH groups)

with a dicarboxylic acid is the basis for the synthesis of polyester polymers.

In a condensation reaction,

two reactants combine with

the elimination of a small

molecule such as H2O, NH3

or HCl.

Equilibria: see Chapter 16

"
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BIOLOGY AND MEDICINE

Box 33.2 Ester hydrolysis for protection from the sun

Vitamin E is a general name given to a group of closely

related derivatives of which a-tocopherol may be

regarded as the parent compound. Naturally occurring

a-tocopherol is the (RRR)-stereoisomer shown below.

Tocopherols are insoluble in water, but are soluble

in fats and oils. Vitamin E is crucial to the body:

the phenol functionality allows a-tocopherol and

the other components of vitamin E to scavenge

for radicals, thereby making the vitamin a potent

antioxidant (see Box 32.3 and equation 32.53). The

oxidized form of vitamin E reacts with ascorbic acid

to regenerate vitamin E. Synthetic a-tocopherol may

be produced as a racemate, a mixture of (RRR)- and

(SRR)-stereoisomers, or the enantiomerically pure

(RRR)-stereoisomer. However, the biological activity

of (RRR)-a-tocopherol exceeds those of the other

stereoisomers. Synthetic a-tocopherol is approved as

a food additive (vitamin E) by the Food and Drug

Administration (FDA) in the US, and by the European

Union where it is identified by the E-number E307.

Ultraviolet (UV) radiation from the sun is known to

be harmful to the skin. Because of its higher energy,

ultraviolet B radiation (� ¼ 290–320 nm) is more harm-

ful than ultraviolet A radiation (� ¼ 320–340 nm).

Protecting human skin by applying high-factor

sunscreen lotions is common practice, but UV radia-

tion that does reach the skin produces highly reactive

radicals that damage cells irrevocably. Our current

awareness of the dangers of UV radiation has increased

with publicity about the ozone hole. a-Tocopherol is an
active antioxidant in sunscreen lotions. However, under

ambient conditions, a-tocopherol is too reactive to be

used in cosmetic products – the shelf-life of the product

would be too short for practical purposes. Manufac-

turers therefore make use of the fact that esters of

a-tocopherol (usually a-tocopheryl acetate) are much

less reactive than the phenol, but are slowly hydrolysed

on the skin. Release of a-tocopherol generates the

active antioxidant, and therefore a-tocopheryl acetate
is classed as a prodrug (see main text).

Related information: The depletion of the ozone layer is discussed in Box 25.3.

UV A and B radiation can damage skin cells.
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Terephthalic acid is one of the top-ranking chemicals manufactured in the

US and Europe, and is used in the production of polyester artificial fibres.

The most important polyester fibre is poly(ethylene terephthalate) or PET,

one tradename of which is Dacronr:

PET fibres exhibit excellent mechanical and thermal properties and have

widespread applications in textiles (e.g. fillings for duvets and pillows) and

in industry. Figure 33.9 illustrates the contribution made by polyester

fibres to the US synthetic fibre market. The drinks industry uses huge quan-

tities of high molecular weight PET resins for plastic bottles, and PET recy-

cling is now part of everyday life in many countries.

Fig. 33.9 The US synthetic fibre market in 2007. [Data: Chemical & Engineering News (2008) 7 July, p. 61.] The alkene-based
polymers include acrylics, the most important monomers of which are illustrated. The lower scheme shows the formation of the
ester cellulose acetate.
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In addition to polyester, nylon and alkene-based fibres, Figure 33.9 shows

that cellulose acetate and rayon make a contribution to the commercial

fibre market. Cellulose is a polysaccharide and therefore contains many

OH groups (a polyol). This natural polymer is the precursor to a number

of fibres including rayon. Treatment of cellulose with acetic acid or acetic

anhydride leads to the formation of cellulose acetates (Figure 33.9), the pro-

perties of which depend on the degree of esterification. In addition to appli-

cations in fibres, cellulose acetate polymers are used for cigarette filters,

plastic films and sheeting, and safety shields (safety ‘glass’).

Hydrolysis of esters

As discussed earlier, the acid-catalysed formation of an ester from ROH and

R’CO2H consists of a series of reversible steps. Hence, in the presence of acid,

an ester may be hydrolysed by water to regenerate an alcohol and a car-

boxylic acid. The mechanism is as follows:

Ester hydrolysis also takes place in the presence of a base. This process is

called saponification and is the key step in the manufacture of soap from

fats which are esters of glycerol (propane-1,2,3-triol). The scheme in

Figure 33.10 shows saponification of a fat in which the ester is derived

from stearic acid. Stearic acid contains a long aliphatic chain and is an exam-

ple of a fatty acid. The product of this saponification reaction is the soap

sodium stearate. In Figure 33.10, the amphiphilic (or amphipathic) nature

of the stearate ion is emphasized. The long hydrocarbon tail of the anion

is hydrophobic whereas the carboxylate head is hydrophilic. The hydropho-

bic tails of soap molecules interact with grease while the hydrophilic heads

are water-soluble. The combination of these effects means that soap

molecules are able to move grease from our hands or on textiles into aqueous

solution. Above a certain concentration called the critical micelle concentra-

tion, soap molecules form micelles (Figure 33.10) and if the amphiphilic

molecules are carrying grease particles, the latter are trapped inside the

micelles. In this way, grease is removed from surfaces during a washing pro-

cess that involves soap.

Polysaccharides: see
Section 35.3

The hydrolysis of an ester

by aqueous NaOH is called

saponification.

A fatty acid contains a long

aliphatic chain.

"
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The mechanism for base-hydrolysis of an ester is shown below. The car-

boxylate ion can be isolated as a salt, as in Figure 33.10, or can be converted

to the corresponding carboxylic acid by workup under acidic conditions.

Certain enzymes may also catalyse the hydrolysis of esters and an impor-

tant application of these reactions is in the cleavage of ester-based prodrugs.

Fig. 33.10 Saponification to produce the soap sodium stearate. The space filling model of the stearate anion shows
the hydrophilic (‘water-loving’) and hydrophobic (‘water-hating’) tail that are crucial to the formation of micelles, a sche-

matic representation of which is shown.
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A prodrug has little or no pharmacological activity, but in the body, it

undergoes reaction (e.g. hydrolysis) which releases the active drug (the meta-

bolite). An example is oseltamivir, an antiviral drug which inhibits the influ-

enza virus. Oseltamivir is administered as an ethyl ester and is converted to

the active drug by enzymic hydrolysis after absorption in the intestine:

Similarly, the prodrug olmesartan medoxomil (marketed as Benicarr and

Olmetecr) is hydrolysed during absorption from the alimentary canal yield-

ing the active antihypertensive drug olmesartan.

In the body, cholinesterases are enzymes that catalyse the hydrolysis of

esters of choline (an essential amine associated with maintaining the phos-

pholipid structure of cell membranes). An important example is acetylcholi-

nesterase. This enzyme catalyses the hydrolysis of the neurotransmitter

acetylcholine. People suffering from Alzheimer’s disease are deficient in acetyl-

choline, and drugs that inhibit hydrolysis of this ester can sometimes alleviate

the deterioration of memory. Ariceptr (marketed by Eisai/Pfizer) is pre-

scribed as an inhibitor of acetylcholinesterase for patients with mild or mod-

erate Alzheimer’s disease.

Synthesis of an ester from an acyl chloride and alcohol

An alternative method of preparing esters is the condensation reaction

between an acyl chloride and an alcohol in which HCl is eliminated. General

reaction 33.19 can be applied to alkyl and aryl derivatives including phenols

A metabolite is any

intermediate or product

molecule that is produced

during metabolism,

i.e. chemical processes

of living systems.
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(compare with the use of reaction 33.18 in which the alcohol is usually an

alkyl derivative).

ð33:19Þ

Reactions 33.20 and 33.21 give examples of ester syntheses starting from

acyl chlorides.

ð33:20Þ

ð33:21Þ

Synthesis of an ester from acid anhydride and alcohol

A second method of preparing esters that overcomes the problems of the

reversibility of the steps during the acid-catalysed reaction of an acid with

an alcohol, is to use the reaction of an acid anhydride with either an aliphatic

alcohol or a phenol (or phenoxide ion). Equation 33.22 shows the reaction of

acetic anhydride with ethanol to give ethyl acetate.

ð33:22Þ

Aspirin is one of the world’s oldest and best-selling drugs. Its main therapeu-

tic uses are as an analgesic and non-steroidal anti-inflammatory (NSAID)

drug. It can be prepared from oil of wintergreen, the final step being reaction

of salicylic acid with acetic anhydride:

See end-of-chapter
problem 33.30

"
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33.10 Amides: synthesis

Esters react with NH3 to give amides (reaction 33.23) although a better

route is to start with an acyl chloride (equation 33.24). We return to the

mechanisms of these reactions later in the chapter.

ð33:23Þ

ð33:24Þ

Reaction 33.24 is readily extended to the syntheses ofN-substituted amides

by using primary or secondary amines in place of NH3 (scheme 33.25).

ð33:25Þ

Urea is a unique type of amide in which the R group is NH2, and has wide

application as a nitrogen-based fertilizer. It was discovered in 1773 as a

component of human urine, and is today manufactured on a large scale by

dehydrating ammonium carbamate, itself formed from NH3 and CO2:

Representative amides from the pharmaceutical industry are paracetamol

(used widely as a pain killer) and the AstraZeneca product Tenormin (a

b-blocker prescribed for the treatment of high blood pressure). Tenormin

ranks among the best-selling drugs in the world.
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33.11 Acyl chlorides: synthesis

Acyl chloridesRCOCl can be prepared from carboxylic acids RCO2Hby treat-

ment with PCl3, PCl5 or SOCl2 (thionyl chloride). An advantage of using

SOCl2 is that the by-products are gases, making isolation of the acyl chloride

relatively easy. Reactions 33.26–33.28 give examples of acyl chloride syntheses.

ð33:26Þ

ð33:27Þ

ð33:28Þ

33.12 Carbonyl compounds as acids

In this section, we consider the pKa values of different carbonyl compounds,

and illustrate that carboxylic acids (introduced as weak acids in Chapter 16)

are not the only carbonyl compounds to behave as Brønsted acids.

Carboxylic acids

Equilibrium 33.29 shows a carboxylic acid behaving as a weak Brønsted acid.

Values of pKa for selected carboxylic acids are listed in Table 33.3.

RCO2HðaqÞ þH2OðlÞ Ð H3O
þðaqÞ þRCO2

�ðaqÞ ð33:29Þ

Carboxylic acids are weaker than mineral acids such as HCl, H2SO4 and

HNO3 but are stronger than H2O and alcohols. A carboxylic acid RCO2H

has a smaller pKa value (larger Ka) than an aliphatic alcohol ROH because

of the greater stability of the carboxylate anion RCO2
� with respect to the

alkoxide ion RO�. The RCO2
� anion is resonance stabilized and can be

represented by resonance pair 33.22. An alternative bonding description is

given in 33.23 which shows delocalization of the negative charge over the

O�C�O unit. The delocalization arises from overlap of the C and O 2p

orbitals, and the �-bonding MO is represented schematically in diagram

33.24. This system is analogous to the allyl anion (Figure 13.6) and is a

four �-electron system. However, because of the differing effective nuclear

charges of C and O, and the resulting different atomic orbital energies, the

�-bonding MO contains more O than C character. Evidence for delocaliza-

tion comes from the fact that the two C�O bonds are equivalent. In the

solid state structures of salts such as MeCO2
�Naþ and PhCO2

�Naþ, the

pKa and Ka: see Chapter 16

(33.22)

(33.23)

(33.24)

"
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Table 33.3 pKa values for selected monobasic carboxylic acids.

Compound Structure pKa

Formic acid 3.75

Acetic acid 4.77

Propanoic acid 4.81

Butanoic acid 4.87

Chloroacetic acid 2.85

Dichloroacetic acid 1.48

Trichloroacetic acid 0.70

Benzoic acid 4.19

o-Chlorobenzoic acid 2.92

m-Chlorobenzoic acid 3.82

p-Chlorobenzoic acid 3.98
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BIOLOGY AND MEDICINE

Box 33.3 Enzymic browning of fruit and salads: lemon juice comes
to the rescue

If you cut an apple, pear or banana, or prepare a

chicory salad, what originally appeared as fresh fruit

or vegetable soon turns brown and, while still edible,

does not look very appetizing. The colour change in

these fruits and vegetables arises from enzymic brown-

ing, a process in which the enzyme phenolase

(or phenol oxidase) catalyses the oxidation of ortho-

diphenols (the substrate) to ortho-quinones. These

compounds are then transformed in non-enzymic reac-

tions into brown, polymeric melanins. The diphenolic

substrate varies with the foodstuff, but in each case, it

is not oxidized until the cell membranes are destroyed

when the fruit is cut:

A cut surface of an apple left to stand for several hours.

Apples and pears, for example, contain the o-diphenols

(þ)-catechin, chlorogenic acid and caffeic acid, the

structures of which are shown below. Each is oxidized

in the presence of the naturally occurring enzyme

phenolase to the corresponding quinone, the general

reaction being:

Browning can be inhibited by the presence of reducing

agents. Although sulfites and SO2 can be used, these

chemicals are not ideal. For example, sulfites are

known to trigger asthmatic attacks in a small percen-

tage of the population. An easy method of preventing

enzymic browning, and thereby retaining the fresh

appearance of fruit and salads, is to squeeze lemon

juice over the cut surfaces of the fruit or vegetables.

Lemon juice contains citric acid which is a tricarboxylic

acid. The acid alters the pH of the system, and because

enzymes function only within narrow pH ranges, the

action of phenolase is inhibited by the presence of

citric acid. Other methods that prevent enzymic brown-

ing depend upon the exclusion of O2 (e.g. packaging cut

fruit under water or sealed under vacuum).
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C�O bond lengths are typically 126 pm. This distance is in between typical

bond lengths for C�O (single, 135 pm) and C¼O (double, 122 pm) bonds

involving sp2 C atoms.

Unsubstituted aliphatic acids possess similar pKa values (compare values

for formic, acetic, propanoic and butanoic acids in Table 33.3). The presence

of electron-withdrawing substituents such as Cl can significantly affect the

equilibrium constant for equilibrium 33.29. Compare the pKa values for

acetic acid and its chloro-derivatives listed in Table 33.3. We have already

rationalized these trends in terms of the inductive effect (see Section 27.4).

Carboxylate salts are formed when a carboxylic acid reacts with bases as in

reactions 33.30 and 33.31.

   

ð33:30Þ

 

ð33:31Þ

Two salts can be derived from dicarboxylic acids such as oxalic acid, e.g.

KHC2O4 and K2C2O4. Equilibria 33.32 and 33.33 show the first and

second dissociation steps of oxalic acid. The values of pKa show the usual

trend, with pKa(1) < pKa(2), i.e. Kað1Þ > Kað2Þ.

pKað1Þ ¼ 1:23 ð33:32Þ

pKað2Þ ¼ 4:19 ð33:33Þ

Amides

Just as carboxylate ions are resonance-stabilized, so too are the conjugate bases

of amides.We discussed the acidity of carboxylic acids in terms of the stabiliza-

tion of the conjugate base RCO2
�. Similarly, the conjugate base of an amide is

resonance-stabilized, but this is only sufficient to make the amide a very weak

acid (pKa � 17). Structure 33.25 shows the resonance pair for the conjugate

base of the amide RCONH2. An NH unit is isoelectronic with O, and so

the bonding descriptions of the RCO2
� and RCONH� ions are related. The

alternative description is a delocalized bonding scheme as in 33.26. The MO

See also structures 16.4–16.6
and associated discussion in

Chapter 16

"
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(33.27)

BIOLOGY AND MEDICINE

Box 33.4 Capsaicin and dihydrocapsaicin: hot amides!

The Capsicum family includes a wide variety of

peppers ranging from the large sweet peppers to the

fiery chilli peppers. Chilli peppers derive their hotness

from capsaicin and dihydrocapsaicin (members of the

capsaicinoid family), and restaurants specializing in

‘hot’ foods owe much to these molecules of nature.

They work by interacting with the same receptors

in your mouth that sense heat. Excessive amounts

of capsaicin are toxic because capsaicin prevents the

production of certain neurotransmitters and affects

the function of neuroproteins in the brain. At high

enough concentrations, capsaicin destroys ‘substance

P’ in the nervous system. This effect has now been

harnessed for medical use: ‘substance P’ is associated

with the pain suffered by people with, for example,

arthritis and inflammatory bowel disease, and appli-

cation of a cream containing capsaicin results in

pain relief. Red chilli peppers.

picture (which includes �-bonding, non-bonding and antibonding MOs) is

similar to that for the allyl anion (see Figure 13.6) and the carboxylate ion.

(33.25) (33.26)

In Chapter 31, we described how amines act as Brønsted bases, through use

of the lone pair on the N atom. Amides are almost non-basic because the lone

pair is conjugated into a �-system. The N atom is trigonal planar and sp2

hybridized, with the lone pair in a 2p orbital and involved in the �-system

shown in diagram 33.27. The bonding can also be represented in terms of

resonance pair 33.28. An important consequence of the �-delocalization in

amides is that proteins (which are polypeptides with �CONH� units, see

Sections 35.6 and 35.7) have well-defined 3-dimensional structures.

(33.28)
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Aldehydes, ketones and esters

We have seen how resonance stabilization involving the C¼O group is

responsible for the acidic properties of carboxylic acids and, to a lesser

extent, of amides. Similar effects are responsible for the acidity of certain

ketones and aldehydes. Dissociation by proton loss is associated with the

acidity of the �-hydrogen atom, i.e. the H atom attached to the C atom

adjacent to the C¼O group (diagram 33.29). Loss of Hþ gives a carbanion

as in equilibrium 33.34 where B is a Brønsted base. Although we show the

negative charge on the C atom, the anion is actually resonance stabilized

(resonance pair 33.30) and the negative charge resides mainly on the O

atom. This is the enolate ion that we met in Section 33.6. The extra resonance

stabilization that the enolate ion possesses means that ketones and aldehydes

that have a-hydrogen atoms can behave as weak acids.

ð33:34Þ

(33.30)

Table 33.4 lists pKa values for selected carbonyl compounds. Of particular

note is the pKa value of propanedial which has a similar acid strength to

acetic acid (pKa ¼ 4:77). Diketones that have one CH2 between the C¼O
groups are called �-diketones. An example is pentane-2,4-dione (acetyl-

acetone) which has pKa � 9. It is a weaker acid than acetic acid, but a

stronger acid than a ketone of type RCH2COR’ (Table 33.4). Deprotonation

of acetylacetone (equilibrium 33.35 in which B ¼ base) gives an anion that is

resonance stabilized through the involvement of two O atoms. This is shown

in the set of resonance structures 33.31 and is a particularly favourable situa-

tion; the negative charge resides mainly on the O atoms.An alternative view of

the bonding is to show the negative charge delocalized over five atoms (33.32)

by �-conjugation involving 2p orbitals (33.33). The acetylacetonate anion is

an example of a �-diketonate.

ð33:35Þ

(33.31)

(33.32)

(33.29)

Ketones and aldehydes

that have �-hydrogen atoms

can behave as weak acids. A

b-diketone has a CH2 group

between two C¼O groups

and loses Hþ to give a

�-diketonate anion.

The ligand acac�: see for
example, Figure 23.5

(33.33)

"
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Esters such as 33.34 or 33.35 are similarly weakly acidic (see Table 33.4).

Esters are weaker acids than ketones because the �þ charge on the carbonyl

C atom is delocalized. This can be understood in terms of the resonance pair

shown below:

Table 33.4 Approximate pKa values for types of carbonyl compounds with a-H atoms;
the a-H atoms in the conjugate acid are shown in blue. R and R’ are alkyl substituents and
may be the same or different.

Compound type pKa

(approximate value)

Conjugate base (each is

resonance stabilized; only the

form derived directly by loss of

an a-H proton is shown)

5

9

11

13

16

19

24
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ENVIRONMENTAL

Box 33.5 Esters as environmentally friendly fuels

Biodiesel fuel at a German filling station.

Diesel fuel is manufactured from crude oil, a non-

renewable source of energy. In contrast, biodiesel is pro-

duced from vegetable oils (biomass). This is a renewable

source of energy because it is possible to operate an

annual agricultural cycle from which the vegetable oils

are extracted. Vegetable oils obtained from, for exam-

ple, soybeans, oilseed rape, sunflower seeds and maize

are composed of esters of glycerol which contain long

alkyl chains. These esters are triglycerides. We have

already seen an example in Figure 33.10; here, treatment

with stoichiometric amounts of aqueous NaOH was

used to produce soap. If the triglyceride is treated with

methanol or another simple alcohol in the presence of

catalytic amounts of base, a transesterification occurs.

The result is the formation of biodiesel, a monoalkyl

ester of a long chain fatty acid (sometimes known as

FAME, ‘fatty acid methyl ester’):

Because the reaction shown is an equilibrium, two fea-

tures of the manufacturing process are needed to drive

it to completion: (i) a large excess of methanol is used

and (ii) the reaction mixture is allowed to settle at inter-

vals so that glycerol can be removed. The substituents

R in the methyl esters are mixtures of saturated and

unsaturated hydrocarbon chains, typically containing

between 14 and 22 carbon atoms. For example, the

methyl esters produced from soybean oil and oilseed

rape are derivatives of fatty acids with the following

approximate compositions:

Chain

length

Number

of C¼C
bonds

Soybean:

% by weight

Oilseed rape:

% by weight

C14 0 0.2 0.0

C16 0 10.8 4.8

C18 0 4.2 1.6

C18 1 20.3 33.0

C18 2 54.1 20.4

C18 3 9.4 7.9

C20 0 0.4 0.0

C20 1 0.3 9.3

C22 1 0.3 23.0

The notation often used for the esters refers to the fatty

acids from which they are derived, e.g. C14:0 stands for

C13H27CO2H (saturated myristic acid), and C18:3

refers to the unsaturated linolenic acid:
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We shall see in the next section that the acidic nature of a-H atoms in some

carbonyl compounds produces carbon centres which are susceptible to attack

by electrophiles.

(33.34) (33.35)

33.13 Enolate ions in synthesis: electrophilic substitution
reactions

In Section 33.3, we showed that electrophiles such as Hþ can attack the O

atom of a C¼O group, while nucleophiles may attack the C atom. Now we

describe how some electrophilic substitutions result in bond formation

between the carbonyl C atom and the electrophile. As you work through

this section, consider what makes these reactions different from direct

attack by an electrophile on a carbonyl compound.

Base-catalysed halogenation of aldehydes and ketones

When an a-H atom (see 33.29) is present in an aldehyde or ketone, the

reaction of Cl2, Br2 or I2 with the carbonyl compound in the presence of

acid (see below) or base results in halogenation at the a-position as in

reaction 33.36.

      ð33:36Þ

Biodiesel is blended with petroleum to give fuel

mixtures which are labelled at filling stations simply

as ‘biodiesel’. By weight, biodiesel contains less

energy (37:2 kJ kg�1) than conventional diesel fuel

(42:6 kJ kg�1), and fuel blends containing relatively

low levels of biodiesel (�5%) are currently the most

viable. Biodiesel fuels are coded to indicate the

biodiesel content. Thus, B100 refers to pure biodiesel,

and B20 means 20% biodiesel/80% petroleum diesel.

The use of biodiesel/diesel blends in place of

petroleum-based diesel does not require modification

of vehicle engines. In addition to biodiesel being a

renewable energy source, other advantages are a reduc-

tion in emissions of CO and unburned hydrocarbons, a

low sulfur content, and a large net reduction in CO2

emissions. However, NOx emissions are increased by

about 5–13%. Biodiesel has good lubricating properties,

and use of biodiesel or blended fuels reduces long-term

engine wear.

Biodiesel is a new fuel, but one for which the market

is rapidly expanding, partly through legislation. In the

European Union (EU), biodiesel production has

increased from 1065Mt in 2002 to 5713Mt§ in 2007,

with approximately half of the total being manufac-

tured in Germany. In 2003, the EU set a target of repla-

cing 5.75% of all transport fuels by biofuels (biodiesel

and bioethanol fuels, see Box 30.4) by 2010. This level

of biodiesel production in the UK translates into

approximately 1:75 � 106 hectares of agricultural land

being used to grow crops such as oilseed rape destined

for biofuel manufacture.

§ Data from the European Biodiesel Board (www.ebb-eu.org).

Enolate ions in synthesis: electrophilic substitution reactions 1219



 

The base-catalysed reaction proceeds by the initial abstraction of an a-H to

give an enolate. In the scheme below, the anion is shown with the negative

charge localized on the O atom; recall from 33.30 that this is the dominant

resonance form. Attack on Br2 then follows to give the brominated substitu-

tion product:

In practice, mixtures of products are often observed. In reaction 33.36, for

example, there are four a-H atoms, and as substitution for Cl, Br or I occurs,

the pKa of the compound decreases (Table 33.3). Thus, it becomes easier for

the base to abstract sequential a-protons, and multi-substitution occurs.

In the bromination of acetone, for example, the electron-withdrawing effects

of the Br atom in the monosubstituted product facilitate the rapid formation

of the di- and then the trisubstituted product (equation 33.37).

ð33:37Þ

Once a terminal CX3 (X ¼ Cl, Br, I) unit has formed adjacent to the C¼O
group, another reaction enters into play because CX3

� is a good leaving

group. In the formation of the halo-derivatives, the role of HO� is to abstract

Hþ. However, HO� can also act as a nucleophile and attack the C�þ atom of

the carbonyl group. We have ignored this possibility so far because, if there is

no other good leaving group, this attack leads nowhere:
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However, when the choice of leaving group is between CX3
� and HO�,

loss of CX3
� is favoured:

The isolated products are HCX3 and a carboxylate ion:

This is a general reaction of methyl ketones (e.g. acetone, butanone and

pentan-2-one) and is called the haloform reaction.

Acid-catalysed halogenation of aldehydes and ketones

In worked example 15.3, we considered the kinetics of the acid-catalysed

bromination of acetone:

The rate equation is given below and similar expressions are found for other

acid-catalysed halogenations of aldehydes and ketones:

� d½Br2�
dt
¼ �d½Me2CO�

dt
¼ k½Me2CO�½Hþ�

The rate depends on the concentrations of carbonyl compound and acid

catalyst, but is independent of halogen. A mechanism that is consistent

with these data involves the generation of an enol. The rate-determining

step is the acid-catalysed rearrangement of ketone to enol. The enol then

reacts with Br2 in fast steps:
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The complications of multi-substitution that occur in the base-catalysed

halogenation reactions are avoided if an acid catalyst is used instead.

Alkylation of a ketone via an enolate

If a ketone, ester, diketone or diester possesses an a-H atom, the carbonyl

compound can be alkylated at the a-position, i.e. this is a C�C bond-forming

reaction. The first step is the formation of a lithium enolate from the carbonyl

compound. It is important that the starting material is fully enolized. This

prevents any reaction between enolate and keto-form taking place to give

secondary products. To achieve this, the carbonyl compound is treated with

lithium diisopropylamide (LDA) to give a lithium enolate (reaction 33.38).

ð33:38Þ

Treatment of the lithium enolate with a halogenoalkane leads to the for-

mation of a C�C bond and involves the a-C atom. Reaction 33.39 converts

the lithium enolate formed from acetone into pentan-2-one; remember that

the C�X bond in a halogenoalkane is polar in the sense C�þ–X��, and
that halogenoalkanes undergo nucleophilic substitution reactions.

ð33:39Þ

Such alkylation reactions are successful if the halogenoalkane is primary

or secondary. Tertiary halogenoalkanes should be avoided because their

reactions are complicated by competing eliminations.

Alkylation of an ester via an enolate

Lithium enolates derived from esters react with halogenoalkanes in a

similar manner to that described above. A competing reaction is that of

the lithium enolate with the ester. This is the Claisen condensation and is

considered in Section 33.16. To minimize this unwanted side-reaction, the

concentration of LDA (and thus lithium enolate) should greatly exceed

that of the starting ester during the initial reaction of the ester with LDA:

See equation 31.31 for the
formation of LDA

Nucleophilic substitution
versus elimination:

see Section 28.8

"

"
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Reaction of the lithium enolate with halogenoalkane proceeds at the a-C
position:

Alkylation of b-diketones or diesters via an enolate

Data in Table 33.4 showed that dicarbonyl compounds in which the C¼O
groups are separated by one CH2 unit (b-dicarbonyl compounds) are more

acidic than ketones or esters in which the CH2 group is adjacent to only

one C¼O group. Enolate ions of b-diketones or diesters can therefore be

generated by using weaker bases than LDA. Ethoxide is a suitable base,

and the enolate ion is stabilized by delocalization of the negative charge.

Equilibrium 33.40 lies to the right-hand side because the b-dicarbonyl
compound is a stronger acid (pKa � 13) than ethanol (pKa ¼ 16).

ð33:40Þ

The reaction of the enolate ion with a primary or secondary halogeno-

alkane leads to alkyl-substituted products as illustrated in reaction 33.41.

The mechanism is represented starting from one of the contributing

resonance forms of the enolate.

ð33:41Þ

The product in reaction 33.41 still possesses an acidic a-H atom and so the

reaction can be repeated to introduce a second alkyl substituent (the same as

or different from the first substituent) at the a-position:

Aldol and Claisen reactions

We have already seen that the addition of base (e.g. NaOH) to a carbonyl

compound with an a-hydrogen atom results in enolization. In the

enolizations described above, we used the strong bases LDA or EtO�

(LDA is stronger than ethoxide) to effect removal of the a-H from carbonyl

compounds. In each reaction we considered, complete enolization was

An aldol reaction is a C�C
bond-forming reaction and

occurs between two

carbonyl compounds in the

presence of base.

Enolate ions in synthesis: electrophilic substitution reactions 1223



 

required to maximize the yield of the desired product, but we mentioned that

competitive reactions can be problematic. If only some of the carbonyl com-

pound is converted to the enolate, the reaction solution contains both enolate

and the parent carbonyl compound, and reaction can occur between them.

This is an aldol reaction. The first carbonyl compound may be an

aldehyde, ketone or ester, but the final product of the aldol reaction is usually

an aldehyde or ketone. The reaction involves the nucleophilic attack of the

enolate ion on the C�þ atom of a C¼O group. A related reaction occurs

between an ester and its enolate ion, formed in the presence of a strong

base such as EtO�. This reaction is a Claisen condensation.

We return to the details of the aldol reaction and Claisen condensation

after a short introduction to nucleophilic attack at the C¼O carbon atom.

33.14 Nucleophilic attack at the C¼O carbon atom

Many reactions of carbonyl compounds involve nucleophilic attack at

the C�þ atom of a C¼O group. We have already seen one example: the

haloform reaction in equation 33.37. Equation 33.42 shows a general step

that you will see repeatedly in this section. In the reaction, X� represents a

nucleophile and the carbon centre that is attacked goes from trigonal

planar (sp2 hybridized) to tetrahedral (sp3 hybridized).

ð33:42Þ

Hydrolysis of acyl halides

Acyl chlorides hydrolyse readily to give the corresponding carboxylic acid

(equation 33.43). Because the reaction is so facile (Figure 33.11), many

acyl chlorides must be stored under water-free conditions.

ð33:43Þ

The net result of the reaction is the substitution of Cl� by HO�. However,

the nucleophile is usually H2O, although some acyl chlorides require aqueous

base. The reaction mechanism is outlined below. Initial attack by H2O leads

to O�C bond formation and opening of the C¼O bond. This is in preference

to the direct loss of the leaving group which takes place in the next step of the

mechanism:

A Claisen condensation is a

C�C bond-forming

reaction and occurs between

two ester molecules in the

presence of a strong base

such as EtO�.
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NH3 is a good leaving

group.

NH2
� is a very poor leaving

group.

Fig. 33.11 The addition of acetyl chloride to water immediately generates HCl which can be detected by its reaction with
NH3, present as an aqueous solution into which a glass rod has been dipped.

Hydrolysis of amides

Amides may be hydrolysed to the corresponding carboxylic acid in the

presence of an acid catalyst. In the hydrolysis of the acyl chloride, Cl� is the

leaving group. By analogy, amide hydrolysis would involve loss of NH2
�,

but NH2
� is a very poor leaving group. In the presence of Hþ, NH3 (a good

leaving group) departs from the amide. The mechanism of acid-catalysed

amide hydrolysis is shown below. Notice that in the first step, the O atom is

protonated in preference to the N atom. Later in the pathway, when the

competition is between OH and NH2 as a site of protonation, the N site is

preferred on grounds of relative base strengths of ROH and RNH2:
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As a rule of thumb (but it is not infallible), the direction of an equilibrium of

the type:

can be determined from the pKa values of HX and HY. If HX is a stronger

acid than HY (i.e. pKaðHXÞ < pKaðHYÞÞ, then X� is more favoured than

Y�, and the equilibrium lies to the right-hand side.

The reaction of aldehydes and ketones with CN�

The reaction between an aldehyde or a ketone and the nucleophilic cyanide

ion leads to the formation of a cyanohydrin. The mechanism of the reaction

involves nucleophilic attack by cyanide on the C�þ atom of the C¼O group,

followed by protonation. The source of NC� is, for example, NaCN. The

mechanism is illustrated by the reaction of cyanide with acetaldehyde:

A problem with cyanohydrin formation is that an equilibrium is established

between starting materials and products. In the presence of base, NC� tends

to be eliminated from the cyanohydrin (equation 33.44).

ð33:44Þ

Reactions of Grignard reagents with aldehydes and ketones

The reactions of Grignard reagents RMgX (R ¼ alkyl, X ¼ Cl or Br) with

aldehydes and ketones are important synthetic routes to alcohols (see Section

30.2). In each of the following reactions, the solvent is usually anhydrous

THF or Et2O. Formaldehyde (methanal) reacts with Grignard reagents to

give primary alcohols in which the terminal CH2OH group is derived from

the aldehyde. Reaction 33.45 shows the synthesis of butan-1-ol.

 

ð33:45Þ

A cyanohydrin has the

general structure:

Formation of Grignard
reagents: see Section 28.4

"
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If the starting compound is an aldehyde other than formaldehyde (RCHOwhere

R 6¼ H), then reaction with a Grignard reagent gives a secondary alcohol. An

example is the conversion of propanal to pentan-3-ol (equation 33.46).

 

ð33:46Þ

When a ketone reacts with a Grignard reagent, the product is a tertiary

alcohol. The example in equation 33.47 shows the conversion of acetone to

2-methylpentan-2-ol.

 ð33:47Þ

These reactions have widespread applications in alcohol synthesis and can be

used with alkyl or aryl substituents. However, it is often found that the

alcohols are dehydrated in the work-up (see Section 30.5).

Reductive amination of aldehydes and ketones

In Section 31.3, we looked at the reductive amination of aldehydes and ketones.

Reductive amination of an aldehyde usingNH3 gives a primary amine with the

NH2 group attached to a terminal C atom (i.e. to a primary alkyl group).

Reductive amination of a ketone using NH3 gives a primary amine with the

NH2 group attached to a secondary alkyl group. The aminating agents can

also be primary or secondary amines (e.g. reactions 31.13 and 31.14). The

mechanism of reductive amination involves nucleophilic attack by NH3,

RNH2 or R2NH on the C�þ atom of the C¼O group of the aldehyde or

ketone. Consider the reaction of acetaldehyde with NH3. Attack by the

nucleophile is followed by proton transfer:

Elimination of H2O catalysed by acid then produces an imine:

In the absence of a reducing agent, the reaction stops at this point (but see

below). In the presence of a reducing agent (e.g. H2 and a Ni catalyst on an

An imine has the general

structure:
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industrial scale, or NaBH4, LiAlH4 or NaBH3CN on a laboratory scale), the

imine is reduced to an amine:

Analogous mechanisms can be written for the reactions of primary and

secondary amines with aldehydes and ketones (see end-of-chapter prob-

lem 33.19). Usually, reductive amination reactions are one-pot syntheses,

i.e. the reduction of the imine is carried out in situ. Primary imines in parti-

cular are readily hydrolysed to ketones, for example propanimine (above)

will be hydrolysed to acteone. Substituted imines are more stable and are

usually called Schiff bases (see end-of-chapter problem 33.27).

An example of the use of reductive amination in pharmaceutical chemistry

is in the synthesis of the analgesic drug fenantyl. One route to fenantyl is

summarized in Figure 33.12. The benzyl (Bn) group protects one amine func-

tionality during the initial steps in the sequence.

Reactions of acyl chlorides and esters with NH3

In Section 33.10, we described how amides can be prepared by reactions of

NH3 with acyl chlorides or esters (equations 33.22 and 33.23). The reaction

between NH3 and an acyl chloride gives NH4Cl as the second product.

Fig. 33.12 A synthetic route to the analgesic drug fenantyl which uses reductive amination as the first step. In the struc-
ture of fenantyl, colour code: C, grey; N, blue; O, red; H, white.
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BIOLOGY AND MEDICINE

Box 33.6 Cat naps

Rocco and Rya (the authors’ cats) enjoy a well-earned rest.

The search for chemicals that induce sleep in animals

and humans, and to understand how they function, is

crucial to the development of drugs to treat insomnia.

Sleep-deprived cats accumulate (Z)-octadec-9-enamide

(commonly called oleamide) in their cerebrospinal

fluids. This unsaturated amide is a derivative of the

fatty acid oleic acid.

Oleamide is an endogenous fatty acid amide (i.e. it ori-

ginates within the organism) and acts as a signalling

molecule in the nervous system, inducing sleep in ani-

mals and regulating their sleep/wake patterns. Studies

on rats§ show that both (Z)-octadec-9-enamide and

(E)-octadec-9-enamide exhibit sleep-inducing proper-

ties, although the (E)-isomer is less effective than the

(Z)-isomer. The position of the alkene functionality

within the aliphatic chain is important. Both (Z)-

octadec-8-enamide and (Z)-octadec-11-enamide have

§ See: ‘Chemical characterization of a family of brain lipids
that induce sleep’: B. F. Cravatt et al. (1995) Science,
vol. 268, p. 1506.

been studied and found to be significantly less effective

at inducing sleep than (Z)-octadec-9-enamide. The 18-

carbon chain length also appears to be optimal.

The biosynthetic pathway to oleamide has not been

unequivocally established. However, more is known

about its biodegradation. If oleamide were allowed to

keep signalling in the nervous system of an animal, a

state of sleep would persist. The enzyme fatty acid

amide hydrolase (FAAH) plays a vital role in catalysing

the hydrolysis of oleamide to oleic acid, thereby termi-

nating the effects of the fatty acid amide. FAAH exhi-

bits two important characteristics: it is integrated into

membranes and targets hydrophobic substrates. The

single crystal structure of the enzyme FAAH has been

determined and is shown below. The protein is a

dimer and is illustrated in a ribbon representation.

[Data: M. H. Bracey et al. (2002) Science, vol. 298, p. 1793.]

A number of other fatty acid amides are active in bio-

logical systems. Among these are linoleamide, which

is involved in regulating levels of Ca2þ ions, and eruca-

mide which is involved in the growth of blood vessels.
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The mechanism (illustrated for the conversion of propanoyl chloride to

propanamide) is as follows:

Notice that attack by NH3 does not result in the direct loss of Cl� but

rather causes the C¼O bond to open up. This is a general pattern throughout

examples of nucleophilic attack at the C¼O carbon atom (see general

reaction 33.42). In the reaction between NH3 and an ester, the first step is

the attack by NH3 and opening of the C¼O bond; this is followed by loss

of alkoxide or aryloxide depending on the ester being used in the reaction.

The mechanism (illustrated with the reaction between ethyl butanoate and

NH3) is as follows:

Reactions of aldehydes with alcohols: hemiacetal and
acetal formation

An aldehyde reacts with an alcohol in the presence of an acid catalyst

to give a hemiacetal and then an acetal. The first step in the reaction is the
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protonation of the C¼O group in the aldehyde:

The resonance structures for the protonated aldehyde indicate that

protonation makes the C atom of the carbonyl group more susceptible to

attack by nucleophiles and in the next step, the alcohol (exemplified here

by EtOH) acts as a nucleophile. Notice that all steps in the reaction pathway

are reversible:

The reaction does not stop here. Protonation (remember that the acid

catalyst is still in solution) of the OH group of the hemiacetal creates a

good leaving group, H2O, which is eliminated. This leaves a species that is

susceptible to attack by the nucleophilic alcohol and the final product of

the reaction is an acetal. The mechanism is as follows:

As with the formation of the hemiacetal, each step in the formation

of the acetal is reversible. Similar reactions do occur between some

ketones and alcohols but are not generally as successful as those involving

aldehydes.

Acetals are very often used to protect carbonyl compounds or alcohols

during reactions in which the C¼O or OH group may undergo an unwanted

side-reaction. We have already described use of the tetrahydropyranyl, THP,

An acetal has the general

structure:

A hemiacetal has the

general structure:

Acetals as protecting groups
for alcohols: see Section 30.6

"
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group to protect alcohols (equations 30.42 and 30.43). An example of the

need for C¼O protection is during the reduction of an ester group in a

molecule that has another C¼O group. Both carbonyl groups would be

reduced by LiAlH4 and so if, for example, selective reduction of the ester

group is the target, the second C¼O group can be temporarily converted

into an acetal by reaction with a diol:

33.15 Nucleophilic attack at C¼O: the aldol reaction

Aldol reactions

We met the aldol reaction at the end of Section 33.13. Now we look in detail

at the mechanism of this important C�C bond-forming reaction. The

example shown is the reaction between two aldehydes in the presence of

base, but similar reactions occur between two ketones, an aldehyde and a

ketone, an ester and a ketone, or an ester and an aldehyde. One member of

each pair must possess an �-H atom.

The first step in the reaction is deprotonation of the aldehyde at the

a-position. This generates an enolate ion which acts as a nucleophile and

attacks the second aldehyde molecule to give a b-hydroxy aldehyde:
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A problem with such reactions is the possibility that the enolate formed in

the first step of the reaction attacks a molecule of its parent aldehyde (its

conjugate acid) rather than a molecule of the second aldehyde. If the reaction

is a self-condensation (i.e. only one aldehyde is involved), the competition

presents no problem since the products are the same whatever happens.

However, if the aldol reaction is between two different aldehydes, a mixture

of products results. We return to these complications later.

Now consider the reaction between two ketones, at least one of which

contains an a-H atom. Enolization of the ketone is followed by nucleophilic

attack on the second ketone. The product is a �-hydroxy ketone. In the

example below, the two ketones are the same (both are acetone):

Although we have looked at aldol reactions between aldehydes and

between ketones, we must note that aldehydes are more reactive than

ketones. This affects the outcome of aldol reactions between aldehydes and

ketones, because an enolate formed from an aldehyde will tend to react

with a non-enolized aldehyde rather than a ketone.

A �-hydroxy aldehyde has

the general structure:

R groups may be attached

to the a- and b-C atoms.

A �-hydroxy ketone has the

general structure:

R groups may be attached

to the non-carbonyl C

atoms.
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b-Eliminations accompanying aldol reactions

So far, in considering the aldol reaction, we have ignored the possibility that

more than one �-H atom is involved. In reality, reactions are complicated by

�-eliminations. A b-hydroxy aldehyde can undergo a base-promoted b-
elimination, losing H2O and forming an a,b-unsaturated aldehyde. This is

shownbelow, starting from theb-hydroxy aldehyde formed in the scheme above:

Similarly, �,�-unsaturated ketones are formed from a b-hydroxy ketone

that possesses an a-H atom. In Section 13.5, we discussed the �-conjugation

in a,b-unsaturated ketones and aldehydes and the effects this has on their

electronic spectra.

An overview of complications arising in aldol reactions

From the discussion above, it is clear that significant complications arise when,

for example, two different aldehydes undergo an aldol reaction. Let us take the

case of the reaction between two aldehydes, one of which has two a-H atoms.

Equation 33.48 shows the formation of two possible a,b-hydroxy aldehydes.

ð33:48Þ

Both products possess a-H atoms and so can undergo b-elimination reac-

tions. Thus the reaction is complicated by the formation of a,b-unsaturated
aldehydes:

b-elimination:
see Section 28.7

An �,�-unsaturated
aldehyde has the general

structure:

R groups may be attached

to the non-carbonyl C

atoms.

An �,�-unsaturated ketone

has the general structure:

R groups may be attached

to the non-carbonyl C

atoms.

"
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33.16 Nucleophilic attack at C¼O: Claisen condensation

The condensation of two esters in the presence of strong base (often EtO�)
gives a �-keto ester and is called a Claisen condensation. We met this reaction

at the end of Section 33.13. At least one of the esters must possess an a-H
atom, and the first step in the reaction is deprotonation by ethoxide ion to

give an enolate ion:

Let us take the case of self-condensation, i.e. reaction between the enolate

and the parent ester. The reaction proceeds as follows:

These equilibria lie towards the left-hand side, i.e. product formation is not

favourable. However, the b-keto ester possesses a weakly acidic a-H atom

and in the presence of alkoxide ion, RO�, it is deprotonated. Equilibrium
33.49 lies to the right-hand side, and it is this final step that drives the reaction

to a successful end.

ð33:49Þ

Why should the products in equilibrium 33.49 be favoured? Although the

b-keto ester and alcohol are both weak acids, the presence of the two

carbonyl groups stabilizes the conjugate base of the b-keto ester. The b-
ketonate on the right-hand side of the equilibrium is shown in the form

that emphasizes the delocalized bonding (see structures 33.31 and 33.32).

Consequently, the b-keto ester (pKa � 11) on the left-hand side of

equilibrium 33.49 is a stronger acid than the alcohol (pKa ¼ 16 for EtOH)

on the right-hand side. As a result, the equilibrium lies towards the right.

The presence of the two a-H atoms is crucial to the success of the Claisen

condensation. The neutral b-keto ester can be obtained by isolating a salt

of the conjugate base, and adding acid to the salt.

A �-diketo ester has the

general structure:
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SUMMARY

This chapter has been concerned with the chemistry of compounds containing a C¼O bond: aldehydes,
ketones, carboxylic acids, esters, acyl chlorides and amides. The polarity of the C¼O bond is C�þ�O��. The
O atom is susceptible to attack by electrophiles such as Hþ, and the C atom is susceptible to attack by
nucleophiles. Carbonyl compounds containing a-H atoms can be deprotonated to give enolate ions
that are nucleophilic. Their reactions with other carbonyl compounds are the basis of widespread
applications in C�C bond-forming reactions.

Do you know what the following terms mean?

. aldehyde

. ketone

. carboxylic acid

. ester

. acyl chloride

. amide

. keto–enol tautomerism

. enolate ion

. b-diketonate

. condensation reaction

. fatty acid

. a-hydrogen atom
(in a carbonyl compound)

. haloform reaction

. reductive amination

. imine

. cyanohydrin

. acetal

. hemiacetal

. acetal protecting group

. aldol reaction

. Claisen condensation

. b-hydroxy aldehyde

. b-hydroxy ketone

. a,b-unsaturated aldehyde

. a,b-unsaturated ketone

. b-diketo ester

The following abbreviations have been used. Do you know what they mean?

. DIBAL

. DMF

. LDA

. PCC

. THF

. THP

You should be able:

. to draw the functional groups of an aldehyde,
ketone, carboxylic acid, ester, acyl chloride and
amide

. to name simple carbonyl compounds

. to recognize trivial names such as formic acid,
formate, formaldehyde, acetic acid, acetyl
chloride, acetylacetone, acetylacetonate,
acetamide, oxalic acid, phthalic acid

. to describe the bonding in the C¼O group in
terms of VB and MO theories, and to
comment on the polarity of the bond

. to discuss the role of hydrogen bonding in the
intermolecular association of carboxylic acids
and of amides

. to comment on the effects of hydrogen
bonding on some physical properties of
carbonyl compounds

. to recognize IR spectroscopic absorptions
characteristic of carbonyl compounds

. in 13C NMR spectra, to know typical � ranges
associated with C¼O groups

. in 1H NMR spectra, to know typical � ranges
associated with CHO, CO2H or CONH2 protons

. to understand what effect the polarity of the
C¼O bond has on the reactivity of carbonyl
compounds

. to give methods of preparing different types of
carbonyl compounds

. to describe saponification reactions and their
industrial significance

. to give examples that illustrate the commercial
and biological importance of ester hydrolysis

. to discuss the relative acidities of different types
of carbonyl compounds, and the resonance
stabilization of particular conjugate bases

. to show how enolate ions are formed

. to discuss reactions that rely on the presence of
a-H atoms in carbonyl compounds

. to give examples, and describe the mechanisms,
of acid- and base-catalysed halogenations of
aldehydes and ketones

. to give examples, and describe the mechanisms,
of C�C bond forming reactions involving
carbonyl compounds

. to give examples, and describe the mechanisms,
of reactions involving attack by nucleophiles at
the carbonyl C atom
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PROBLEMS

33.1 Draw structures for (a) pentanal, (b) benzaldehyde,

(c) butanone, (d) heptan-3-one, (e) pentanoic acid,

(f ) pentanoyl chloride; (g) ethyl propanoate,

(h) phenyl acetate, (i) ethyl benzoate, ( j) acetamide,

(k) butanamide, (l) potassium propanoate.

33.2 Name the following compounds:

33.3 Explain the following observations.

(a) The 1H NMR spectrum of a solution of

hexanoic acid contains a signal at � 11.2 ppm,

but the signal disappears when D2O is added to

the solution.

(b) The 13C NMR spectrum of octanoic acid

contains seven signals in the region � 14.1 to

34.3 ppm, and one signal at � 181.1 ppm.

(c) The 1H NMR spectrum of butanone exhibits a

triplet at � 1.06 ppm, a singlet at � 2.14 ppm and

a quartet at � 2.45 ppm.

(d) The 1H NMR spectrum of methyl formate

shows signals at � 8.08 and 3.77 ppm.

33.4 Comment on the following statements.

(a) Keto- and enol-forms of a compound are

isomers.

(b) The equilibrium that describes the keto–enol

tautomerism for butanone lies well over to the

side of the keto-form.

(c) Treatment of pentane-2,4-dione with base

results in a monoanion.

33.5 Match the spectroscopic data in the table to the

compounds whose structures are shown below.

Compound
13
C NMR �/ppm

A 25.1, 27.1, 41.9, 211.3

B 136.4, 187.1

C 20.6, 178.1

D 13.8, 22.3, 24.9, 30.7, 47.2, 173.8

E 162.3

33.6 Structure 33.21 shows DIBAL as a monomeric

compound containing a 3-coordinate Al atom.

DIBAL actually exists as a dimer and the

bonding can be described as being similar to

that in B2H6. Draw the dimeric structure of

DIBAL and present a bonding scheme for the

molecule.

33.7 Suggest ways of carrying out the following

transformations:

33.8 Give methods of converting (a) o-bromotoluene

into o-methylbenzoic acid, (b) toluene into

benzoic acid and (c) 1-bromobutane into pentanoic

acid.
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33.9 Suggest products in the following reactions:

33.10 (a) Suggest how each of the following Grignard

reagents in Et2O would react with solid CO2

followed by treatment with Hþ. (b) Give a

mechanism for one of the reactions.

33.11 Suggest a method of preparing each of the

following compounds, starting from butanoyl

chloride in each case.

    

33.12 Outline how acetone reacts with I2 in the presence

of (a) an acid catalyst and (b) a base catalyst. Give

appropriate mechanisms for the reactions you

describe.

33.13 Which of the following would undergo a haloform

reaction when treated with Br2 in the presence of

NaOH: (a) pentan-3-one; (b) butanone; (c)

propanone; (d) hexan-2-one; (e) hexan-3-one? Give

the products in each case where you state the

reaction will occur.

33.14 Arrange the following compounds in order of

decreasing pKa values. In each case, give the

equilibrium to which the pKa value refers.

33.15 Elemental analysis for compound A gives

71.9% C and 12.1% H. In the mass spectrum of A,

the parent ion comes at m=z ¼ 100, and there is an

intense fragmentation peak at m=z ¼ 43. The

IR spectrum of A has strong absorptions at

2960–3000 cm�1 and 1718 cm�1 as well as
absorptions in the fingerprint region. In the 13C

NMR spectrum, there are signals at � 209.0, 43.5,
29.8, 26.1, 22.4 and 13.9 ppm. Compound A can be

reduced by NaBH4, but is not oxidized by

K2Cr2O7 in acidic solution. Suggest (with

explanation) the identity of A, and give the product

of its reduction.

33.16 Give two synthetic methods by which carbon

chains can be lengthened, illustrating your answer

with reference to the conversion of

1-chloropentane to hexanoic acid.

33.17 (a) Sketch a representation of the HOMO of the

cyanide ion, and explain its role in the ability of

NC� to act as a nucleophile.
(b) Rewrite equation 33.43 using appropriate curly

arrows.

33.18 Suggest products in the following reactions. Give

appropriate mechanisms for the reactions.

33.19 Suggest products for the following reactions and

give appropriate mechanisms; [H] represents a

reducing agent.

(a)

(b)

(c)
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33.20 (a) Write a mechanism for the acid-catalysed

decomposition of the hemiacetal:

to the appropriate aldehyde and alcohol.

(b) Write a mechanism for the base-catalysed

reaction between methanol and butanal to give

a hemiacetal.

(c) Classify the following compounds as simple

ethers, esters, hemiacetals, acetals or alcohols:

33.21 Suggest ways of carrying out the following

transformations:

33.22 Explain what is meant by the aldol reaction with

reference to what happens when a small amount

of NaOH is added to (a) acetaldehyde and

(b) acetone.

ADDITIONAL PROBLEMS

33.23 Comment on the following observations.

(a) The 13Cf1Hg NMR spectrum of CF3CO2H

shows two quartets with J 284 and 44Hz.

Hint: look at Table 14.1.

(b) NH2
� is a poor leaving group, and yet, in the

presence of Hþ, amides are hydrolysed to

carboxylic acids.

33.24 How might you carry out the following

transformations?

33.25 (a) Suggest likely products from the reaction of

acetaldehyde and butanal in the presence of

NaOH.

(b) Explain why benzaldehyde does not form an

enolate.

(c) Suggest a method for converting methyl

propanoate to methyl 2-methylbutanoate.

33.26 Dimethylformamide (DMF) is a common solvent.

In its 13C NMR spectrum, signals are observed at �
162.4, 36.2 and 31.1 ppm. Explain why there are

three, and not two, signals.

33.27 The reaction between the two colourless

compounds shown over the page gives an orange

Schiff base product. (a) Suggest the identity of the

product, and give a mechanism for the reaction.
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(b) What feature of the product gives rise to

absorption of light in the visible region?

33.28 When 1,4-dihydroxynaphthalene is treated with

trifluoroacetic acid, an equilibrium mixture is

produced comprising 1,4-dihydroxynaphthalene

and a tautomer. The 13C NMR spectrum of the

latter exhibits signals at � 196.2, 135.5, 134.5, 126.9
and 37.7 ppm.

(a) What do you understand by the term

‘tautomer’? (b) Draw the structure of the tautomer

formed when 1,4-dihydroxynaphthalene is treated

with trifluoroacetic acid, and give a mechanism for

this conversion. (c) Rationalize the 13C NMR

spectroscopic data, and show how these data allow

you to assign the correct product.

CHEMISTRY IN DAILY USE

33.29 A recent research report describes the photolytic

removal of a protecting group as a potential means

of drug delivery for drugs possessing a suitable

carboxylic acid functionality:

The amount of drug released from the prodrug can

be controlled by using appropriate bursts of

radiation. The structure of the drug ibuprofen is

shown below.

(a) What does the term ‘prodrug’ mean? (b) Draw

the structure of the prodrug from which ibuprofen

will be released upon irradiation, and name the

functional group that is cleaved upon drug release.

(c) The reaction shown above can be monitored by

following the appearance of an absorption at 300nm

arising from compound A. In what part of the

electronic spectrum does the 300nm absorption lie?
[Data: C. P.McCoy et al. (2007) J. Am. Chem. Soc.,

vol. 129, p. 9572.]

33.30 Oil of wintergreen, a precursor to the drug aspirin,

is a naturally occurring oil that can be extracted

from the plant Gaultheria procumbens.

(a) Suggest an efficient two-step synthesis of aspirin

from oil of wintergreen, and give reasons for your

choice of reagents. (b) Indicate how IR

spectroscopy could be used to monitor the

transformation, including the formation and

consumption of the intermediate compound.

33.31 Biodiesel fuel for vehicles is usually sold as a blend

of biodiesel and petroleum-based diesel fuels. Fuels

are labelled according to the volume% of biodiesel

in the mixture, e.g. B80 is 80% biodiesel and

20% petroleum-based diesel. Quality control is

important. One method of measuring the biodiesel

concentration (given in a volume %, where pure

biodiesel fuel is 100%) in a blended fuel relies on

IR spectroscopy, using a strong absorption around

1750 cm�1. Using a set of standard samples, the

intensity of this band was measured as a function of

the composition of the fuel, and the following

relationship was established:

Absorption intensity ¼ 0:0199� ðVolume%Þ0:841

(a) What type of molecules make up biodiesel fuel?

Draw the structure of a representative molecule.
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(b) What is the origin of the absorption at

1750 cm�1, and why might the exact wavenumber

vary among a range of pure biodiesel fuels?

(c) Write the above equation in a form that will give

a linear plot that relates absorption intensity to

volume %. Determine the peak intensity for a fuel

labelled B100 (100% biodiesel by volume).

(d) The absorption intensity for a fuel labelled B20

is found to be 0.200. Does the sample pass the

quality control?

33.32 (a) What are the precursors used in the

manufacture of nylon 66? Write an equation to

illustrate the polymerization, and indicate the

repeat unit.

(b) Nylon 6 is produced by the ring opening

polymerization of caprolactam:

Drawa structural representation of the polymer.

(c) One of the structural features that contributes

to the strength of nylon fibres is the fact that

polymer chains are aligned next to one

another. Suggest a reason for this observation,

and illustrate your answer with appropriate

diagrams.

33.33 Naproxen is manufactured as an enantiomerically

pure, anti-inflammatory drug. The (S)-enantiomer

is prescribed as a drug, but the (R)-enantiomer is a

liver toxin. Where is the chiral centre in Naproxen?

Draw the structure of the (S)-enantiomer.

33.34 The multistep synthesis shown in Figure 33.13 is a

possible method of preparing the drug flutamide

which is prescribed for the treatment of prostate

cancer. (a) Suggest conditions for each of the steps.

(b) What would be the consequences of altering the

order in which the transformations are carried out?

For example, why is toluene not nitrated before

fluorination?

Fig. 33.13 Reaction scheme
for problem 33.34.
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34
Aromatic
heterocyclic
compounds

34.1 Why study heterocyclic compounds?

Hetero is a prefix meaning ‘different’. In a heterocycle, the heteroatom is a

different atom from the other atoms in the ring.

A heterocyclic molecule is a cyclic compound in which one or more of

the atoms in the ring is a heteroatom. Within organic chemistry, the hetero-

atom is an atom other than carbon or hydrogen, and common heteroatoms

are N, O and S. A heterocycle can be saturated (e.g. tetrahydrofuran,

THF), unsaturated (e.g. pyran) or aromatic (e.g. pyridine). A large pro-

portion of naturally occurring organic compounds are heterocyclic, and

many are of biological importance, for example sugars (see Chapter 35),

nucleic acids (see Chapter 35), alkaloids (see Box 34.1) and some pheromones

(Box 34.2).

Figure 34.1 shows the structures of some vitamins containing heterocycles.

Thiamine (vitamin B1) is involved in the metabolism of carbohydrates and

is converted to its active form, thiamine pyrophosphate, in the brain and

liver by the enzyme thiamine diphosphotransferase. In severe cases, a

carbohydrate-rich, but thiamine-deficient, diet leads to the disease beriberi.

Riboflavin (vitamin B2) is the precursor to flavoproteins, which are involved

in the mitochondrial electron transport chain in the body. Nicotinic acid

(niacin, vitamin B3) is the precursor to the coenzymes nicotinamide adenine

dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate

(NADP), both of which are involved in hydrogen transfer and redox

processes in the body. Vitamin B6 consists of pyridoxal, pyridoxamine and

pyridoxine. The active form of vitamin B6 is pyridoxal phosphate and this
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is a cofactor in enzymes that are involved in, for example, decarboxylation

and transamination of amino acids. Biotin acts as a coenzyme in reactions

involving CO2 transfer. It is required by all organisms but is produced

only by bacteria, yeast and other fungi, algae and some plants. Vitamin

B12 contains an octahedral cobalt(III) centre which is coordinated in the

four equatorial sites by a corrin ligand (related to a porphyrin, see Box

23.3) and in the axial positions by a ligand X� and a 5,6-dimethylbenzimida-

zole ribonucleotide unit. Structures 34.1 and 34.2 show benzimidazole and

5,6-dimethylbenzimidazole ribonucleotide; ribonucleotides are discussed in

Section 35.8. When cobalamin is isolated, X� is typically a cyano group.

The complex is then referred to as cyanocobalamin. In the body, the

important coenzymatic form of vitamin B12 contains a 50-deoxyadenosyl
group as the X� ligand. This is bonded to the cobalt centre through a

carbon atom as shown in structure 34.3.

Fig. 34.1 Examples of vitamins that contain heterocyclic rings.
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BIOLOGY AND MEDICINE

Box 34.1 Alkaloids

Alkaloid is a term used to cover a wide range of naturally

occurring organic, nitrogen-containing bases. Most alka-

loids are heterocyclic compounds, and most are optically

active, but are produced naturally as one enantiomer.

Many alkaloids are toxic, and in nature, they function

as a defence mechanism against predators. At the same

time, alkaloids are active ingredients in a large number

of drugs and medications. The pyridine ring is a building

block in many alkaloids. Other heterocyclic groups are

quinoline, isoquinoline and pyrimidine, all of which are

related to pyridine and are planar aromatic systems:

The alkaloid nicotine occurs in the leaves of the

tobacco plants Nicotinia tabacum and Nicotinia rustica

and is an addictive drug. When inhaled by a smoker,

nicotine binds to neuronal nicotinic acetylcholine recep-

tors. This leads to the release of dopamine, which is asso-

ciated with the pleasurable feeling that addicted smokers

crave. A molecule such as nicotine that activates a recep-

tor in the body is called an agonist. The alkaloid cytisine

(obtained from the laburnum tree, Cytisus laburnum) is

a partial agonist of nicotinic acetylcholine receptors.

Because it blocks the receptor sites that are activated

by nicotine, cytisine has been prescribed in Eastern

European countries since the 1960s to people trying

to stop smoking, i.e. it is a so-called smoking cessation

drug. In 2006, the US Food and Drug Administration

approved the use of varenicline as a smoking cessation

drug. This is a synthetic drug, manufactured by Pfizer

under the name of Champix�. Varenicline has struc-

tural features in common with cytisine, and is also a

partial agonist of nicotinic acetylcholine receptors.

Like nicotine, varenicline activates the receptor, leading

to dopamine release, but in smaller amounts and over

longer periods, thereby reducing the craving of a

smoker for nicotine.

Other alkaloid drugs, many of which are addictive,

include morphine (from opium poppies and highly

addictive), caffeine (a stimulant in tea and coffee, and

an additive to cola drinks), quinine (from cinchona

bark, and used in the treatment of malaria), cocaine

(found in coca, and stimulates the nervous system, see

Figure 12.19) and strychnine (occurs in the seeds of

the tree Strychnos nox vomica, and stimulates the ner-

vous system, causing convulsions and ultimately

death even when taken in relatively small doses).

Opium poppy (Papaver somniferum) with unripe seed head at

the centre of the flower; the plants and their unripe seed heads

produce a latex from which morphine can be extracted.
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Analgesic drugs such as morphine are prescribed to

reduce the feeling of pain, but the addictive side effects

are undesirable. The search for non-addictive analgesics

is therefore an area of active interest. Epibatidine is an

alkaloid that can be isolated from the skin of the

Ecuadorian tree frog (Epipedobates tricolor). It is a

powerful analgesic but has the side effect of causing

paralysis. A compound that is structurally related to

epibatidine, and shows analgesic effects but no paralysis,

has been synthetically produced; it functions in a similar

manner to epibatidine (but in a different manner from

morphine and related addictive analgesics) and is a

candidate to enter the pharmaceutical industry.

An especially potent natural toxin is the alkaloid

batrachotoxin which is secreted by the poison dart

frog Phyllobates terribilis. This toxin is used by the

Choco Indians in Colombia as a poison for blow-

pipe darts, and is far more toxic than strychnine.

Batrachotoxin causes irreversible nerve and muscle

damage by binding to nerve channels and, in particular,

affecting sodium channels. Ultimately, the alkaloid

causes death.

The poison dart frog Phyllobates terribilis.
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(34.1) (34.2)

(34.3)

Heterocyclic units also feature in adenosine diphosphate (ADP) and

adenosine triphosphate (ATP). In Box 22.9 and the associated text, we

discussed the role of ATP (34.4) as an energy store.

(34.4)

Structures 34.5–34.7 illustrate miscellaneous examples of heterocyclic com-

pounds found in nature. In humans, small amounts of uric acid are present

in urine. However, birds and reptiles metabolize nitrogen-containing com-

pounds to give uric acid as the main end-product. Uric acid contains 33%

nitrogen and, therefore, guano (the droppings of seabirds) is a commercial

source of nitrogenous fertilizer. Histamine is found in body tissues and is

released during allergic responses. Luciferin is responsible for the light-

emission (bioluminescence) of fireflies (see Box 22.9).

(34.5) (34.6) (34.7)
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Oxygen-containing 6-membered aromatic heterocycles occur in a wide

range of natural products in plants. Three basic building blocks are the

benzopyrylium cation, coumarin and chromone:

The red, blue and purple pigments in fruit and flowers are often compounds

called anthocyanins. These are glycosides of anthocyanidins:

The names of these anthocyanidins derive from plant genera such as pelargo-

nium, delphinium and petunia, all of which have brightly coloured red, blue

or purple flowers. Anthocyanins typically absorb light in the region 480–

550 nm (see Table 11.2) with large molar extinction coefficients in the

range 25 000 to 50 000 dm3 mol�1 cm�1. The characteristic spectroscopic

properties of pyrylium derivatives can be put to use in dyes. The example

below is a xanthylium derivative that is a calcium-specific fluorescent dye,

used to indicate the presence of Ca2þ in biological systems:

Drug manufacturers rely heavily on heterocyclic compounds, and we have

already mentioned a number of such compounds, for example Viagra�

(Box 5.3) and varenicline (Champix�, Box 34.1). Other commercially available

Glycosides: see Section 35.3

"
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pharmaceuticals include Diazepam, Zantac and Cimetidine:

Some hallucinogenic drugs are based on indole and two examples are psilo-

cybin and LSD-25:

The above examples illustrate a few of the many roles that heterocyclic com-

pounds play in nature and the pharmaceutical industry. Despite the structural

diversity of these compounds, you should be able to pick out several basic

building blocks. These units include pyridine, pyrrole, imidazole and pyrimi-

dine, all of which are aromatic and contain nitrogen as the heteroatom:

In this chapter, we introduce some important classes of aromatic heterocycles

that contain N, O or S heteroatoms.

34.2 Isoelectronic replacements for CH and CH2 units

In Chapter 29, we saw that an ether is related to a parent hydrocarbon

compound by replacement of a CH2 group by an O atom, for example:
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BIOLOGY AND MEDICINE

Box 34.2 Pheromones 2: ant trails

Nest of wood ants (Hochwald, Switzerland).

Pheromones are chemical messengers and are used to

communicate messages between insects of the same

species. For example, when worker ants discover

food, they secrete pheromones to mark a trail allowing

ants from the same nest to find the food supply. The

photograph shows a wood ants’ nest, the centre to

which food must be taken. When ants from the nest fol-

lowing the initial pheromone trail find and collect food,

they leave their own pheromone marker, thereby

reinforcing the message to other ants from the

colony. Not only are ants able to communicate the

location of a food source, the release of pheromones

is regulated so as to distribute the worker ants

efficiently between food sources of different qualities.

The trail-pheromones released by the pharaoh’s ant

(Monomorium pharaonis) are chiral pyrrolidine and

indozilidine derivatives, including:

(The synthesis of pyrrolidine 225C is the subject of end-

of-chapter problem 34.31.) The alkaloids (see Box 34.1)

shown above are among seven compounds known to

make up the trail-pheromones released by pharaoh’s

ants. This species of ant is particularly dependent

upon pheromones to map out foraging trails, in con-

trast to, for example, the black garden ant (Lasius

niger) which has well-developed visual skills for trail

recognition.

Heterocyclic compounds feature in a range of ant

pheromones. For example methyl 4-methylpyrrole-2-

carboxylate is a trail and alarm pheromone of the

Texas leaf-cutting ant (Atta texana), and 3-ethyl-2,5-

dimethylpyrazine is used for the same function by red

ants (Myrmica rubra).
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This replacement is made on the grounds that CH2 and O are isoelectronic.

Each possesses six valence electrons. Four electrons are involved in C�H
bond formation in a CH2 group, while an O atom possesses two lone

pairs, leaving two electrons available for bonding.

We can extend the idea of isoelectronic units so that we have ameans of relat-

ing N, O and S-containing heterocycles to parent hydrocarbons. In terms of

valence electrons, and remembering that O and S are both in group 16:

. CH2, NH, O and S are isoelectronic;

. CH, N, Oþ and Sþ are isoelectronic.

If we now make these substitutions in some representative cyclic hydro-

carbons, we can generate series of structurally related species:

While these series show structural relationships between compounds, we must

be careful not to assume that the bonding in the molecules within a given series

is the same. For example, whereas cyclopentadiene has two localized C¼C
bonds, pyrrole, furan and thiophene have delocalized bonding involving the

heteroatom and are aromatic. We discuss bonding in Section 34.4.

34.3 Nomenclature

So far in this book, each chapter on organic compounds has included a section

on nomenclature. One of the difficulties encountered by the beginner in hetero-

cyclic chemistry is the large number of ring types and the corresponding array

of names for parent heterocyclic rings.§ For this reason, we shall introduce new

names as we need them through the chapter. At this stage, you need to be

familiar only with pyridine, pyrylium cation, pyrrole, furan and thiophene, the

structures of which are shown on the opposite page.

Ring numbering

In monocyclic systems containing one heteroatom, ring atom numbering

begins at the heteroatom, and derivatives are named by using the position

of substitution, for example:

Isoelectronic: see
Section 5.12

"

§ For detailed guidelines on naming heterocyclic compounds, see the 1979 and 1993 recommen-
dations in the IUPAC ‘Blue Book’: www.acdlabs.com/iupac/nomenclature/
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Ring numberings for several other important molecules are given below for

reference. Note that in fused ring systems, the heteroatom is not necessarily

at position 1:

34.4 Structures of and bonding in aromatic heterocycles

Pyridine and the pyrylium cation

A molecule of pyridine is a planar, 6-membered ring (Figure 34.2) with bond

lengths and angles similar to those in benzene. However, the introduction of

one N atom into the ring means that all the bonds in the ring are not equiva-

lent. The bonding description that we gave for benzene in Section 32.2 is

equally valid for pyridine. Two Kekulé-like resonance structures may be

drawn (34.8). Alternatively, the bonding can be represented in terms of a

delocalized �-system (Figure 34.3) consisting of six overlapping 2p orbitals

(one from N and five from C atoms). Each C and N atom is sp2 hybridized.

After C�H and C�C �-bond formation (see Figure 32.3), each C atom

provides one electron to the �-system. The N atom has five valence electrons.

Two electrons are used in C�N �-bond formation, two remain localized

outside the ring as a lone pair, and one is involved in �-bonding. Pyridine

is therefore an aromatic, Hückel 6�-electron system.

Because pyridine and the pyrylium cation are isoelectronic, their bonding

can be described in a similar manner. However, one must take into account

the fact that the O atom carries a formal positive charge.

(34.8)

Hückel (4nþ 2) rule: see
Section 32.3

"

Fig. 34.2 The planar
structure of pyridine.

Colour code: C, grey; N, blue; H,
white.
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Pyrrole

A pyrrole molecule (34.9) consists of a planar, 5-membered ring, with each C

and N atom bonded to an H atom (Figure 34.4). Each of the C and N atoms

is sp2 hybridized and forms three �-bonds. This leaves a 2p orbital on each

atom in the ring available for �-bonding. In contrast to the N atom in pyr-

idine (Figure 34.3), the pyrrole N atom contributes its lone pair of electrons

to the delocalized �-system (Figure 34.4). The 5-membered ring in pyrrole

therefore possesses six �-electrons and obeys the Hückel (4nþ 2) rule.

Pyrrole is therefore an aromatic heterocycle.

Within valence bond theory, the bonding in pyrrole can be represented in

terms of the following set of resonance structures:

Throughout the rest of this chapter, we shall represent pyrrole using

structure 34.9. However, you must remember that this is only one of the

contributing resonance structures and that the lone pair on the N atom is

delocalized into the �-system.

Furan and thiophene

Furan (34.10) and thiophene (34.11) are structurally related and possess

planar, 5-membered rings. Considering only valence electrons, O, S and

(34.9)

Fig. 34.3 Overlap of the C and N 2p orbitals in pyridine results in delocalized bonding and a 6�-electron system. The N atom
lone pair occupies an outward-pointing orbital. The diagram on the left-hand side shows a representation of the �-bonding MO
generated computationally using Spartan ’04, # Wavefunction Inc. 2003.

Fig. 34.4 Overlap of the C and N 2p orbitals in pyrrole results in delocalized bonding and a 6�-electron system. The N
lone pair is involved in this delocalized bonding. The diagram on the left-hand side shows a representation of the �-

bonding MO generated computationally using Spartan ’04, # Wavefunction Inc. 2003.
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NH are isoelectronic. The bonding in furan and thiophene can therefore be

described in a similar way to that in pyrrole. The sp2 hybrid orbitals of the N

atom in pyrrole are involved in the formation of three �-bonds (two N�C
and one N�H). In contrast the three sp2 hybrid orbitals of the O atom in

furan are used to form two O�C �-bonds and to accommodate one lone

pair of electrons. The second lone pair resides in an oxygen 2p orbital and

is involved in �-bonding (Figure 34.5). The 5-membered ring in furan pos-

sesses 6�-electrons, obeys the Hückel (4nþ 2) rule, and is therefore an aro-

matic system. Similarly, thiophene is a 6�-aromatic species, and a bonding

scheme analogous to that shown in Figure 34.5 can be drawn.

The bonding in furan or in thiophene can be described using valence bond

theory by drawing out a set of resonance structures just as we did for pyrrole.

Resonance stabilization for furan is achieved from the contributing

structures shown below:

Aromatic character of pyrrole, furan and thiophene

Evidence for aromatic character in pyridine, pyrrole, furan and thiophene

comes from NMR chemical shift data. The archetypal aromatic compound

is benzene. In the 1H NMR spectrum of benzene, the six equivalent protons

give rise to a signal at � 7.2 ppm (Figure 32.6). This lies in the region

� 6�10 ppm that is typical for aromatic protons (Table 14.3). The 1H

NMR spectroscopic data for the C�H protons in pyrrole, furan and

thiophene are given below and in each case, the chemical shift values are

indicative of aromatic character:

A comparison of the proton chemical shifts with those of the ‘alkene’

protons in the model dihydro-compounds shows a consistent shift to

higher frequency for the aromatic species.

(34.10)

(34.11)

Deshielding of aromatic
protons: see Box 32.2

"

Fig. 34.5 In furan, the O atom has two lone pairs of electrons. One lone pair occupies an outward-pointing sp2 hybrid
orbital. The second lone pair occupies a 2p orbital and is involved in the delocalized �-system. The diagram on the right-hand

side is a more realistic representation of the �-bonding MO, generated computationally using Spartan ’04, # Wavefunction
Inc. 2003.
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We have now established that the 5-membered heterocycles pyrrole, furan

and thiophene possess aromatic character, but is the extent of aromaticity

the same for each compound? The easiest way of measuring ‘how aromatic’

a compound might be is to compare it with a hypothetical non-aromatic

form. In the case of benzene, it is possible to compare the experimental heat

of hydrogenation with that calculated for a cyclohexatriene with isolated

and alternating single and double bonds. The difference is the resonance stabi-

lization energy, which is 149 kJmol�1 in the case of benzene (see Figure 32.2).

A similar calculation for pyridine yields a stabilization energy of 145 kJmol�1,
virtually the same as benzene. In the case of the 5-membered rings, this

approach yields stabilization energies for the delocalized forms of 67, 92 and

122kJmol�1 for furan, pyrrole and thiophene respectively. On this basis, we

may say that thiophene is the most aromatic and that the aromatic characters

of thiophene, pyrrole and furan follow the order:

We shall see later how the differences in aromaticity affect the reactivity of

these compounds.

34.5 Physical properties and uses

Pyridine

Pyridine is a colourless liquid (mp 231.3K, bp 388.2K) and has a charac-

teristic smell. It is toxic, and prolonged exposure may cause sterility in

men. It is polar (34.12, N is ��) with a dipole moment of 2.22D for the

gas phase molecule. Pyridine has a similar density (0.98 g cm�3) to water

(1.00 g cm�3), and is miscible with water and with a range of organic solvents

including alcohols, ethers and benzene.

Pyridine is widely used as a solvent and has applications in the plastics

industry and in the manufacture of some pharmaceuticals. Nicotinic acid (see

Figure 34.1) is a derivative of pyridine and is an essential vitamin in the diet

of mammals. The name ‘nicotinic acid’ derives from the alkaloid nicotine

(Figure 34.6 and see Box 34.1) which may be oxidized to nicotinic acid. Imida-

cloprid is an insecticide which is structurally related to nicotine. It is used to

control the whitefly Bemisia tabaci (Figure 34.6) which affects a wide range

of vegetables and has become a pest in the US on melon crops. Whitefly is

also a serious pest on cotton plants, and the ability of whiteflies to develop resis-

tance to many insecticides is problematical. The pyridine-based insecticide

pyriproxyfen (a juvenile hormone mimic which acts as an insect growth regula-

tor) is used globally against whitefly on cotton, andwas introduced in theUS in

1996. Pyriproxyfen is chiral (Figure 34.6), but is manufactured and applied as a

racemate.

Pyrrole

Pyrrole is a colourless liquid (bp 402.8K, density 0.97 g cm�3) when freshly

distilled, but the liquid darkens in the presence of O2. It is only sparingly

(34.12)
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 soluble in water, but dissolves easily in alcohols, ethers and benzene. Pyrrole

is polar with a gas-phase dipole moment of 1.74D. Pyrrole is used to make

polypyrrole, an electrically conducting polymer that may be used as the

electrode in lithium ion batteries or capacitors. A large number of pyrrole

derivatives have medicinal applications and the pyrrole ring is a key

structural feature in porphyrins and related macrocycles.

Furan

Furan is a colourless liquid (bp 304.4K, density 0.94 g cm�3). It is insoluble in
water, but dissolves in alcohols and ether. The furan molecule is polar with a

gas-phase dipole moment of 0.66D. Furan vapour has anaesthetic properties,

although the compound is highly toxic and the liquid can be absorbed

through skin. There is some concern today about the occurrence of furan

and furan derivatives in canned and preserved foods, where they arise from

the breakdown of carbohydrates. The fully reduced compound, tetrahydro-

furan (THF), is widely used as a solvent, having properties similar to diethyl

ether.

Fig. 34.6 The insecticides imidacloprid (structurally related to nicotine) and pyriproxyfen are used worldwide to control
the whitefly Bemisia tabaci on commercial melon and cotton crops. Colour code in structures: C, grey; N, blue; O, red; Cl,

green; H, white. The photograph shows adult whiteflies and their eggs.
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Thiophene

Thiophene is a liquid (bp 357.2K, density 1.06 g cm�3) that is insoluble

in water, but miscible with a range of organic solvents. Thiophene is polar

with a gas-phase dipole moment of 0.55D. Thiophene is a naturally

occurring component in petroleum, often to the extent of 1–2%. There is

considerable interest in the development of hydrodesulfurization catalysts

that will remove the sulfur from thiophene and related sulfur-containing

compounds before combustion (which would otherwise lead to the formation

of sulfur dioxide and sulfuric acid). Thiophene is used in industry as a

solvent and as the starting point for a wide range of derivatives. Oxidative

polymerization leads to polythiophene, a conducting polymer that is under

intensive investigation as a component in a wide range of electronic devices.

34.6 Pyrrole, furan and thiophene: syntheses

The disconnection approach (retrosynthesis)

When planning the syntheses of most heterocyclic compounds (or complex

molecules in general), a suitable preparative route can be designed by

using the disconnection approach, i.e. working backwards from the desired

product to determine appropriate precursors. This method is also called

retrosynthesis. In order to apply this approach, you must have a working

knowledge of basic bond-forming reactions. We have covered the principal

reactions that we need for heterocyclic formation in earlier chapters and

expand upon them below.

In the disconnection approach, equations are written in the following

format:

The type of arrow is important because it indicates that this is a retrosynthetic

step, i.e. an ‘exercise on paper’. Before we look at the application of the discon-

nection approach to the formation of pyrrole, furan and thiophene, we review

a key reaction type, that of aldehydes and ketones with amines.

Reactions of aldehydes and ketones with amines

In Section 33.14, we saw how nucleophilic attack by NH3 on an aldehyde

or ketone leads to the formation of a C�N bond and an imine via an

intermediate aminol:

Acid rain: see Box 22.12

"

1256 CHAPTER 34 . Aromatic heterocyclic compounds



 

Analogous reactions occur with primary amines, RNH2, to yield imines of

type 34.13. When a secondary amine reacts with an aldehyde or ketone,

the product is an enamine:

Using the disconnection approach, we view enamine formation in reverse

and represent the synthesis as follows:

We are now in a position to look at how we can apply the reaction of

a carbonyl group and an amine or NH3 to the formation of a nitrogen-

containing heterocycle.

Syntheses of pyrrole, furan and thiophene

Equation 34.1 illustrates the disconnection of a pyrrole ring and shows that

a suitable precursor for pyrrole is a dicarbonyl compound. In addition to

forming pyrrole itself, the reaction scheme also allows for the introduction

of substituents into the ring, for example, equation 34.2.

ð34:1Þ

ð34:2Þ

Equation 34.1 indicates that the synthesis of pyrrole can be carried out by

treating butanedial with ammonia. The mechanism can be represented as

(34.13)
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Mechanism: see
end-of-chapter problem 34.7

"

follows, although the precise sequence of steps could vary:

Furans are also prepared starting from a 1,4-dione. Dehydration of butane-

dial gives furan (equation 34.3).

ð34:3Þ

The best way to prepare thiophene (equation 34.4) is by use of a thionating

agent to convert butanedial into the corresponding thiocarbonyl compound.

Lawesson’s reagent or P2S5 is convenient for this purpose. Once formed,

cyclization by loss of H2S is facile.

ð34:4Þ

34.7 Pyrrole, furan and thiophene: reactivity

Protonation of pyrrole

In Chapter 31, we described how amines (RNH2, R2NH or R3N) can be

protonated (equation 34.5). The basic character depends on the availability

of the lone pair of electrons on the N atom. Thus, aniline, C6H5NH2, only
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Amines as bases: see
Section 31.4

(34.14)

(34.15)

"

Table 34.1 pKa values for selected aliphatic amines, aniline and pyrrole. See alsoTables 31.2
and 32.4.

Compound pKa of conjugate acid

Ethylamine (EtNH2) 10.81

Diethylamine (Et2NH) 10.49

Triethylamine (Et3N) 11.01

Aniline (PhNH2) 4.63

Pyrrole (structure 34.14) <0

behaves as a weak base because resonance stabilization involving the N lone

pair precludes its ready availability for protonation (equation 32.57 and dis-

cussion). As we have already seen, the relative basicities of amines can be

quantified by comparing pKb values of the bases (equation 34.5) or the

pKa values of their conjugate acids (equation 34.6).

RNH2 þH2OÐ RNH3
þ þOH�

pKb refers to protonation of base ð34:5Þ

RNH3
þ þH2OÐ RNH2 þH3O

þ

pKa refers to loss of Hþ from conjugate acid ð34:6Þ

The pKa values for selected conjugate acids of amines are listed in Table 34.1

and are compared with the pKa value for the conjugate acid of pyrrole. This

value indicates that pyrrole (34.14) does not behave as a typical amine and is

a very weak base. In fact, pyrrole more often acts as an acid than a base,

and may be deprotonated by strong bases. Pyrrole is a relatively weak acid

(equation 34.7), but is a considerably stronger acid than the saturated analogue

pyrrolidine (pKa ¼ 44).

pKa ¼ 17:5 ð34:7Þ

The reason that pyrrole is not basic can be understood by looking at

Figure 34.4. This shows that the lone pair on the N atom in pyrrole is

involved in the 6�-electron system and is unavailable to accept a proton.

Pyrrole can be protonated, but protonation at a carbon atom and not at

nitrogen results in more stable species. If the N atom were the site of proto-

nation, the aromatic character of the pyrrole ring would be lost (structure

34.15). The preferred site of protonation is atom C(2) (i.e. adjacent to the

N atom) and this can be rationalized in terms of resonance stabilization of

the protonated species, although the C(3) protonated species is also present

in the equilibrium mixture:
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The relative stabilities of the various sites of protonation are given by the pKa

values for the conjugate acids: protonation at C(2) has a pKa value of �3.8,
at C(3), a pKa of �5.9, and at nitrogen the pKa is about �10. Interestingly,
the rate of protonation is fastest at nitrogen, with protonation at C(2) being

about twice as fast as C(3). A complication of protonation by strong acids is

the reaction of the protonated species with pyrrole. The reaction continues

and eventually forms a polymer:

An analogous polymerization occurs when thiophene is protonated.

Electrophilic substitution: general mechanism

Pyrrole, furan and thiophene are all susceptible to attack by electrophiles,

and are generally more reactive towards electrophiles than is benzene.

Furan is the most reactive of the three compounds towards electrophiles:

Electrophilic substitution often occurs at the C(2) atom (equation 34.8 where

Eþ is a general electrophile), although, in many cases, changes in reaction

conditions or the electrophilic reagent may be used to tune the major product

to that with substitution at C(2) or C(3).

ð34:8Þ

We can understand the reason why substitution occurs at atom C(2) rather

than at C(3) by considering the relative stabilities of the two possible
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intermediates. For electrophilic attack at atom C(2), the first step in the

mechanism is:

For attack at C(3), there is less resonance stabilization of the intermediate:

Figure 34.7 shows a general reaction profile for a two-step reaction such as

electrophilic substitution in pyrrole, furan or thiophene. The greater the reso-

nance stabilization of the intermediate, the lower its energy. The energy of

transition state {TS(1)}‡ is also lowered. As a consequence, the activation

energy, Ea(1), of the rate-determining step is lowered, and the rate of reaction

is increased. The second (fast) step in each substitution pathway can be

represented as follows:

Compare this with the
discussions in Section 32.10

"

Fig. 34.7 Reaction profile for a
general two-step reaction showing
the relative energy levels of the
transition states (TS) and
intermediate.
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In each of the following examples of electrophilic substitution, the preference

for substitution is at the 2-position of the ring. The conditions for electrophi-

lic substitution in the 5-membered aromatic heterocycles are milder than

those used for analogous substitutions in benzene, and multi-substitution

often occurs. Thiophene protonates primarily at the C(2) and C(3) positions.

Electrophilic substitution: halogenation

The halogenation of pyrrole is facile and the reaction is difficult to control.

Tetrahalo-derivatives tend to form, and no Lewis acid catalyst is needed

(equation 34.9).

ð34:9Þ

Choice of solvent can be important. For example, reaction of furan with

Br2 in methanol leads to compound 34.16 rather than a bromo-derivative.

This is an example of the formation of a 2,5-addition to furan occurring in

preference of a substitution product, and is a complication that we shall

see again later.

Electrophilic substitution: acylation

Whereas the acylation of benzene uses Friedel–Crafts conditions, pyrrole

and furan are unstable in the presence of Lewis acids such as AlCl3
or BF3. These heterocycles are therefore acylated using the Vilsmeier reac-

tion. In the first step, the electrophile is generated by the reaction of N,N-

dimethylformamide (DMF) or a derivative (RCONMe2) and POCl3 (equa-

tion 34.10).

ð34:10Þ

The electrophile now reacts with the aromatic heterocycle, and the product is

hydrolysed in aqueous Na2CO3 to give an acyl derivative. Equation 34.11

shows the formation of pyrrole-2-carbaldehyde.

(34.16)

Friedel–Crafts acylation:
see Section 32.9

"
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ð34:11Þ

Thiophene can be acylated using Friedel–Crafts conditions, for example

reaction 34.12.

 
ð34:12Þ

Nitration

In contrast to the use of a mixture of concentrated nitric and sulfuric acids for

the nitration of benzene, the sensitivity of pyrrole and furan to acids means

that they cannot be used to nitrate these heterocycles. The nitration of

pyrrole, furan and thiophene is carried out using acetyl nitrate. This is

formed from the reaction of HNO3 with acetic acid and acetic anhydride.

Pyrrole and thiophene react with acetyl nitrate to give 2-nitropyrrole (and

3-nitropyrrole in a 5 : 1 ratio) and 2-nitrothiophene (and 3-nitrothiophene

in a 6 : 1 ratio), respectively (equation 34.13). However, when furan reacts

with acetyl nitrate, a 2,5-addition product is formed (equation 34.14). The

ð34:13Þ
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reaction must be carried out in the presence of pyridine to ensure the

formation of 2-nitrofuran (equation 34.15).

ð34:14Þ

ð34:15Þ

Electrophilic substitution: sulfonation

The sulfonation of pyrrole, furan and thiophene can be carried out using a pyr-

idine adduct of SO3. This acts as a source of SO3, but allows the reaction to be

carried out under milder conditions than if SO3 itself were used (compare with

equation 32.33). The sulfonation of pyrrole gives exclusively the 3-sulfonate

(equation 34.16).§ In contrast, sulfonation of thiophene and furan with the

pyridine SO3 adduct gives the expected 2-substituted products.

ð34:16Þ

§ See: A.Mizuno, Y. Kan, H. Fukami, T. Kamei, K.Miyazaki, S. Matsuki and Y. Oyama (2000)
Tetrahedron Letters, vol. 41, p. 6605 – ‘Revisit to the sulfonation of pyrroles: is the sulfonation
position correct?’
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Diels–Alder cyclizations

In a Diels–Alder reaction (or [4þ 2] cycloaddition), a dienophile adds across

a 1,3-diene to give a cyclic product. We have already seen that among thio-

phene, pyrrole and furan, the oxygen-containing heterocycle has the least

aromatic character. Consistent with this is the fact that furan acts as a

diene and readily undergoes Diels–Alder cyclization reactions. In equation

26.7, we showed the stereospecific formation of the endo-product when a die-

nophile reacts with cyclopentadiene. Equation 34.17 shows an analogous

reaction involving furan. This time, the exo-product is favoured.

ð34:17Þ

The difference between the stereospecificities of reactions 26.7 and 34.17

lies in the difference between isolating a kinetic or thermodynamic product.

Diels–Alder reaction 26.7 is irreversible and the kinetic endo-product can be

isolated. In contrast, under the conditions used for reactions of furan with

dienophiles, the process is reversible and the isolated product is the more

thermodynamically stable diastereoisomer, i.e. the exo-product.

34.8 Pyridine and pyrylium ion: syntheses

The Hantzsch synthesis of pyridine

By using the disconnection approach, we can plan the synthesis of pyridine as

follows:

Diels–Alder reactions: see
Section 26.3

"
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The reasoning behind this scheme makes use of several bonding-forming

reactions that we introduced in Chapter 33. Disconnecting the 1,4-dihydro-

pyridine is more straightforward than disconnecting pyridine, i.e. planning

the synthesis of 1,4-dihydropyridine can be achieved readily. The 1,4-

dihydropyridine is easily oxidized to pyridine using an oxidizing agent

such as a quinone, cerium(IV), nitric acid or even air. The synthesis of 1,4-

dihydropyridine occurs most readily if electron-withdrawing substituents

are present in the 3- and 5-positions of the final ring (see below). These

substituents also activate and control the condensation reactions early in

the reaction sequence. Working through the retrosynthesis, we can see that

the final cyclization is the addition of NH3 to one carbonyl group of the

1,4-dicarbonyl compound, followed by cyclization of an imine with the

second carbonyl group. The 1,4-dicarbonyl compound is formed by addition

to an enone, which in turn is formed by an aldol reaction. In practice, the

synthesis of 1,4-dihydropyridine is carried out as a ‘one-pot’ reaction in

which the four reagents are mixed in the correct molar ratios. The specific

assembly of the 6-membered ring from four small molecules is quite

remarkable: this is the Hantzsch synthesis of pyridine and can be represented

in the following disconnections:

Notice the flexibility of the synthesis. Not only can it be used to prepare

pyridine, but it also allows the introduction of various substituents, R, into

the pyridine ring.

So how does the Hantzsch synthesis work? The precise details of the

mechanism are not known, and probably vary slightly with differing

substituents. However, a reasonable pathway starts with the reaction of

the enolate of a keto-ester with an aldehyde. The product of this reaction

is in equilibrium with its enolate form:

Review reactions of enolates
at the end of Chapter 33

"
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Loss of OH� from the enolate (probably after initial protonation so that

the leaving group is H2O rather than OH�) generates an unsaturated

carbonyl compound. This is called a Knoevenagel product, and it reacts

with the second equivalent of the starting keto-ester in its enolate form:

The 1,5-dicarbonyl compound now reacts with NH3 to give the 1,4-dihydro-

pyridine (equation 34.18). The mechanism for this reaction is the same as that

for the reaction of 1,4-butanedione with NH3 to give pyrrole (see equation

34.2 and the following mechanism).

ð34:18Þ

Finally, the 1,4-dihydropyridine must be oxidized to give an aromatic

pyridine derivative (equation 34.19). A number of oxidizing agents can be

used, including quinone and cerium(IV); the latter is reduced to cerium(III).

ð34:19Þ

A direct method of preparing pyridine or a substituted derivative of

pyridine is the reaction a 1,5-dicarbonyl compound with hydroxylamine,

NH2OH. This introduces an NOH group into the ring and the intermediate

1,4-dihydropyridine eliminates H2O (equation 34.20).

ð34:20Þ

Quinones: see Box 32.3

"
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The Hantzsch synthesis is used in the preparation of two calcium antago-

nists, nifedipine and amlodipine, prescribed for the treatment of hyperten-

sion (high blood pressure). Calcium antagonists (or calcium channel

blockers) inhibit the flow of Ca2þ ions into the heart. In turn, the heart

demands less O2, and the arteries are able to dilate. Both nifedipine and

amlodipine are derivatives of 1,4-dihydropyridine. A route to nifedipine is

the one-pot Hantzsch synthesis shown below:

Alternatively, the synthesis may be carried out in two steps, with the Knoe-

venagel product isolated as the intermediate:

The 1,4-dihydropyridine ring in amlodipine carries a basic side chain in the

2-position, and is sold as a maleate salt in which the pendant NH2 group of

amlodipine is protonated. Amlodipine is chiral (see structure in the margin).

Although the activity of the drug arises mainly from the (�)-enantiomer, it is

sold as a racemate. Amlodipine is prepared in a multistep synthesis, the basic

group being introduced last. The first reaction below produces the unsatu-

rated Knoevenagel intermediate:
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The following step assembles the reagent needed to react with the Knoevena-

gel intermediate:

Then, reaction of the carbonyl compounds with ammonium acetate (an alter-

native to NH3) results in the formation of a 1,4-dihydropyridine:

Finally, the pendant azido group is reduced to the basic amine functionality:

Synthesis of the pyrylium cation

The synthesis of the pyrylium cation is related to the Hantzsch synthesis of

pyridine, the precursor being a 1,5-dicarbonyl compound. In the case of

the pyrylium cation, however, the heteroatom is already present as part

of one of the carbonyl groups. Substituted pyrylium cations can be prepared

in the same way as the parent compound by using a suitably substituted 1,5-

dicarbonyl compound. Starting from a representative 1,5-dicarbonyl

compound, a Lewis acid such as BF3 is used to activate a carbonyl group.

Monoenolization is then the initial step that produces a nucleophile to

facilitate ring closure:
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After protonation, the molecule is set up to undergo elimination of H2O:

The product at this stage of the reaction is 4H-pyran (or a derivative thereof).

An oxidation step is needed to convert this to a pyrylium cation, and this step

involves the abstraction of a hydride ion, H�. In equation 34.21, the choice of

[Ph3C][BF4] as the hydride abstracting agent means that the pyrylium cation

is isolated as a tetrafluoridoborate salt.

ð34:21Þ

34.9 Pyridine: reactivity

Pyridine as a base

The presence of the outward-pointing lone pair of electrons on the N atom in

pyridine (Figure 34.3) means that pyridine acts as a base. Thus, pyridine

reacts with acids to form pyridinium salts, e.g. equation 34.22.

ð34:22Þ

The pyridinium cation has a pKa value of 5.25 (equilibrium 34.23) and is

therefore a slightly weaker acid than acetic acid (pKa ¼ 4.77).

pKa ¼ 5:25 ð34:23Þ

Quaternary pyridinium salts (34.17) can be prepared by treating pyridine

with an alkyl iodide, e.g. reaction 34.24. Salts of paraquat (34.18) are(34.17) (34.18)
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potent, non-selective contact herbicides. Paraquat works by disrupting

electron transfer processes. The dication readily accepts an electron to

form a radical monocation. Paraquat is extremely toxic, and now has

restricted uses. In Sweden, it has been banned since 1983.

ð34:24Þ

Electrophilic substitution in pyridine

Compared with benzene, pyridine is deactivated towards electrophilic

substitution and exhibits a reactivity similar to that of nitrobenzene. In

part, this arises from the electron-withdrawing effects of the N atom, i.e.

an inductive effect draws electronic charge towards the N atom making the

C atoms �þ. Pyridine reacts with Br2 but only at high temperatures (equation

34.25). Pyridine can be nitrated using concentrated HNO3/H2SO4 (i.e. the

same conditions as for the nitration of benzene), but 3-nitropyridine is

isolated only in very poor yields. The reason for the lack of success in this

reaction is that the pyridine N atom is protonated in acidic solution and the

ring deactivated even further towards electrophilic attack. A much more

successful route involves the use of N2O5 in the presence of SO2 (equation

34.26). This reaction involves the initial formation of N-nitropyridinium

ion (34.19).§

ð34:25Þ

ð34:26Þ

When electrophilic substitution in pyridine does occur, it typically does so at

the 3-position. This can be rationalized in terms of the possible intermediates

for 2-, 3- and 4-substitution by a general electrophile Eþ:

Inductive effect: see
Section 27.4

(34.19)

"

§ For proposed mechanistic details, see: J.M. Bakke (2003) Pure and Applied Chemistry, vol. 75,
p. 1403.

Pyridine: reactivity 1271



 

Remember (from Chapter 32) that the 6�-aromatic system is destroyed on

forming the intermediate. One C atom is sp3 hybridized and tetrahedral

(e.g. structure 34.20 where the orange atom is the electrophile). The inter-

mediates in the 2- and 4-substitution pathways have resonance forms in

which the positive charge is localized on the N atom. For 3-substitution,

the positive charge in the intermediate is localized only on C atoms. Since

N is more electronegative than C, it is less favourable to have the positive

charge localized on N than C. Therefore, the lowest energy pathway from

reactants to products is that for 3-substitution.

Pyridine does not undergo normal Friedel–Crafts reactions, because the

Lewis acid catalyst (e.g. AlCl3) forms an adduct with pyridine (34.21).

Electrophilic substitutions occur more readily in pyridine derivatives that

contain electron-donating groups than in pyridine itself. For example, OR

and NR2 substituents each possess lone pair electrons that can be delocalized

into the �-system of the pyridine ring. Electrophilic substitutions occur ortho

or para to the OR or NR2 groups, for example:

Activation of pyridine towards electrophiles: use of pyridine
N-oxide

The pyridine ring can be activated towards electrophilic substitution by first

converting pyridine to pyridine N-oxide (equation 34.27). This oxidation

may be carried out using one of a number of oxidants; both H2O2 in acetic

acid and 3-chloroperbenzoic acid are convenient choices. Pyridine N-oxide

is stabilized because a lone pair of electrons is conjugated into the

�-system of the pyridine ring (Figure 34.8). Pyridine N-oxide is isoelectronic

with the phenoxide ion, and the extension of the �-system is analogous to

that described for phenol in structure 32.34.

(34.20)

(34.21)

Orientation and activation
effects of substituents in
aromatic rings: see Table
32.3 and accompanying

discussion

"
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ð34:27Þ

Pyridine N-oxide now reacts with an electrophile, substitution at the

4-position being the most favoured product (scheme 34.28 in which Eþ is a

general electrophile). The substituted pyridine N-oxide is finally reduced

using PCl3. The mechanism of this last step involves nucleophilic attack by

the O atom of the pyridine N-oxide on PCl3, and transfer of oxygen from

N to P (equation 34.29). This reduces the pyridine N-oxide and oxidizes

PCl3 to POCl3.

ð34:28Þ

ð34:29Þ

Electrophilic substitutions that are carried out this way include nitration

(equation 34.30). This route gives 4-nitropyridine, compared to the forma-

tion of 3-nitropyridine when pyridine is treated with N2O5 followed by

HSO3
� and H2O (equation 34.26).

ð34:30Þ

Fig. 34.8 (a) Pyridine-N-
oxide has a planar struc-

ture (colour code: N, blue; O, red;
C, grey; H, white). (b) The �-
system of the pyridine ring is
extended to include a 2p orbital
and a lone pair of electrons from
the O atom. This representation
of the �-bonding MO was gener-
ated using Spartan ’04, #Wave-
function Inc. 2003.
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Activation of pyridine: use of pyridones

Another way of activating pyridine towards electrophilic attack is to use

2- or 4-hydroxypyridine as the starting compound. Each hydroxy derivative

behaves similarly to an enol and, thus, there is keto-like form called a

pyridone. Each of the tautomer equilibria 34.31 and 34.32 lies predominantly

over to the right-hand side, although the position of the equilibrium is very

sensitive to the solvent and substituents that are present.

ð34:31Þ

ð34:32Þ

The stability of 2-pyridone with respect to 2-hydroxypyridine, and of 4-

pyridone with respect to 4-hydroxypyridine, is due to resonance stabilization:

In contrast, 3-hydroxypyridine exists solely in the enol-like form.

Pyridones reactmore readily with electrophiles than does pyridine. Equation

34.33 shows a general mechanism for electrophilic substitution in 4-pyridone,

with the electrophile, Eþ, entering ortho to the keto-group. Electrophilic

substitution in 2-pyridone may occur ortho or para to the C¼O (see end-of-

chapter problem 34.17).

ð34:33Þ

The reaction of a pyridone with POCl3 is an important means of generating a

chloropyridine derivative. For example, when 2-pyridone reacts with POCl3,

the product is 2-chloropyridine (scheme 34.34). Similarly, 4-pyridone can be

converted into 4-chloropyridine. The crucial feature of a chloro-derivative

Keto–enol tautomerism:
see Section 33.6

"
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is that Cl� is a good leaving group and this activates pyridine towards

nucleophilic substitution.

ð34:34Þ

Reactions of pyridine and chloropyridines with nucleophiles

We have already seen that the electronegativity of the N atom in pyridine

means that the ring C atoms are �þ and are therefore deactivated towards

attack by electrophiles. On the other hand, this charge distribution makes

the C atoms susceptible to attack by nucleophiles (equation 34.35 where

X� is a general nucleophile).

ð34:35Þ

Attack at atoms C(2) and C(4) is more favourable than at the C(3) position.

This is readily understood if we look at the resonance stabilization for the

intermediate in each reaction. Because the N atom is more electronegative

than a C atom, any intermediate in which the negative charge can be

localized on nitrogen is favourable:
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The intermediates for substitution at the 2- and 4-positions are therefore

energetically more stable than that for 3-substitution. Lowering the energy

of an intermediate also lowers the energy of the preceding transition state.

This in turn lowers the activation energy of the step (see Figure 34.7 and

accompanying discussion).

In a nucleophilic substitution reaction in pyridine, the leaving group is a

hydride ion H�. This is a poor leaving group, but its loss is facilitated in

the presence of a hydride acceptor. An example is the reaction of pyridine

with NaNH2 (sodium amide or sodamide). This is shown in equation 34.36

and is called the Chichibabin reaction. The amino-substituted product

cannot be isolated initially because it is basic and readily deprotonates

under the reaction conditions.

ð34:36Þ

The mechanism of this reaction can be represented as shown below, but this

is an oversimplification. The NH2
� in the first step is supplied as NaNH2,

and the Naþ in the second step comes from the same source:

Since H� is such a poor leaving group, it is not the most useful of precursors

for nucleophilic substitutions in pyridine. Chloropyridines (see equation

34.34) are far better choices because Cl� is a good leaving group. 2-

Chloro- and 4-chloropyridine are more reactive with respect to nucleophilic

substitution than is 3-chloropyridine. Equations 34.37 and 34.38 show

general mechanisms for nucleophilic substitution by a nucleophile X� in

2-chloropyridine and 4-chloropyridine respectively.

ð34:37Þ

ð34:38Þ
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Chloropyridines are useful starting materials for synthesizing a range

of derivatives of pyridine. Examples starting from 2-chloropyridine are

shown in Figure 34.9. Similar reactions can readily be carried out with 4-

chloropyridine as the precursor. Bromopyridines are also useful precursors

for nucleophilic substitution reactions, and are also used in the lithiation

reactions described below.

Lithiation of pyridine

The lithiation of pyridine is a useful first step for the introduction of

substituents at the 2-, 3- or 4-positions of the aromatic ring. Scheme 34.39

exemplifies this, starting from 2-bromopyridine. Equation 34.40 gives a

specific example of synthesis involving a lithio-derivative.

ð34:39Þ

ð34:40Þ

34.10 Pyrylium ion: reactivity

The reactions described below provide a selective introduction to the

chemistry of the pyrylium ion. Being positively charged, the pyrylium ion

is highly deactivated towards reactions with electrophiles. The pyrylium

Fig. 34.9 Representative
nucleophilic substitution
reactions of 2-chloropyridine
illustrating the general use of
chloropyridines in synthesis.
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cation reacts readily with nucleophiles and one facile, but reversible, reaction

is that with water, which opens the 6-membered ring:

The position of equilibrium is sensitive to pH, and the pyrylium ion can be

stabilized by working in acidic media.

Reaction with NH3 converts the pyrylium ion to pyridine (equation 34.41).

ð34:41Þ

Analogous reactions occur with primary amines, RNH2, to yield pyridinium

salts.

34.11 Nitrogen-containing heterocycles with more than one
heteroatom

In this section, we introduce a number of nitrogen-containing heterocycles

that are especially important in biological systems. It is beyond the scope

of this book to give more than a superficial coverage, and we focus attention

only on structures and why these compounds are important. We meet more

nitrogen-containing heterocycles in the next chapter.

Imidazole

Using the isoelectronic principle (Section 34.2), we can replace a CH unit in

pyrrole by an N atom and generate imidazole (34.22). The two N atoms

in imidazole are quite different from one another in terms of bonding. One

N atom bears an outward pointing lone pair of electrons and contributes

one electron to the �-system. The other is bonded to an H atom and contri-

butes two electrons to the �-system (Figure 34.10). Thus, like pyrrole, imida-

zole is aromatic.

In terms of acid–base behaviour, we expect the two N centres in imidazole

to behave differently and this is what is observed. The first N atom behaves as

Mechanism: see
end-of-chapter
problem 34.21

(34.22)

"
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a base and can be protonated (equations 34.42 and 34.43), while the NH

group can be deprotonated. Imidazole is a very weak acid (equation

34.44), but not as weak as pyrrole (equation 34.7).

ð34:42Þ

pKa ¼ 6:95 ð34:43Þ

pKa ¼ 14:5 ð34:44Þ

Imidazole can exist in two tautomeric forms but, of course, the

two tautomers are identical (equation 34.45). In a derivative such as

4-methylimidazole, the tautomer equilibrium results in rapid interconversion

of 4- and 5-methylimidazole (equation 34.46).

ð34:45Þ

ð34:46Þ

Fig. 34.10 Overlap of the C and N 2p orbitals in imidazole results in delocalized bonding and a 6�-electron system. The
NH group contributes two electrons to the �-system. The second N atom contributes one electron to the �-system and has

an outward-pointing lone pair of electrons. The diagram on the right-hand side is a more realistic representation of the �-bonding
MO, generated computationally using Spartan ’04, # Wavefunction Inc. 2003.
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Imidazole is an important building block in nature. It occurs in histamine

(34.6) and in the amino acid histidine (34.23) which we have encountered

as a protein residue in haemoglobin (see Boxes 5.2 and 16.2). L-Carnosine

(b-alanyl-L-histidine, 34.24) is a dipeptide (see Section 35.6 that occurs in ske-

letal muscle and functions as a free-radical scavenger. The anti-ulcer drug

Cimetidine (see Section 34.1) is also a derivative of imidazole.

(34.24)

Diazines: pyrimidine, pyridazine and pyrazine

Pyrimidine (Figure 34.11) is a member of the family of the aromatic

diazines and is isoelectronic with pyridine and benzene. Each atom in the 6-

membered ring contributes one electron to the �-system, and the bonding in

pyrimidine can be described in an analogous manner to that in pyridine

(Figure 34.3). Each N atom carries a lone pair of electrons, accommodated

in an outward-pointing sp2 hybrid orbital. Pyrimidine therefore behaves as a

base, but it is less basic than pyridine, i.e. the conjugate acid of pyrimidine

is a stronger acid than the pyridinium ion (compare equations 34.47 with

equation 34.23).

pKa ¼ 1:23 ð34:47Þ

Pyridazine (34.25) and pyrazine (34.26) are isomers of pyrimidine and also

contain aromatic, planar rings. Both act as bases, and the pKa of the

conjugate acids of pyridazine and pyrazine are 2.24 and 0.65, respectively.

In nature, pyrimidine is far more important than the other diazines. The

nucleobases cytosine, uracil and thymine that we discuss in Section 35.8

are derivatives of pyrimidine and are essential to life. Fusion of pyrimidine

to imidazole gives purine (34.27), and the other essential naturally occurring

nucleobases (adenine and guanine) are derivatives of purine.

(34.23)

(34.25) (34.26)

(34.27)

Fig. 34.11 Pyrimidine is a planar, 6�-electron aromatic molecule. Colour code: C,
grey; N, blue; H, white.
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SUMMARY

In this chapter, we have introduced aromatic heterocyclic compounds, which are of particular signifi-
cance in biology. Without nitrogen-containing heterocyclic derivatives, our bodies would not function.
We have shown how the introduction of an N, O or S heteroatom into a 5- or 6-membered planar,
aromatic ring alters both the bonding and reactivity when compared with all-carbon analogues.

Do you know what the following terms mean?

. heteroatom

. heterocycle

. disconnection approach

. imine

. enamine

. hydroxypyridine–pyridone tautomerism

You should be able:

. to give examples of biologically important
heterocyclics

. to draw the structures of pyridine, the pyrylium
cation, pyrrole, furan and thiophene

. to give bonding descriptions for pyridine and
the pyrylium ion and explain why they are
aromatic

. to give bonding descriptions for pyrrole, furan
and thiophene and state which electrons
contribute to their aromatic �-systems

. to compare the relative aromaticities of pyrrole,
furan and thiophene

. to explain in general terms what is meant by the
disconnection approach

. to give synthetic routes to pyrrole, furan and
thiophene

. to describe the acid–base properties of pyrrole

. to give a general mechanism for electrophilic
substitution in pyrrole, furan and thiophene

. to give examples of electrophilic substitution
reactions in pyrrole, furan and thiophene and
comment on substitution patterns

. to illustrate Diels–Alder cycloadditions to furan

. to give synthetic routes to pyridine and the
pyrylium ion

. to illustrate how pyridine acts as a base

. to give examples of electrophilic substitution
reactions of pyridine and to compare them
with analogous reactions of benzene

. to describe ways of activating pyridine towards
electrophilic attack

. to illustrate the reactions of pyridine with
nucleophiles and explain why halopyridines
are better precursors for these reactions than
pyridine

. to describe how the pyrylium ion reacts with
water and comment on how the heterocycle
can be stabilized against such hydrolysis

. to give examples of heterocycles that contain
more than one N atom and comment on their
biological significance

PROBLEMS

34.1 Name the following heterocyclic compounds:

34.2 Draw the structures of (a) pyridine, (b) indole,

(c) the pyrylium cation and (d) imidazole.

34.3 Draw the structures of (a) 4-methylpyridine,

(b) 2-chloropyrrole, (c) 1,4-dihydropyridine,

(d) tetrabromopyrrole, (e) nicotinic acid.

34.4 (a) How many isomers of dimethylpyridine do

you expect? Draw their structures and give

each a systematic name.

(b) Draw diagrams to show the dipole moments in

furan and pyrrole.

34.5 (a) Explain how thiophene achieves a 6�-aromatic

system. (b) What experimental evidence is there for

the aromatic character of thiophene? (c) Does

thiophene possess more or less aromatic character

than furan? Rationalize your answer.
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34.6 (a) Using a disconnection approach, suggest

suitable precursors for the synthesis of

2,5-dimethylpyrrole. (b) Propose a mechanism for

the formation of 2,5-dimethylpyrrole from the

starting materials you have suggested.

34.7 Suggest a mechanism for the formation of furan

from butanedial (equation 34.3).

34.8 Rationalize the following pKa values which refer to

the conjugate acids of the nitrogen-containing

heterocycles shown:

34.9 Explain why protonation of thiophene by a strong

acid leads to the formation of a polymer.

34.10 Suggest products for the following reactions, and

for reaction (a), propose a mechanism.

34.11 Using the disconnection approach, illustrate how

you might plan a synthesis for pyridine.

Rationalize your synthetic strategy.

34.12 Illustrate the role of pyrylium ion derivatives in

certain flower petals.

34.13 In the synthesis of the pyrylium ion, the

penultimate product is a 4H-pyran. Draw the

structure of 4H-pyran and give the conditions

under which it can be converted to the pyrylium

ion.

34.14 Suggest products in the following reactions:

34.15 Suggest how the following reactions may proceed,

paying attention to the stereochemistry of the

products.

34.16 (a) Why is the acylation of pyrrole not carried out

under Friedel–Crafts conditions?

(b) With reference to the nitration of pyrrole,

show how acetyl nitrate behaves as a nitrating

agent. Which site in pyrrole is preferentially

nitrated?

34.17 Propose mechanisms for the reaction of

2-pyridone with a general electrophile, Eþ, to give

(a) the 3-substituted and (b) the 5-substituted

products.

34.18 Explain why nucleophilic substitution occurs more

readily in 4-chloropyridine than in

3-chloropyridine.

34.19 Suggest products for the reaction of

4-chloropyridine with (a) NH3, (b) NaSPh, (c)

hydrazine and (d) NaOEt. Give a scheme that

shows the mechanism of the reaction between

4-chloropyridine and NH3.
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34.20 Three isomeric chloro-derivatives of pyridine (A, B

and C) analyse as containing 40.58% C, 2.04% H

and 9.46%N. The 1HNMR spectroscopic data for

the compounds are as follows where d¼ doublet,

dd¼ doublet of doublets and t¼ triplet:

Compound
1
H NMR � / ppm

A 7.66 (t, J ¼ 7:6Hz),
7.31 (d, J ¼ 7:6Hz)

B 8.64 (d, J ¼ 2:1Hz),
8.25 (t, J ¼ 2:1Hz)

C 8.70 (dd, J ¼ 3:0 and 0.3Hz),
8.13 (dd, J ¼ 9:0 and 3.0Hz),
7.68 (dd, J ¼ 9:0 and 0.3Hz)

In each isomer, Cl atoms are in either the 2- or 3-

position with respect to the N atom. Suggest

structures for A, B and C.

34.21 Propose a mechanism for reaction 34.41.

ADDITIONAL PROBLEMS

34.22 Suggest how aniline might react with compound A

to give compound B. Propose a mechanism for the

reaction.

34.23 (a) Suggest why 2,6-dichloropyridine is an

important intermediate in the manufacturing

of organic pharmaceuticals.

(b) Comment on the synthetic usefulness of the

reaction of pyridine with H2O2.

34.24 For each of the following heterocycles, comment

on the ease of electrophilic substitution with

respect to analogous reactions of benzene. In

which of the heterocycles would the introduction

of electron-donating groups aid electrophilic

substitutions in the ring? Give examples of

electron-donating groups and state the associated

orientation effects.

34.25 Suggest products for the following reactions, all of

which are used in the synthesis of aromatic

heterocycles.

ðaÞ
R R

O O

+   N2H4

ðbÞ
R R'

O O

+

H2N NH

R''

ðcÞ

R

O

R'

O

P2S5

CHEMISTRY IN DAILY USE

34.26 Anthocyanins are glycosides of anthocyanadins

and are often responsible for the red, blue and

purple colours of flowers. The colour of

anthocyanins depends on the substituents (H, OH

or OMe) and on the pH. Malvidin is an

anthocyanadin, and Figure 34.12 shows two of the

species present in an aqueous solution of the

anthocyanin derived from malvidin. (a) Suggest,

with reasoning, which way the equilibrium in

Figure 34.12 will lie at pH<1. Draw an arrow-

pushing mechanism that accounts for the shift in

equilibrium at low pH. (b) The electronic

absorption spectrum of A shows an absorption

maximum at �570 nm, while B absorbs at

�520 nm. At pH 10, �max � 610 nm. To what

observed colours do these absorptions correspond?

(c) The species present in solution at pH 10 is

neither A nor B. Suggest what occurs to generate

the species present at this pH.
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34.27 Rimonabant (marketed under the name

Acomplia� by Sanofi-Synthelabo) is an anti-

obesity drug, approved for use in the UK in 2006.

The drug contains a central pyrazole ring:

H
N

N

Pyrazole

‘Structure-activity relationships’ are routinely

used to investigate how structural modifications to

an existing drug alter its properties. The last three

steps in the synthesis of a compound related to

rimonabant are shown below. (a) Complete the

missing parts of the scheme, and deduce the

structure of the model drug. (b) What is the name

of the heterocyclic ring at the centre of the model

drug?

Cl

O

O

ClCl

H2N

H2N

O

OH
+

(i) NaOH, MeOH
(ii) air oxidation

?

SOCl2

?

N NH2

Model drug

34.28 The drug vardenafil is a phosphodiesterase

inhibitor and is marketed by Bayer as the

hydrochloride trihydrate (Levitra� and Nuviva�)

for the treatment of male erectile dysfunction.

N

N
S

O

O

O N
N

H
N O

N

Vardenafil

The scheme below shows one step in the synthesis

of vardenafil:

OEt

N
H

O
H
N

NH

Cl

O

A

K2CO3

(a) To what other drug is varenafil structurally

related? (b) Suggest a mechanism for the reaction

shown above, and identify compound A.

34.29 The following heterocyclic compound is found in

tea and tobacco plants, and is also one of the

pheromones by which red fire ants recognize their

queen. Only the (R)-enantiomer occurs naturally.

O

O

Fig. 34.12 Two of the species present in an aqueous solution of the glycoside of malvidin. In the structures, Gly stands for a
glycosyl group (see Section 35.2).
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 (a) Where is the asymmetric carbon atom in the

above structure? (b) Draw the structure of the (R)-

enantiomer, and explain how the (R)-label is

assigned.

34.30 Fludioxonil and pyrimethanil are fungicides. They

are used to treat seeds before planting, and are

applied to vines to prevent the growth of grey

mould, caused by the fungus Botrytis cinera. The

solubility of fludioxonil in water is 1.8 g dm�3 (at
298K), and of pyrimethanil is 0.12 g dm�3.

(a) What are the names of the nitrogen heterocycles

present in these compounds? (b) Are the molecules

chiral? If so, indicate where the stereogenic centres

are. (c)What features of the molecules contribute to

their being soluble in water?

34.31 Figure 34.13 shows a multistep synthesis of the

pheromone pyrrolidine-225C (see Box 34.2). (a) Say

what you can about the type of reaction occurring

in each step, including the role of the BOC group.

(b) What is the overall yield of pyrrolidine-225C

with respect to the initial precursor?

Fig. 34.13 Multistep synthesis of the pheromone pyrrolidine 225C. Each percentage yield refers to the product of each step in
the synthesis. [Data: F. A. Davis et al. (2006) Org. Lett., vol. 8, p. 2273.]

H
N

N

N

Pyrimethanil

O

O
F

F

N
H

C

N

Fludioxonil
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35
Molecules
in nature

35.1 The molecules of life

In this chapter, we consider somemolecules that are essential to life. In the last

chapter, we looked at a number of heterocyclic compounds that are used by

nature as building blocks in biological molecules. We introduced DNA in

Box 21.6, where we illustrated the role that hydrogen bonding plays in

supporting its structure. The classes of molecule with which we are

concerned in the chapter are carbohydrates, lipids, amino acids, peptides,

proteins and nucleic acids.

Chiral molecules are everywhere in nature, and you should review

Section 24.8 (‘Stereoisomerism and diastereoisomers’) before studying

Chapter 35. In particular, make sure that you are familiar with the prefixes

D- and L-, and can apply and interpret sequence rules.

We begin with a look at carbohydrates. Carbohydrates contain C, H and O

and were originally considered as ‘hydrates of carbon’, e.g. glucose has the

formula C6H12O6 or (CH2O)6. The family of carbohydrates consists of

simple sugars (monosaccharides) and molecules in which the simple sugar

units are connected together to give disaccharides and polysaccharides.

Two important polysaccharides are starch (with a role in energy storage in

living systems) and cellulose (the building material of cell walls in plants).

35.2 Monosaccharides

Acyclic (open) forms of monosaccharides

Monosaccharides (sugars) are a source of energy in metabolic processes, and

include glyceraldehyde, ribose, glucose, fructose, mannose and galactose.

Topics

Carbohydrates

Lipids

Amino acids

Peptides

Proteins

Nucleic acids

RNA and DNA

The classes of carbohydrate

are monosaccharides,

disaccharides and

polysaccharides.



 

Of these, glucose is the most important. The simplest is glyceraldehyde.

Structural properties common to monosaccharides are that:

. there is at least one asymmetric carbon atom;

. an aldehyde or a ketone group is present in the ‘open form’ (see later) of

the sugar;
. two or more OH groups are present.

Monosaccharides with an aldehyde functionality in their open form are

called aldoses and those with a ketone group are ketoses.

Glyceraldehyde contains one asymmetric C atom and has two enantiomers

35.1 and 35.2. The D- and L-descriptors derive from the direction in which a

given enantiomer rotates the plane of polarized light. These labels tell us

nothing about the absolute configuration. This is given by using sequence

rules: (R)- and (S)-glyceraldehyde. The overall information is provided by

the names (R)-(þ)-glyceraldehyde and (S)-(�)-glyceraldehyde. In general,

nature is specific to the formation of D-sugars, and we shall mainly be

concerned with these stereoisomers in this chapter.

HO H

O

H OH

L-Glyceraldehyde
(S)-(–)-Glyceraldehyde

HO H

O

OH

HO H

O

HO H

D-Glyceraldehyde
(R)-(+)-Glyceraldehyde

HO H

O

OH

(35.1) (35.2)

Extension of the carbon chain, starting from glyceraldehyde and by the

introduction of CH(OH) groups, leads to families of monosaccharides

called tetroses (four C in the chain with two asymmetric C atoms),

pentoses (five C with three asymmetric C atoms) and hexoses (six C with

four asymmetric C atoms). Going from glyceraldehyde to a tetrose means

going from one to two asymmetric C atoms, and the combinations (R,R),

(R,S), (S,R) and (S,S) are possible. Two of these stereoisomers rotate the

plane of polarized light in the same direction, and two rotate it in the

opposite direction. The naturally occurring (D or �) sugars possess (R,R)

and (S,R) centres respectively and are called D-erythrose (35.3) and D-

threose (35.4). In 35.3, 35.4 and related structures, the carbon chain is

numbered from the end carrying the aldehyde functionality.

(35.3) (35.4) (35.5)

As the chain lengthens, more stereoisomers are possible. There are 2n

stereoisomers for a molecule containing n stereogenic centres. A pentose

contains three asymmetric carbon atoms (35.5) and eight stereoisomers can

be drawn: (R,R,R), (R,R,S), (R,S,R), (R,S,S), (S,R,R), (S,S,R), (S,R,S)

and (S,S,S). Four of these are D-sugars and four are L-sugars. The

naturally occurring sugars are D-ribose, D-arabinose, D-xylose and D-lyxose

Monosaccharides which, in

their open form, possess an

aldehyde functionality are

called aldoses; those with a

ketone group are ketoses,

e.g. glucose is an aldose and

fructose is a ketose.

D- and L-Glyceraldehyde,
use of (+) and (�) and

sequence rules:
see Section 24.8

Nature tends to be

specific to the formation of

D-sugars.

It is not possible to tell from

the D- or L-label of a sugar

which way the sugar will

rotate the plane of polarized

light, e.g. D-glucose is

dextrorotatory (þ), but
D-fructose is laevorotatory

(�).

There are 2n stereoisomers

for a molecule containing

n stereogenic centres.

"
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THEORY

Box 35.1 Fischer and Haworth projections

The structures of sugars have traditionally been

represented by using Fischer projections. These are

named after Emil Fischer who devised this method of

representing sugar structures in 1891. Fischer was

awarded the 1902 Nobel Prize in Chemistry ‘in recogni-

tion of the extraordinary services he has rendered by

his work on sugar and purine syntheses’.

Hermann Emil Fischer (1852–1919).

A Fischer projection focuses on the open form of the

sugar and draws the carbon backbone as a vertical,

linear chain. The substituents are drawn on the left and

right sides of the chain, and all the substituents project

out of the plane of the paper towards you. This

stereochemistry is understood in the diagram, and is

not shown explicitly. For example, the left-hand dia-

gram below shows a Fischer projection for D-glucose.

On the right, the diagram is redrawn with stereo-

chemical information about the substituents added:

In reality, the environment of each C atom is

tetrahedral, and so the right-hand structure above

translates to the structure below:

A ball-and-stick representation of this structure is as

follows:

As we discuss in the text, the open form of a sugar is

in equilibrium with one or more ring forms. These can

be represented by Haworth projections, named after

Norman Haworth who shared the 1937 Nobel Prize in

Chemistry ‘for his investigations on carbohydrates and

vitamin C’. The co-recipient of the prize in 1937 was

Paul Karrer ‘for his investigations on carotenoids,

flavins and vitamins A and B2’. In a Haworth

projection of a sugar molecule, the ring conformation

is simplified to a planar representation. D-Glucose has

two ring forms: the 6-membered ring ( pyranose form)

is greatly favoured over the 5-membered ring

( furanose form). Haworth projections of the ring

forms of D-glucose are shown below (a- and b-forms

are discussed in the text):

O

CHOH

H

OH

H OH

H
H

OH

CH2OH

O

CHOH

H

OH

H OH

H
OH

H

CH2OH

O

CHOH

H

OH

H OH

H

CH2OH

OH

α-Furanose form of 
D-glucose

β-Furanose form of 
D-glucose

Furanose form of D-glucose: no specified 
sterochemistry at atom C(1)

1288 CHAPTER 35 . Molecules in nature



 

(Figure 35.1). A hexose contains four stereogenic centres (35.6) and 16

stereoisomers are possible. Eight D-sugars occur naturally (Figure 35.1).

Figure 35.1 shows only D-monosaccharides. The corresponding L-

monosaccharides are their enantiomers. For example, D- and L-threose are

enantiomers, being (2S,3R)- and (2R,3S)-threose, respectively. Each set of

tetroses, pentoses or hexoses shown in Figure 35.1 consists of

diastereoisomers. Any two monosaccharides that differ in configuration at

only one stereogenic centre are called epimers: D-ribose and D-arabinose are

epimers, as are D-glucose and D-mannose (Figure 35.1). Remembering that

the carbon chain is numbered from the end carrying the aldehyde group, it

follows that for the tetroses:

. D-ribose and D-arabinose are C2 epimers;

. D-ribose and D-xylose are C3 epimers;

. D-lyxose and D-xylose are C2 epimers;

. D-arabinose and D-lyxose are C3 epimers.

The shortest chain aldose is the triose glyceraldehyde, and this contains

one asymmetric carbon atom (Figure 35.1). The shortest chain ketose that

can be drawn is 35.7. However, this is achiral and is not classified as a

monosaccharide. Thus, ketoses contain four, five or six carbon atoms and

have a C¼O group at atom C2. Figure 35.2 shows the series of D-ketoses,

starting with D-erthrulose. The most important ketose is fructose.

(35.6)

(35.7)

Cyclic forms of monosaccharides

In all the structures we have drawn so far, the carbon chain of the

monosaccharide is in an acyclic (open) form. However, for each molecule, an

H

OH
H OH

H
H

OH

O

CH2OH
H

OH
H OH

H
OH

H

O

CH2OH

H

OH
H OH

H
O

CH2OH

OH

α-Pyranose form of 
D-glucose

β-Pyranose form of 
D-glucose

Pyranose form of D-glucose: no specified 
sterochemistry at atom C(1)

OH

OH

OH

The rings actually adopt non-planar conformations

(see Figures 25.3 and 25.4). Of the possible conforma-

tion for the 6-membered ring, the chair is energe-

tically favoured. The Haworth projection of the

pyranose form of b-D-glucose shown above translates

to the following structure:

H

O
HO

HO
OH

OH

β-D-Glucose

H

H
H

H

OH

A ball-and-stick representation of this structure is:

We restrict our use of Fischer and Haworth

projections to this short introduction. In the main

text, we use diagrams that clearly show the chain

formation in the open forms of sugars, or the chair

conformation of the 6-membered rings.
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equilibrium exists between the acyclic and one or more cyclic forms. The

equilibrium arises because of nucleophilic attack by an OH group on the

C atom of the carbonyl group. Cyclization of glucose to a 6-membered ring

(a pyranose form) is shown below. Ring closure produces a new asymmetric

Fig. 35.1 The series of naturally occurring D-aldoses, starting from the triose D-glyceraldehyde which contains one stereogenic
centre. Each of the tetroses D-threose and D-erythrose contains two stereogenic centres. Each of the pentoses contains three
stereogenic centres, and each hexose has four stereogenic centres.
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C atom (C1 in the diagrams below) and two stereoisomers can be formed.

These are called anomers and are labelled a- and b-forms (Figure 35.3):

Fig. 35.2 The series of D-ketoses, starting from D-erythrulose which contains one stereogenic centre. Each of the pentoses
D-ribulose and D-xylulose contains two stereogenic centres, and each hexose has three stereogenic centres.
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This ring closure is summarized in equation 35.1 in which the stereochemistry

at the anomeric centre is not specified. The ‘wavy line’ is used to show that the

OH group can be in either an axial or equatorial position.

ð35:1Þ

The process is reversible and ring opening is represented in equation 35.2.

ð35:2Þ

Steps 35.1 and 35.2 combine to give the ring closing and opening

equilibrium 35.3. The cyclic form of a sugar is a cyclic hemiacetal, and it is

the stability of the hemiacetal that pushes equilibrium 35.3 in favour of the

cyclic form of glucose.

ð35:3Þ

Hemiacetal: see towards the
end of Section 33.14

"

Fig. 35.3 Ball-and-stick structures of (a) a-D-glucose (pyranose form), (b) b-D-glucose (pyranose form) and (c) D-fructose
(furanose form). Colour code: O, red; C, grey; H, white.
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Formation of a 6-membered ring is not the only possibility. The

6-membered ring forms when the OH attached to atom C(5) of the open

chain of D-glucose (Figure 35.1) attacks the carbonyl C atom. But if, for

example, the OH attached to C(4) were to attack, a 5-membered ring (the

furanose form of glucose) would result. However, the favoured ring closure

is to the pyranose form of D-glucose, and similarly for the other hexoses.

For the pentoses, formation of a 5-membered ring is the most favourable

and equation 35.4 illustrates the formation of the furanose form of ribose:

ð35:4Þ

Again, this reaction is reversible, and the open form of ribose is in

equilibrium with the furanose form, the cyclic form predominating.

Structure 35.8 shows the open form of D-fructose with the carbon atom

numbering in the chain. Ring closure by attack of an OH group on the

carbonyl C atom (C2) can give either the furanose form (5-membered ring) or

pyranose form (6-membered ring) of D-fructose as is shown in Figure 35.4. At

room temperature, an aqueous solution of the equilibrium mixture shown in

Figure 35.4 contains �76% of the b-pyranose form, �20% of the b-furanose
form, �4% of the a-furanose form, with negligible amounts of the a-pyranose
and open forms.

A 6-membered ring form of

a sugar is the pyranose

form; a 5-membered ring is

the furanose form. The

names derive from the

heterocycles pyran and

furan:

(35.8)

Fig. 35.4 Cyclic hemiacetal formation in D-fructose leading to a- and b-pyranose and furanose forms, all of which are in equili-
brium with the open form.
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BIOLOGY AND MEDICINE

Box 35.2 Glycosides in nature

Purple foxglove (Digitalis purpurea).

The term cardiac glycoside is given to members of

a family of drugs that stimulate the heart. Cardiac

glycosides are obtained from several plants including

purple foxglove (Digitalis purpurea), woolly foxglove

(Digitalis lanata), yellow foxglove (Digitalis lutea),

common oleander (Nerium oleander), yellow oleander

(Thevetia peruviana) and lily-of-the-valley (Convallaria

majalis). Although cardiac glycosides can be used for

treatment purposes, if misused, they have toxic effects

that can be fatal.

Digitalin (or digoxin, and marketed under this and

similar names) is obtained from the leaves of Digitalis

lanata and is used in the treatment of patients

who suffer from a failing heart. Its structure is shown

below:

Colour code: C, grey; O, red; H, white. The structure was determined by X-ray diffraction: K. Go et al. (1979) Cryst. Struct.

Commun., vol. 8, p. 149.
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Glycoside formation from monosaccharides

The reaction of the cyclic form of a monosaccharide with an alcohol converts

the hemiacetal into an acetal (equation 35.5). The acetal is called a glucoside

and is wholly in the ring form, i.e. there is no equilibrium involving ring and

open forms. Acid-catalysed hydrolysis of a glucoside results in the formation

of the corresponding monosaccharide.

ð35:5Þ

Glycosides are common in nature (see Box 35.2), and a glycoside link

connects sugar building blocks to a wide variety of organic units including

other sugars. We return to this in Section 35.3.

Reduction of a monosaccharide

The open form of an aldose or ketose is reduced by NaBH4: the aldehyde or

ketone functionality is reduced to a primary or secondary alcohol respectively:

Monosaccharides as reducing sugars

The aldehyde group of an aldose is oxidized to a carboxylic acid (diagram

35.9) by a number of oxidizing agents. Coupled with a visual (e.g. colour)

change, this provides the basis for laboratory tests for so-called reducing

sugars. The oxidizing agents most commonly used are:

. Fehling’s solution (aqueous CuSO4, sodium potassium tartrate and

NaOH) which turns from blue to an orange-red precipitate of Cu2O

(Figure 35.5);
. Benedict’s solution (aqueous CuSO4, Na2CO3 and sodium citrate) which

turns from blue to a brick-red precipitate of Cu2O;
. Tollen’s reagent (a solution of Ag2O in aqueous NH3) which deposits an

Ag mirror on reduction from Ag(I) to Ag(0).

Figure 35.5 shows the results of Fehling’s tests carried out on aqueous glucose

solutions of different concentrations and on an aqueous solution of sucrose.

The copper(II) ions oxidize the aldehyde group in glucose; copper(II) is

(35.9)
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reduced to copper(I) which is precipitated as orange-red copper(I) oxide.

Sucrose has no aldehyde group and is not oxidized by Fehling’s reagent.

35.3 Disaccharides and polysaccharides

Disaccharides: sucrose and lactose

Reaction 35.5 showed the reaction between a monosaccharide and an alcohol

to form a glycoside. Sugars are themselves alcohols, and two or more sugars

can be connected through glycoside linkages to give disaccharides,

trisaccharides and so on. Glycoside bond formation in a disaccharide

involves the hemiacetal OH (i.e. the one attached to atom C(1)) of the first

sugar and one OH group in the second monosaccharide. In theory, a large

number of isomers may form. Using the notation that the unprimed atom

(see 35.10) belongs to the first sugar (in either the a- or b-form) and the

primed atom belongs to the second (in either the a- or b-form),

possibilities for glycoside bond formation between two hexoses include

a-C(1)–a-C(1’), a-C(1)–a-C(2’), a-C(1)–a-C(3’), a-C(1)–a-C(4’), a-C(1)–
a-C(6’), b-C(1)–b-C(1’), b-C(1)–b-C(2’), b-C(1)–b-C(3’), b-C(1)–b-C(4’)
and b-C(1)–b-C(6’). However, in nature di- and polysaccharide assembly is

carried out by enzymes and, because they work so specifically,

reproducible and specific linkage formation is achieved.

Lactose and sucrose are examples of disaccharides. Lactose is the main

sugar component in milk, and sucrose is the common sugar in plants.

A disaccharide (e.g. lactose

and sucrose) contains two

monosaccharide units

connected by a glycoside

linkage.

(35.10)

Fig. 35.5 Fehling’s test for sugars. Five test tubes showing the colour changes observed when using Fehling’s reagent (blue) to
test for the presence of simple sugars. From left to right, the test tubes contain: no sugar (control), 0.1%glucose solution (cloudy blue),
1% glucose solution (orange), 10% glucose solution (brown), and sucrose (no colour change).
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Acid-catalysed hydrolysis of disaccharides cleaves the glycoside links and

produces the component sugars:

     

     

Nature provides enzymes that carry out this task. Sucrose is hydrolysed by

the enzyme invertase, while lactase catalyses the hydrolysis of lactose. In

biological systems, di- and polysaccharides are a means of storing

monosaccharides until they are required, with enzymic hydrolysis releasing

them. On a commercial scale, glucose is produced by the acid-catalysed

hydrolysis of starch (a polysaccharide, see below). In Box 35.3, we

highlight natural and artificial sweeteners.

Polysaccharides

Polysaccharides include starch, cellulose and glycogen. Starch is continually

being made in living cells and is continually being broken down again by

enzymic hydrolysis. Starch has two components: amylose and amylopectin.

Amylose is water-soluble. It is composed of 200–1000 a-glucose units

connected into straight chains by 1,4’-glycoside linkages (see 35.10):

Amylopectin has a paste-like consistency. It consists of branched chains of

>1000 a-glucose units. 1,4’-Glycoside linkages are present within the

straight parts of the chain, but points of branching involve 1,6’-glycoside

linkages. Starch is a source of glucose for the body and is broken down by

Starch, cellulose and

glycogen are

polysaccharides.

Disaccharides and polysaccharides 1297



 

BIOLOGY AND MEDICINE

Box 35.3 Adding the sweetness factor

Natural sugars include glucose, sucrose (cane and beet

sugar), fructose and lactose (milk sugar). Honey, for

example, is a mixture of glucose and fructose. The

term sweetener is reserved for food additives that are

not natural sugars. Under a European Parliament

and Council Directive in June 1994, certain permitted

sweeteners for use in foodstuffs have been designated

and these (identified by their E-numbers) are:

E420 Sorbitol (both sorbitol and sorbitol syrup)

E421 Mannitol

E950 Acesulfame-K (Kþ salt of acesulfame)

E951 Aspartame

E952 Cyclamic acid and its Naþ and Ca2þ salts

E953 Isomalt

E954 Saccharin and its Naþ, Kþ and Ca2þ salts

E957 Thaumatin

E959 Neohesperidine DC

E965 Maltitol (both maltitol and maltitol syrup)

E966 Lactitol

E967 Xylitol

Sweeteners are classified as either bulk or intense

sweeteners. Sorbitol, mannitol, isomalt, maltitol, lactitol

and xylitol come into the ‘bulk’ category, and the

remaining sweeteners listed above are ‘intense’. Sorbitol

occurs naturally in a range of fruits and berries, e.g.

berries of the mountain ash tree (Sorbus aucuparia).

Aspartame is sold under several tradenames, e.g.

NutraSweet and Spoonful. Although approved for use

as an additive in foods and drinks, aspartame remains

controversial. There is evidence that it can cause num-

erous side effects including headaches, nausea, depress-

ion, fatigue and insomnia, as well as more serious

conditions.
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the action of the enzyme amylase, present in saliva and the pancreas. Sources

of starch in our diets include potatoes, bread, pasta and cereals.

Cellulose is the main component of cell walls in plants. It consists of chains

of 500–3000 b-glucose units connected by 1,4’-glycoside linkages:

Despite the similarity in structure between cellulose and amylose, humans

have the necessary enzymes to digest only amylose. Herbivores such as sheep

and cows, on the other hand, obtain glucose by digesting cellulose. Cellulose

is not only important as the structural material in plants. Because it is

renewable and biodegradable, it is increasingly in demand as a raw

material for commercial polymers. Although the cellulose content of

cotton plants is >90%, wood (which contains 40–50% cellulose) is the

main commercial source of this natural polymer. Most cellulose goes into

the manufacture of paper and cardboard, with a small percentage being

converted into cellulose acetate for the synthetic fibres and plastics

industry (see Figure 33.9). Cellulose nitrate is prepared by treating

cellulose with nitric acid in the presence of H2SO4 and water (equation

35.6), and the degree of substitution can be varied by altering the HNO3

concentration. It is used in the manufacture of plastics, adhesives, lacquers

and binders, and (if the nitrogen content is relatively high, �13%) in

explosives.

(35.6)

Modern fibre manufacturing processes include the production of lyocell

(Figure 35.6), manufactured under the name of Tencel�. A coagulated

solution of cellulose in N-methylmorpholine N-oxide (35.11) is spun into

fibres, the solvent being removed as the fibres are washed. Recycling of the

solvent adds to the environmental advantages of using renewable sources

for a polymer that is biodegradable. Lyocell fibres have a higher tensile

strength than cotton. They also have the property of partially breaking up

into microfibres known as fibrils. If the extent of fibrillation is small,

lyocell has a soft texture and is used in the clothing industry. In contrast,

the paper industry uses lyocell that exhibits a high degree of fibrillation.

Glycogen is stored in the liver and is a source of glucose for the body.

Its structure is complex, consisting of cross-linked chains of a-glucose
units. 1,4’-Glycoside linkages are present within straight chain sections of

(35.11)
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the structure, while branching involves 1,6’-glycoside linkages. Tens of

thousands of a-glucose units are present in a molecule of glycogen and its

molecular weight is � 4� 106. In the body, glucosidases are the enzymes

responsible for breaking down glycogen into glucose.

35.4 Lipids

Lipids play an essential role in the structure and function of membranes that

separate living cells from the surrounding environment. Lipids also act as

energy reserves.

Classification of lipids

The IUPAC defines lipids as ‘substances of biological origin that are soluble in

non-polar solvents which consist of saponifiable lipids, such as glycerides (fats

and oils) and phospholipids, as well as non-saponifiable lipids, principally

steroids.’ Many lipids contain ester linkages, and the term saponifiable

means that the ester can be hydrolysed in basic solution to give an alcohol

and the salt of a carboxylic acid (see Figure 33.10). Figure 35.7 shows how

lipids may be classified, although this scheme is oversimplified.x

Fig. 35.6 Scanning electron micrograph (SEM) of lyocell fibres. The polymer is used in the textile and paper industry, and
because it is based on cellulose, it is biodegradable.

§ See: E. Fahy et al. (2005) ‘A comprehensive classification system for lipids’, Journal of Lipid
Research, vol. 46, p. 839.
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Fatty acids

Fatty acids are long chain monocarboxylic acids, several of which have been

mentioned earlier in this book. The carbon chain can be saturated or

unsaturated, and shorthand notation is often used to indicate the number of

C atoms and the number of C¼C bonds. Examples of saturated fatty acids

include lauric acid (C12 chain, shorthand notation 12 : 0 meaning

12 C atoms and no C¼C bonds), myristic acid (C14 chain, notation 14 : 0),

palmitic acid (C16 chain, notation 16 : 0) and stearic acid (C18 chain,

notation 18 : 0, Figure 35.8). In nature, palmitic acid is the most abundant

saturated fatty acid. The most important unsaturated fatty acids are oleic

acid (notation 18 : 1 or 18 : 1(n�9)) and linoleic acid (notation 18 : 2 or

18 : 2(n�6)). The first notation gives the number of C atoms and the number

of C¼C bonds, e.g. 18 : 1 means a C18 chain that contains one C¼C bond.

The second notation includes the position of the first double bond, counting

along the carbon chain from the terminal CH3 group,x e.g. 18 : 1(n�9)
shows that the C¼C bond in oleic acid is between carbon atoms C9 and

C10, counting from the terminal CH3 group, Figure 35.8. Carbon�carbon
double bonds in naturally occurring unsaturated fatty acids almost always

exhibit a (Z)-configuration. When there are two or more C¼C bonds, a

fatty acid is polyunsaturated. Adjacent C¼C bonds in a fatty acid are always

separated by one CH2 unit (Figure 35.8 and structures 35.12 and 35.13).

Polyunsaturated linoleic acid (Figure 35.8) and a-linolenic acid (35.12)

are principal components of plant lipids. Linoleic acid and a-linolenic
acid are (n�6) and (n�3) fatty acids, respectively, and are essential

fatty acids because they cannot be synthesized by mammals. They are

therefore essential dietary components (Table 35.1). In contrast, the

monounsaturated oleic acid is an (n�9) acid and can be biosynthesized in

mammalian tissue. (n�6) and (n�3) fatty acids are known as o-6 (‘omega-6’)

and o-3 (‘omega-3’) fatty acids, respectively. o-3 Fatty acids give rise to

anti-inflammatory mediators (prostaglandins and leukotrienes, see later),

A fatty acid is a long chain

monocarboxylic acid.

(35.12)

(35.13)

Fig. 35.7 Classification
of lipids.

§ Note that systematic chain atom numbering (IUPAC) begins at the CO2H group.
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while o-6 fatty acids mostly serve as precursors to pro-inflammatory

mediators. Once linoleic and a-linolenic acids have been taken into the

body, desaturase and elongase enzymes act upon them, converting them

into longer polyunsaturated fatty acids through sequential desaturation

and chain lengthening steps. For example, linoleic acid (18 : 2(n�6)) is

converted to g-linolenic acid (18 : 3(n�6)), then to dihomo-g-linolenic acid

(20 : 3(n�6)), and then to arachidonic acid (20 : 4(n�6), 35.13). Once

arachidonic acid has been synthesized in other mammals, it can be passed

to humans through the food chain (Table 35.1), and is not necessarily

synthesized in the human body.

The relationship between blood cholesterol and the intake of different fatty

acids has an impact on our health. Intake of short chain (C6�C10) saturated

fatty acids causes little change in cholesterol levels. Lauric, myristic and

palmitic acids (12 : 0, 14 : 0 and 16 : 0, respectively) are higher-risk

components of our diets. Even though it is a long chain saturated acid,

stearic acid (18 : 0) is not associated with increased cholesterol levels

because it is efficiently converted to unsaturated oleic acid (18 : 1). Mono-

and polyunsaturated fatty acids are beneficial to the body, and the

inclusion of very long chain (n�3) fatty acids (o-3 or fatty acids) in your

diet lowers the risk of heart disease and strokes. Edible oils vary

significantly in their composition, e.g. olive oil contains �80% oleic acid,

Polyunsaturated (n�3) and
(n�6) fatty acids are called

w-3 (‘omega-3’) fatty acids,

and w-6 (‘omega-6’) fatty

acids, respectively.

Fig. 35.8 The structures of stearic, oleic and linoleic acids. Their systematic names are octadecanoic acid, (Z)-octadec-9-
enoic acid and (9Z,12Z)-octadeca-9,12-dienoic acid, respectively. Colour code: C, grey; O, red; H, white.

1302 CHAPTER 35 . Molecules in nature



 

�8% each of linoleic and palmitic acids and <4% stearic acid, whereas corn

oil contains about 40% each of oleic and linoleic acids and �10% palmitic

acid. Butter, on the other hand, comprises about 66% saturated fatty

acids. Although it is common to discuss the composition of edible fats and

oils in terms of fatty acids, they are actually present as esters (see below),

and are only released when the esters are hydrolysed.

Simple lipids: triglycerides

Glycerides are esters of glycerol (propane-1,2,3-triol), and Figure 35.9 shows

ester formation to give mono-, di- and triglycerides. Carbon atom C2 may be

an achiral or chiral centre depending on the positions and identity of the

R groups. Triglycerides (also called triacylglycerols) are the major

components of edible fats and oils, and are our primary source of dietary

lipids. Triglycerides have already been mentioned in the context of soap

manufacture (Figure 33.10) and biodiesel fuels (Box 33.5). The three

aliphatic groups R1, R2 and R3 in structure 35.14 derive from fatty acids

and may be the same or different, and saturated or unsaturated. The

number, chain length and degree of unsaturation of the aliphatic

substituents control the physical properties (e.g. melting points and texture

at room temperature) of triglycerides.

After entering the body, triglycerides are hydrolysed during digestion

(lipolysis). The enzymes responsible are pancreatic lipases, and hydrolysis

Mono-, di- and triglycerides

are esters of glycerol

(propane-1,2,3-triol) and

long chain fatty acids.

(35.14)

Table 35.1 Major sources of polyunsaturated fatty acids and functions in the human body.x

Fatty acid Fatty acid

notation

Main sources Main functions

Linoleic acid 18 : 2(n�6) Safflower oil, sunflower oil,
sesame oil, soybean oil,
corn oil

Precursor to fatty acid 20 : 4(n�6) (see
text); component of epidermal
permeability barrier

a-Linolenic acid 18 : 3(n�3) Linseed oil, canola oil,
flax oil, other seed oils

Precursor to fatty acids 20 : 5(n�3) and
22 : 6(n�3)

g-Linolenic acid 18 : 3(n�6) Evening primrose oil,
borage seed oil

Precursor to fatty acid 20 : 3(n�6)

Arachidonic acid 20 : 4(n�6) Meat and dairy products Precursor to eicosanoid lipids (see
Figure 35.7); signal transduction; gene
expression

Eicosapentaenoic acid 20 : 5(n�3) Marine fish oils Competitive inhibitor of fatty acid
20 : 4(n�6)

Docosahexaenoic acid 22 : 6(n�3) Marine fish oils Neuronal membrane structure; gene
expression; prevention of apoptosis
(programmed cell death)

Dihomo-g-linolenic acid 20 : 3(n�6) Milky Competitive inhibitor of fatty acid
20 : 4(n�6)

x Data: R. Shireman (2003) in Encyclopedia of Food Sciences and Nutrition, eds B. Caballero, L. Trugo and P. Finglas, Academic Press,
London, p. 2169.
y Only small amounts of fatty acid 20 : 3(n�6) are present.
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occurs in the small intestine. Hydrolysis is regiospecific, occurring only at the

1- and 3-positions of the central carbon chain:

The breakdown into fatty acids is necessary so that the molecules are small

enough to be taken up by the intestinal cells. Once absorbed, the fatty

acids are re-esterified to form triglycerides and these are stored in the body

in lipid droplets.

Simple lipids: sterols

Cholesterol is the most common sterol in animal (including human) tissue, and

the highest amounts are found in plasma membranes. As structure 35.15

A steroid is a naturally

occurring compound

containing the following

structural unit which may

be completely or partly

hydrogenated:

A steroid usually has methyl

groups at the C10 and C13

positions.

A sterol is derived from a

steroid and contains an OH

group in the 3-position.

Fig. 35.9 Derivation of mono-, di- and triglycerides (also called mono-, di- and triacylglycerols) from glycerol. The R groups in
a di- or triglyceride may be the same or different. Each R group is derived from a long chain fatty acid.
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shows, a cholesterol molecule contains eight stereogenic centres, but nature

produces and uses only the stereoisomer shown below:

(35.15)

Most cholesterol is synthesized by animals, but some is also taken in as part

of the food chain. Cholesterol is transported and stored mainly in the form of

fatty acid esters, formed by reaction of a fatty acid with the OH functionality

in 35.15. The main function of cholesterol is to control the fluidity of

membranes (see below). It is also the precursor to other steroids in our

bodies, including hormonal steroids.

Simple lipids: waxes

Compounds that classify as waxes include those shown in Figure 35.10. In

nature, lipid waxes have a range of protective roles, for example, on the

surfaces of plant leaves and the skins of animals, and as water-resistant

coatings for bird feathers (Figure 35.11). Esters such as that shown at the top

of Figure 35.10 are formed by the condensation of long chain fatty acids and

long chain fatty alcohols, and are especially common among natural waxes.

Eicosanoids (icosanoids)

Polyunsaturated arachidonic acid (35.13 and Table 35.1) is the precursor to

the large family of eicosanoid lipids which include prostaglandins,

leukotrienes and thromboxanes. These derivatives are produced

biosynthetically in stereochemically selective pathways from arachidonic

acid using cyclooxygenase, lipoxygenase and cytochrome P450 enzymes.

The structures of prostaglandins and thromboxanes contain characteristic

cyclic units in the middle of the hydrocarbon backbone (Figure 35.12). A

subgroup of leukotrienes are the cysteinyl leukotrienes (labelled C4, D4 and

E4) which contain a cysteine functionality (Figure 35.12, and see Table 35.2).

Eicosinoids have wide range of biological activities including the

inflammatory response (e.g. in joints), allergic and asthmatic responses,

and the production of pain and fever.

Glycerophospholipids

Like glycerides, glycerophospholipids are derived from glycerol, but differ in

having a phosphate group in the 3-position of the C3-backbone (35.16).

Phosphatidic acid is the general name for compounds with structure 35.16 in

which R1 and R2 are long aliphatic chains, and Xþ may be Hþ, Naþ, Kþ,

Ca2þ or other cation. Phosphatidic acids are the starting point for the

biosynthesis of glycerophospholipids. The protonation state of 35.16

depends upon the pH, and at biological pH (�7), the POH group will be

Eicosanoids or icosanoids

(the latter term is preferred

by the IUPAC) are a group

of lipids that encompass

unsaturated C20 fatty acids

and skeletally related

compounds.

Glycerophospholipids are

derivatives of

glycerophosphoric acid with

at least one O-acyl, or O-

alkyl, or O-(1-alkenyl)

group attached to the

glycerol residue.

(35.16)
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ionized. The biosynthetic pathways from phosphatidic acids to diglycerides,

triglycerides and glycerophospholipids are summarized below. In one pathway,

a phosphatidic acid is hydrolysed by the enzyme phosphatidate phosphatase to

a diglyceride, and then converted to a triglyceride by further enzymic action:

Fig. 35.10 Examples of lipid waxes.
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Fig. 35.11 Lipid waxes provide
the essential water-resistant
coating to goose and duck
feathers.

Fig. 35.12 Prostaglandins, thromboxanes and leukotrienes are three important classes of eicosanoids. The figure shows one
example of each class.
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In another pathway, a phosphatidic acid reacts with the nucleotide cytidine

triphosphate, to generate a cytidine diphosphate diglyceride:

These compounds are intermediates in the biosynthesis of the glycero-

phospholipids phosphatidylglycerol, phosphatidylserine and phosphatidylinositol:

Like phosphatidic acid, the above compounds represent families of compounds

in which R1 and R2 stand for a variety of long (saturated or unsaturated)

aliphatic chains. The glycerophospholipids phosphatidylethanolamine and

Nucleotides: see Section 35.8

"
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phosphatidylcholine are biosynthesized from diglycerides (derived from

phosphatidic acid as described above):

Glycerophospholipids are the main group of lipids involved in membrane

formation. Lipid membranes are formed in cells and are hugely important.

They act as barriers between cells and their surrounding environment, in

particular, separating the aqueous interior from the aqueous exterior.

Lipid membranes are impermeable to hydrophilic (‘water-loving’)

molecules, but are permeable to lipophilic (‘fat-loving’) molecules and

amphiphilic molecules (see below). Thus, the membrane can discriminate

between molecules and is a highly selective cell wall. Even greater specificity

is provided by specialized transmembrane proteins (see Figure 35.15) which

act as active and passive transporters for a huge diversity of molecules.

Amembrane glycerophospholipidmolecule is amphiphilic because it possesses

a polar head group (the phosphate group) which is hydrophilic and two non-

polar hydrocarbon tails which are hydrophobic. The double tail contrasts with

the single tail found in, for example, a detergent molecule. Above a certain

concentration in water (called the critical micelle concentration, CMC),

amphiphilic molecules with single tails aggregate to form nanosized micelles

as shown in Figure 35.13a. This motif is favoured because each single-tailed

molecule is ‘wedge-shaped’ and such building blocks readily pack into a

spherical domain. In contrast, double-tailed molecules resemble cylinders and

molecular aggregation tends to involve stacking of the molecules into layers

(Figure 35.13b). The alignment of the aliphatic chains arises through van der

Lipid membranes are

impermeable to hydrophilic

molecules, but are

permeable to lipophilic and

amphiphilic molecules.

Micelle: see Figure 33.10 and
discussion

"

Fig. 35.13 (a) A schematic representation of a micelle formed by single-tailed detergent molecules above the critical micelle
concentration (CMC). In practice, the micelle is spherical and the diagram shows only a cross section through the micelle.
(b) A schematic representation of part of a bilayer formed by double-tailed glycerophospholipid molecules.
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Waals interactions which operate between adjacent chains. The formation of a

bilayer (rather than monolayer) means that the outer skin of the assembly is

hydrophilic while the interior is hydrophobic.

2,3-Dimyristoyl-D-glycero-1-phosphate (Figure 35.14a) is an example of a

glycerophospholipid. Features to note are the phosphate head group (polar),

the two hydrocarbon tails in extended conformations (non-polar), and the

overall cylindrical shape of the molecule. Figure 35.14b models how 12 of

these anions pack together to form a small part of a bilayer. Typically,

lipid bilayers are about 5�6 nm thick. The arrangement of outward-

pointing polar head groups and inward-pointing hydrophobic tails is a

crucial feature responsible for the bilayer being selective towards the

penetration of molecules. Ionic and polar species are essentially excluded.

Specific transport mechanisms involving transmembrane proteins are

needed for the uptake and removal of species from the cell. Figure 35.14b

is only a simple, model structure. Figure 35.15 shows a simulation of a

bilayer consisting of 200 glycerophospholipid molecules and containing a

transmembrane protein (bacteriorhodopsin). Structural modification of the

phosphate head group is a means of introducing different receptor sites

into the surface of the membrane, and each glycerophospholipid molecule

possesses a characteristic phosphate-attached substituent (e.g. inositol,

choline, serine shown above). In Figure 35.15, choline functionalities

(terminating in Me3N
þ groups) can be seen protruding from the top and

bottom surfaces of the bilayer. The fluidity of the membrane is controlled

by the nature and mix of the hydrophobic chains: the presence of relatively

short, unsaturated aliphatic chains increases the fluidity.

One major function of cholesterol (35.15) is to modify the properties of cell

membranes, in particular their fluidity, through interactions with glyceroph-

ospholipid molecules. These intermolecular interactions consist of van der

Waals forces between the hydrophobic chains of the glycerophospholipids

and the hydrocarbon domain of the cholesterol molecule, in addition to

Fig. 35.14 (a) A space-filling diagram of the 2,3-dimyristoyl-D-glycero-1-phosphate anion, determined from an X-ray diffrac-
tion study of the sodium salt. Colour code: C, grey; O, red; H, white; P, brown. [Data: K. Harlos et al. (1984)Chem. Phys Lipids,
vol. 34, p. 115.] (b) Part of a model bilayer formed by aligning 2,3-dimyristoyl-D-glycero-1-phosphate anions.
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hydrogen bonding between the cholesterol OH group and the phosphate groups

of glycerophospholipid molecules. The combination of these inter-actions

orients the cholesterol molecules between the glycerophospholipid molecules,

allowing it to penetrate the bilayer.

Glycoglycerolipids

Glycoglycerolipids are 1,2-diglycerides (1,2-diacylglycerols) joined at the 3-

position by a glycoside linkage to a carbohydrate unit, and are exemplified

below with a galactose derivative:

Glycoglycerolipids are usually mono- or disaccharide derivatives and are

most important in higher plants and algae where they are involved in

photosynthesis. The details of how they operate is not yet fully understood.

Glycosphingolipids

The glycosphingolipids differ from other classes of lipids because their

structures are based upon a sphingoid, rather than a glycerol, backbone. A

Glycoglycerolipids are

1,2-diglycerides

(1,2-diacylglycerols) joined

at the 3-position by a

glycoside linkage to a

carbohydrate unit.

Fig. 35.15 A simulated model of
a lipid bilayer containing the
membrane-spanning protein
bacteriorhodopsin which is found
in certain bacteria where it
functions as a proton pump,
moving protons across the
lipid membrane. The
glycerophospholipid molecules
(colour code: C, grey; P, orange;
O, red; N, blue) are shown in stick
representation, with the P atoms
of the phosphate head groups
highlighted as spheres.
Phosphate-attached choline
groups are visible protruding
from the bilayer. The protein
molecule is shown in ribbon
representation, with a-helices in
red, turns in green and coils in
silver-grey. [Data: H. Heller et al.
(1993) J. Phys. Chem., vol. 97,
p. 8343.]
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sphingoid is a long chain base comprising 12 to 22 carbon atoms and amine

and alcohol functional groups. The most common sphingoid in animal

tissues is sphingosine:

Condensation of the NH2 group in sphingosine with a fatty acid leads to the

formation of ceramides:

Ceramides are the intermediates in the biosynthesis of glycosphingolipids and

sphingophospholipids. Ceramides also play an essential role in human (and

other animal) skin, being involved in programmed cell death (apoptosis).

The reaction of glucose or galactose with an OH functionality in a

ceramide leads to the formation of a glucosylceramide (Figure 35.16) or

galactosylceramide and these are the most common glycosphingolipids

found in animal tissues. One of their primary functions is in rendering the

skin impermeable to water.

Fig. 35.16 An example of a glucosylceramide illustrating the sphingosine, fatty acid and monosaccharide (b-glucose)
building blocks. Colour code in the space-filling model: C, grey; O, red; N, blue; H, white.
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35.5 Amino acids

Structure

Amino acids are the building blocks of proteins and have the general

structure 35.17 where R is H or an organic substituent. The amino acid

proline is an exception because the amino N atom is part of a heterocycle.

There are 20 naturally occurring a-amino acids and these are shown in

Table 35.2; the a-label refers to the a-C atom to which the R group in

35.17 is attached. Except for R ¼ H, all amino acids are chiral, because

the tetrahedral C atom at the centre of structure 35.17 is a stereogenic

centre. Nature is specific and uses only L-amino acids. In all but cysteine,

the asymmetric C atom has an (S)-absolute configuration. Cysteine

contains an SH group close to the asymmetric C atom, and the (R)-

configuration results from the high priority of the S atom in the sequence

rules. Thus, cysteine is not actually unusual among nature’s amino acids.

Zwitterionic character

Table 35.2 shows that every amino acid contains at least one NH2 (basic) and

one CO2H (acidic) group. As with other Brønsted acids and bases, amino

acids are protonated or deprotonated depending on the pH of the solution

(see Chapter 16). However, at a particular pH known as the isoelectric

point, an amino acid exists as a neutral zwitterion in which a proton from

the CO2H group is transferred to the NH2 group. The equilibrium is

shown in equation 35.7 for glycine, and similar equilibria exist for all

amino acids. The isoelectric points for the amino acids in Table 35.2 are

all similar, and at physiological pH (�7), they exist as zwitterions. Amino

acids crystallize in the zwitterionic state, and there are significant

electrostatic interactions between molecules which result in the formation of

a well-ordered structure. The same interactions are responsible for ordered

structures in proteins.

ð35:7Þ

The zwitterion responds to a change in pH by accepting or losing Hþ. In
acidic solution, the CO2

� group of the zwitterion acts as a base and accepts

Hþ, while in basic solution, the NH3
þ group acts as an acid and donates

Hþ :

Salts of amino acids can therefore be formed, and one that is well known is

the sodium salt of glutamic acid, i.e. monosodium glutamate (MSG). Sold as

a food additive to intensify the flavour of foods (especially oriental cuisine),

commercial MSG contains �75% free glutamic acid in addition to the

sodium salt. Manufactured glutamic acid is the D-enantiomer as opposed

(35.17)

A zwitterion carries both

positive and negative

charges but is neutral

overall, e.g.

Amino acids 1313



 

Table 35.2 The 20 naturally occurring amino acids.

Name of amino acid Abbreviation for amino acid residue

(abbreviation used in sequence

specification)

Structure Acidic, neutral

or basic

L-Alanine Ala (A) Neutral

L-Arginine Arg (R) Basic

L-Asparagine Asn (N) Neutral

L-Aspartic acid Asp (D) Acidic

L-Cysteine Cys (C) Neutral

L-Glutamic acid Glu (E) Acidic

L-Glutamine Gln (Q) Neutral

Glycine Gly (G) Neutral

L-Histidine His (H) Basic

L-Isoleucine Ile (I) Neutral
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Table 35.2 Continued.

Name of amino acid Abbreviation for amino acid residue

(abbreviation used in sequence

specification)

Structure Acidic, neutral

or basic

L-Leucine Leu (L) Neutral

L-Lysine Lys (K) Basic

L-Methionine Met (M) Neutral

L-Phenylalanine Phe (F) Neutral

L-Proline Pro (P) Neutral

L-Serine Ser (S) Neutral

L-Threonine Thr (T) Neutral

L-Tryptophan Trp (W) Neutral

L-Tyrosine Tyr (Y) Neutral

L-Valine Val (V) Neutral
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to the natural L-form.Many consumers ofMSG suffer adverse reactions, and

the addition of MSG to foods is a controversial issue.

Acidic, basic and neutral amino acids

Table 35.2 classifies amino acids according to their acidic, basic or neutral

character. To understand this, we need to focus on the R substituent (see

diagram 35.17).

Aspartic acid and glutamic acid are listed as being acidic, and this is also

implied by their names. Both possess carboxylic acid functionalities in

addition to the CO2H of the general amino acid 35.17. The pKa values for

the CO2H groups in the R substituents are 4.00 (aspartic acid) and 4.31

(glutamic acid); compare these values with that of 4.77 for acetic acid.

The basic amino acids in Table 35.2 are arginine, histidine and lysine. Each

has at least one amino group in addition to that of the general amino acid

35.17. At pH7, the amino groups in arginine and lysine are essentially fully

protonated, while histidine exists in an equilibrium between non-protonated

and protonated forms in an approximately 10 : 1 ratio.

35.6 Peptides

With a library of 20 amino acids, nature can assemble an amazing variety of

different proteins. The key step is the formation of a peptide link between two

amino acids. In the remaining part of this chapter, we draw structures of

amino acids in non-zwitterionic forms, but you should keep in mind how

these structures change as the pH varies.

Formation of a dipeptide

The carbonyl C atom of an amino acid is susceptible, after suitable activation,

to attack by the NH2 group of another amino acid. Reaction 35.8

summarizes the condensation reaction between two different amino acids to

form a peptide link.

ð35:8Þ

A dipeptide consists of

two amino acid residues

connected by a peptide link.
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There are several ways in which the amino acid can be activated. Examples

are conversion to the acyl chloride (X ¼ Cl in equation 35.8), or to an acid

anhydride, e.g. 35.18.

Reaction 35.8 may look straightforward, but there are problems with

competitive reactions. The activated amino acid A could react with amino

acid B or with another molecule of the activated amino acid A. To ensure

that the correct nucleophile attacks the carbonyl C atom, the NH2 group

in amino acid A must be protected in such a way that it cannot act as a

nucleophile. A common protecting group for the NH2 group is tert-

butoxycarbonyl (BOC). Reaction 35.9 shows the protection of L-alanine.

Deprotection is achieved by treatment with acid.

ð35:9Þ

A further complication in peptide synthesis is that the wrong carbonyl C

atom may be subject to nucleophilic attack. In addition to the CO2H

group in amino acid B in equation 35.8, some amino acids contain further

groups (e.g. the additional CO2H group in glutamic acid) that may be

susceptible to nucleophilic attack. To ensure attack at a specific site, one

CO2H group is protected. This is done by converting it into, for example,

a tert-butyl ester, the steric crowding in which hinders the approach of a

nucleophile. Reaction 35.10 shows the protection of the CO2H group in

L-valine. Deprotection is achieved by treatment with acid.

ð35:10Þ

Two suitably protected amino acids react to give an initially protected

dipeptide from which the protecting groups are then cleaved. Consider the

formation of the dipeptide formed from L-alanine and L-valine. We represent

this in the scheme below by showing the amine-protected and activated

L-alanine reacting with the carboxylic acid-protected L-valine.

(35.18)
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Dipeptides are named by a combination of the constituent amino acid

names, e.g. alanylvaline, but are more often referred to by combining the

abbreviations for the component amino acids, e.g. Ala-Val. The formation

of a peptide link between the NH2 end of one amino acid and the CO2H

end of the other means that the dipeptide (and, indeed, any polypeptide)

has a CO2H group at one end of the chain and an NH2 group at the

other. These are called the C-terminus and the N-terminus respectively.

Polypeptide synthesis

By extrapolation from the dipeptide synthesis, it is easy to see that the

synthesis of a polypeptide is non-trivial. Not only are there the competitive

reactions described above to consider, but there is also the fact that the

amino acid residues must be sequenced in a specific order. Automated

procedures such as the Merrifield synthesis are now common practice. The

Merrifield synthesis makes use of a support of polystyrene beads to which

the peptide chain is anchored during growth. The method is summarized

in Figure 35.17.

Polypeptides in nature

The number of amino acid residues in naturally occurring polypeptides

varies enormously. The examples below represent only a very few of

the many polypeptides that operate in living cells. Glutathione

(glutamylcysteinylglycine) contains only three residues: g-Glu-Cys-Gly

(35.19). Notice that the peptide link to the Glu residue involves the

A peptide chain has an

N-terminus (corresponding

to an NH2 group) and a

C-terminus (corresponding

to a CO2H group).

Robert B. Merrifield (1921–2006).
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g-CO2H and not the a-CO2H group; the latter is more usual. Glutathione is

present in all cells and has an important role, reducing Cys-Cys disulfide

bridges in proteins. This process can be represented as follows:

(35.19)

Fig. 35.17 Schematic representation of the Merrifield synthesis of a sequenced polypeptide.
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The reversible reduction of glutathione disulfide shown above is coupled to

the oxidation of NADPH (nicotinamide adenine dinucleotide phosphate)

and is catalysed by the enzyme glutathione reductase (Figure 35.18). The

active site in the enzyme contains the coenzyme FAD (flavin adenine

dinucleotide) which is involved in many redox processes in the human

body. FAD is a derivative of a ribonucleotide and we return to these

molecules in Section 35.7.

Gastrin contains 17 amino acid residues:

Fig. 35.18 The structure of the enzyme glutathione reductase in its oxidized form, determined by X-ray diffraction [P. A.
Karplus et al. (1987) J. Mol. Biol., vol. 195, p. 701]. The protein is shown in a ribbon representation and the FAD molecule
in the active site is shown in a stick representation. An enlargement of the active site is shown at the top right.
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and at appropriate concentrations, it stimulates the secretion of gastric

juices. Vasopressin (Figure 35.19) is a cyclic polypeptide with the ring

closure arising from the formation of a disulfide (S–S) bridge between two

cysteine residues:

Vasopressin is a hormone that is secreted by the pituitary gland and acts as an

antidiuretic. Polypeptides that are antibiotics include bacitracin and polymyxin.

Peptide sequencing (i.e. working out the sequence of amino acid residues in a

polypeptide chain) is carried out by degrading the polypeptide into the

component amino acids and analysing them by chromatographic techniques.

Electrophoresis

In a polypeptide or protein (see Section 35.7), there are often more acidic sites

than the C-terminus, and more basic sites than the N-terminus. For example,

whenever lysine or aspartic acid residues are present, additional amino and

carboxylate groups, respectively, are incorporated into the structure. We

have already discussed the isoelectric point of an amino acid, i.e. the pH at

which it exists primarily as a neutral zwitterion. A similar situation exists

for polypeptides and proteins, but it is more complex because there is

often more than one basic and one acidic site. Whereas the isoelectric

points of amino acids are very similar, this is not likely to be the case for

polypeptides or proteins. It should therefore be possible to separate

proteins on the basis of their isoelectric points. The technique by which

this is carried out is called electrophoresis. A sample containing a mixture

of proteins (or polypeptides) is placed on a gel that contains an electrolyte

and a buffer solution. The pH is controlled by the buffer, and proteins

exist with an excess of NH3
þ or CO2

� sites, depending on their isoelectric

points (unless the isoelectric point matches the pH exactly, in which case

the protein exists as a zwitterion). A potential is then applied across the

gel. Positively charged proteins migrate towards the negatively charged

Electrophoresis is the

movement of charged

species through a solution

under the influence of an

applied electric field. The

method can be used to

separate polypeptides and

proteins.

Buffers: see Section 16.7

"

Fig. 35.19 The structure of vasopressin (a) in ball-and-stick representation with H atoms omitted, and (b) in a stick
representation and showing (in silver) the backbone of the peptide chain. The backbone follows the peptide units, and

the amino acid residues (see Table 35.2) protrude from the backbone. The disulfide bridge is formed between two cysteine
residues. Colour code: C, grey; N, blue; S, yellow; O, red. [X-ray diffraction data: B. S. Ibrahim et al. (2005) J. Mol. Biol.,
vol. 348, p. 1191.]
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electrode, and negatively charged proteins move in the opposite direction

towards the positive electrode. At a specific pH and potential, a given

protein travels a given distance towards the anode or cathode. After

protein migration, the gel is treated with a reagent that forms coloured

compounds with the proteins (or the proteins are labelled in some way so

that they can be visualized). This permits the protein migration patterns to

be easily monitored, and makes electrophoresis a sensitive method for

protein characterization.

The electrophoresis experiments described above depend upon the

inherent charge of the polypeptide or protein at a particular pH.

Analytical separations of proteins can also be carried out using a type of

gel electrophoresis in which the proteins are separated on the basis of their

molecular size. The method is called SDS-PAGE which stands for sodium

dodecyl sulfate–polyacrylamide gel electrophoresis. The protein samples are

first treated with sodium dodecyl sulfate (Figure 35.20). This denatures the

protein (i.e. it destroys the secondary, tertiary and quaternary structures,

see Section 35.7) and the sodium dodecyl sulfate ions then associate with

the unfolded polypeptide chains. Two points are critical: (i) the dodecyl

sulfate chains are negatively charged, and (ii) the amount of dodecyl

sulfate that associates with a protein (and therefore the overall negative

charge of the protein) is proportional to the size of the protein. The

protein samples are now loaded into compartments at the top of an

electrophoresis plate which has been coated with a two-component

(‘discontinuous’) polyacrylamide gel (35.20). At the top of the plate, the(35.20)

Fig. 35.20 Electrophoresis gel analysis. After treatment with sodium dodecyl sulfate, the protein samples are loaded into the
compartments at the top of the plate (the line of U-shaped hollows in the photograph). Application of an electrical potential
across the gel results in the separation of the proteins in each sample. These may be detected by staining with a dye. The vertical
columns of blue bands in the photograph show the component proteins in each sample.
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pore size of the gel (the ‘stacking gel’) is larger, and the pH is lower, than

further down the plate (the ‘separating gel’). Once the voltage is applied

(see the diagram in Figure 35.20), the negatively charged protein molecules

are drawn towards the positive end of the plate. They form a tight band in

the stacking gel, and are then separated on the basis of molecular size as

they travel through the separating gel. The smallest proteins move furthest

down the plate. The proteins are detected by staining using a protein-

specific dye such as Coomassie Brilliant Blue, the structure of which is

shown below. The photograph in Figure 35.20 illustrates that sharp

resolution of the components can be achieved. The SDS-PAGE method

can be used to analyse samples and to check for protein purity, and is also

a means of estimating the molecular mass of a protein by comparing the

distance travelled through the gel with those of standard samples of

known molecular masses.

35.7 Proteins

Proteins are high molecular mass polypeptides with complicated structures.

The transition from polypeptides to proteins can be illustrated by

considering the structure of insulin. Human insulin is secreted by the

pancreas and controls sugar levels in the body. The sequence of amino

acids gives the primary structure of the protein. In insulin, there are two

polypeptide chains labelled A and B and the sequences of amino acids are

shown in Figure 35.21a. Polypeptide A consists of 21 amino acid residues,

and chain B is made up of 30 residues. The six cysteine (Cys) residues are

coupled in pairs to form disulfide bridges:

In insulin, there is one disulfide bridge within chain A, and two between

chains A and B (Figure 35.21).

Proteins are high molecular

mass polypeptides with

complex structures. The

primary structure is the

sequence of amino acids.

Folding of the polypeptide

chains into a-helices,
b-sheets, turns and coils

produces the secondary

structure of the protein, and

the overall conformation of

the protein is the tertiary

structure. The quaternary

structure describes the

aggregation of protein

molecules into, for example,

dimers or tetramers.
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Disulfide bridges, hydrogen bonds, salt bridges (ionic interactions between

charged residues such as deprotonated glutamic acid and protonated lysine)

and hydrophobic contacts (Table 35.3) are among the interactions that occur

between amino acid residues, and result in the folding or coiling of the

polypeptide chains. This gives rise to the secondary structure of the protein

which is described in terms of a-helices, b-sheets, turns and coils, and to the

tertiary structure which is the overall conformation of the protein. In an

a-helix, the polypeptide chain is twisted into a right-handed helical

Fig. 35.21 (a) The amino acid sequence in insulin, showing the positions of three disulfide bridges, formed between cysteine
residues. (b) The structure of insulin determined by X-ray diffraction [E. N. Baker et al. (1988) Philos. Trans. R. Soc.
London, vol. 319, p. 369]. The protein backbone is shown in a ribbon representation (a-helices in red, turns in green and
coils in silver-grey). The sulfur atoms in the disulfide bridges are shown as yellow spheres. Amino acid residues are shown in
stick representation, colour code: C, grey; O, red; N, blue. Several of the residues are labelled for comparison with diagram
(a). (c) The same structure as shown in (b) with the atoms omitted. A ribbon representation of this type is commonly used
in illustrations of proteins. (d) A tube representation of insulin, showing the three disulfide bridges (in yellow).
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conformation which is stabilized by –C==O:::H–N– hydrogen bonds between

peptide links (see Figure 35.25b). There are 3.6 amino acid residues per turn,

and the C==O oxygen atom in one peptide link forms a hydrogen bond with

the NH unit of a peptide link four residues along the chain. Additional

hydrogen bonds involving amino acid substituents (e.g. C==O:::H–OSer) may

also form. The a-helix is especially important in keratins and the hydrogen

bonds that stabilize the structure are illustrated in Figure 35.24c. A b-sheet
consists of a number of polypeptide b-strands that are interconnected by

–C==O:::H–N– hydrogen bonds. The strands are in extended conformations,

and may run parallel or antiparallel to one another:

b-Strands are usually composed of three to six amino acid residues, and must

be interconnected by residues that can provide appropriate turns so that the

b-strands are aligned side by side. An example is shown in Figure 35.28b, and

the role of b-sheets in spider dragline silk is described in Box 35.4.

Table 35.3 Approximate strengths of disulfide bridges and of intermolecular interactions
in proteins. See Table 35.2 for amino acid abbreviations. The hydrophobic interactions
involve amino acids with alkyl or aryl substituents.

Interaction name Interaction Approximate dissociation

enthalpy / kJ mol
�1

Disulfide bridge –S–S– 260

Salt bridge –CO2
�:::þH3N– 20

Hydrogen bond –O–H:::O– 18

Hydrogen bond –N–H:::O==C– 13

Hydrophobic interaction Ala:::Ala 3

Hydrophobic interaction Leu:::Leu 9

Hydrophobic interaction Val:::Val 8

Hydrophobic interaction Phe:::Phe 13
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BIOLOGY AND MEDICINE

Box 35.4 Bullet-proof vests and spider silk

The formation of a polyamide polymer involves the

condensation of carboxylic acid and amine function-

alities. Kevlar is an example of a synthetic polyamide

fibre that is used in the manufacture of bullet-

proof vests and other shock-resistant materials. The

polymer is formed by the condensation of benzene-1,

4-dicarboxylic acid (terephthalic acid) and 1,4-

diaminobenzene:

During the manufacture of Kevlar, the polymer is

dissolved in concentrated sulfuric acid and the

solution is passed through a spinneret under the

action of shear forces (i.e. forces that act parallel to

the fibres). Before extrusion through the spinneret,

the polymer strands are already partly associated

with one another because of the formation of

C¼O:::H�N hydrogen bonds between adjacent

polymer chains. During the spinning process, the

applied shear forces aid the alignment of the polymer

chains parallel to the axis of the fibre. The tensile

strength of Kevlar fibres is greater than that of steel

(by a weight comparison), and the material resists

impact by undergoing a plastic deformation.

In nature, the formation of a polypeptide or protein

involves the condensation of amino acids as shown below:

Using amino acid building blocks and the principles of

self-assembly through hydrogen bonding, nature is able

to produce a range of fibrous proteins which exhibit

high tensile strength and great elasticity. Among these

are collagen and keratin (discussed in the main text),

and spider silk. Spiders usually produce five different

types of silk, each designed for a particular task:

incorporation into the radial and spiral parts of the

web, silk with a sticky coating to trap prey, and

dragline silk. Silk from the golden orb spider (Nephila

clavipes) is among the most studied. Like

Kevlar, dragline silk experiences shear forces as it is

spun, and the result is the extrusion of a very strong

fibre. Spider silks may consist of helical, b-sheet
(polymer chain axis runs parallel to the fibre axis) or

cross b-sheet (polymer chain axis runs perpendicular

to the fibre axis) secondary protein structure.

Dragline silk from N. clavipes features a pleated b-
sheet, and this is represented schematically below.

The blue hashed lines represent –C==O:::H–N–

hydrogen bonds between the backbones of adjacent

polypeptide chains:

Male and female golden orb spiders (Nephila clavipes) resting

on a web; the male is much smaller than the female.
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Let us now return to the structure of insulin. Figure 35.21b shows the amino

acid residues in insulin, and superimposed upon the polypeptide chains is a

ribbon representation of the protein. Throughout this book, a-helices are

shown in red, b-sheets in pale blue, turns in green and coils in silver-grey.

The ribbon follows the backbone of the protein, and the amino acid

substituents (e.g. CH2CH2CH2CH2NH2 in lysine, Lys) protrude from this

backbone. Often, details of the amino acids are omitted from an illustration

of a protein structure, and Figures 35.21c and 35.21d show two ways of

representing the structure of insulin. Proteins may gain additional

stabilization through aggregation. For example, haemoglobin (Figure 35.22)

is a tetramer, and this is described as the quaternary structure of the protein.

The amino acid sequence in the fibrous protein in

dragline silk from N. clavipes consists of three

repeating motifs (see Table 35.2):

Similar sequences (i.e. (Ala)n, (Ala-Gly)n, Gly-Gly-X

where X is Leu, Gln, Tyr) are also typical of other

spider silks. The Gly-Gly-X domains govern the

elasticity of the silk. The polyalanine sequences are

key to the formation of the b-sheet structure, and

determine the strength of the silk. The model

structure below shows three sequences of alanine and

glycine residues, running in alternate directions. Such

sequences are said to be complementary because they

are perfectly arranged to allow the formation of

hydrogen bonds (shown in green) between the

polypeptide chains:

Alanine-rich regions of this type within spider silk

are crystalline and are responsible for the strength of

the material. The tensile strength of spider silk is only

a quarter that of Kevlar, but it takes more energy to

break spider silk (about 10 Jm�3) than Kevlar fibres

(about 3 Jm�3).

Fig. 35.22 The tetrameric structure of human deoxyhaemoglobin (haemoglobin in its rest state). Each protein subunit is shown
in a different colour. [X-ray diffraction data: J. R. Tame et al. (2000) Acta Crystallogr., Sect. D, vol. 56, p. 805.]
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Some proteins contain a prosthetic group. This is an additional non-amino

acid component of the protein which is essential for its biological activity.

When the prosthetic group involves a metal centre, the protein is called a

metalloprotein. An example is haemoglobin, the active centre of which is

an iron-containing haem unit (see later).

Fibrous and globular proteins

Current knowledge of the structure of proteins owes much to recent

developments in X-ray diffraction and NMR spectroscopic methods (see Box

14.2) as well as computer modelling studies. Proteins are classified as being

globular or fibrous. In fibrous proteins, the chains (or strands) remain in more

extended conformations. Three examples of important, fibrous proteins are

collagen, keratin and spider silk (see Box 35.4). Collagen is the natural

building material of tendons, ligaments, skin, animal hide and cartilage. Each

protein strand consists of a repeating set of amino acid residues (Gly-Pro-X)n
where X is usually 4-hydroxyproline (35.21), and typically contains about

1000 residues. Each strand is twisted into a helical conformation, and these

strands assemble into the triple helix shown in Figure 35.23. Hydrogen-

bonded interactions between the NH and C¼O groups of adjacent chains

(diagram 35.22 and Table 35.3) are important for maintaining the structure.

In nature, keratins occur in animal hair, wool, nails, claws and hooves, in the

beaks of birds (Figure 35.24a) and in rhinocerous horn. Several classes of

keratins are known, but they share a common secondary structure of an

a-helix (Figure 35.24b). Typical amino acid residues that are found in keratins

are aspartic acid, glutamic acid, lysine, arginine and cysteine. Salt bridges

(Table 35.3) form between acidic and basic residues (see Table 35.2), and the

number of disulfide bridges formed between Cys residues in adjacent protein

strands determines how curly hair is.

In globular proteins, the polypeptide chains are folded so that the protein

has a near-spherical (or similar) structure. Among the simplest proteins are

the albumins. These are present in living tissue and include lactalbumin,

ovalbumin and human serum albumin. Lactalbumin is present in milk and

has a molecular weight of �17 500. The protein is able to bind calcium

ions by using O atoms in the polypeptide chains as donor atoms. The

structure shown in Figure 35.25 is that of a Ca2þ complex of lactalbumin.

Ovalbumin occurs in egg-white; it has a molecular weight of �45 000 and

consists of 385 amino acid residues. Figure 35.26 shows the structure of

human serum albumin.

Myoglobin and haemoglobin: proteins with prosthetic groups

Myoglobin and haemoglobin are haem-iron proteins.Myoglobin (Figure 35.27)

has a molecular weight of�17000 and consists of a single, coiled protein chain

composed of 153 amino acid residues. Haemoglobin is a tetramer (Fig-

ure 35.22) and has a molecular weight of �64500; one of the four units was

shown in Box 5.2. Myoglobin and each unit of haemoglobin contains a

prosthetic group with a haem unit. This is the active site of the protein and is

responsible for binding O2; O2 is transported by haemoglobin in the blood of

mammals and myoglobin is the O2-carrying protein in muscles. The haem unit

Fibrous proteins have

relatively open-chain

structures; in globular

proteins, the chains are

coiled into approximately

spherical structures.

(35.21)

Hydrogen bonding: see
Section 21.8

(35.22)

"
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Fig. 35.23 The structure of
collagen (from a computer
modelling study). (a) ‘Tube’
representation of the three
strands that combine to give the
overall protein structure. Each
strand is shown in a different
colour. (b) Space-filling diagram
looking down the coil formed by
the three strands, with the same
colour coding as diagram (a), and
(c) the same view of the structure
in a ‘tube’ representation.

Fig. 35.24 (a) Keratin is the main component of the beak of the pelican (Pelecanus onocrotalus), and all other birds. (b) a-Helical
secondary structure is characteristic of keratins. (c) The –C==O:::N–H– hydrogen bonds (shown in green) between peptide units,
four amino acid residues apart, are the main interactions that stabilize the a-helical conformation.
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is connected to the protein backbone through a histidine residue, and one N

atom of this residue is coordinated to the Fe centre. In its O2-free (deoxy-

form), myoglobin and haemoglobin contain Fe(II) and its 5-coordinate

environment is shown in Figure 35.27. Four of the coordination sites are

occupied by a protoporphyrin IX group which is not directly attached to the

protein chain. The protonated form of the protoporphyrin ligand is shown in

Fig. 35.25 (a) The structure of
human a-lactalbumin,
crystallized in the presence of
excess Ca2þ. The structure was
determined by X-ray diffraction
methods and reveals the presence
of two calcium-binding sites. The
protein chain is shown in a
ribbon representation and the
Ca2þ ions are shown in grey.
[X-ray diffraction data:
N. Chandra et al. (1998)
Biochemistry, vol. 37, p. 4767.]
(b) Detail of one of the a-helical
domains showing the amino acid
residues and peptide chain in
stick representation. The
–C==O:::N–H– hydrogen bonds
(shown in green) between peptide
units, four amino acid residues
apart, stabilize the right-handed,
a-helical conformation.

Fig. 35.26 The structure of
human serum albumin (one of
several crystal forms) determined
by X-ray diffraction [S. Sugio
et al. (1999) Protein Eng., vol. 12,
p. 439]. The protein chain is
shown in a ribbon
representation.
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structure 35.23.When the protein bindsO2, the latter coordinates through oneO

atom to the Fe(II) centre giving an octahedral coordination sphere. During

coordination, Fe(II) is oxidized to Fe(III), and O2 is reduced to ½O2��.§ The
metalloprotein units in a haemoglobin tetramer (Figure 35.22) bind (and

release) O2 is a cooperative process. As the tetramer binds successive O2

molecules, the affinity of the ‘vacant’ haem groups for O2 increases, and the

affinity for the fourth site is about 300 times that of the first haem unit. This

cooperativity is rationalized in terms of communication between the haem

groups arising from conformational changes in the four protein chains.

Enzymes and metalloenzymes

Enzymes are proteins that act as biological catalysts and are involved in

virtually all reactions taking place in living cells. In Section 15.15, we

considered the kinetics of enzyme reactions, and now we comment briefly

on their structures. Each enzyme has a specific role to play, and its structure

reflects the way in which it must interact with the substrate. (Look back at

the discussion of ‘lock-and-key’ mechanisms in Section 15.15.) After the

substrate and enzyme have come together, the catalytic activity takes place

at specific sites within the protein chain. Classes of enzymes are:

. oxidases and reductases that catalyse redox reactions;

. hydrolases that catalyse hydrolytic cleavage of bonds such as C�O and

C�N;

(35.23)

Enzymes are proteins that

are biological catalysts. An

enzyme has a specific

function and operates at a

specific pH.

§ For a more detailed account: see Chapter 29 in C. E. Housecroft and A. G. Sharpe (2008)
Inorganic Chemistry, 3rd edn, Prentice Hall, Harlow.

Fig. 35.27 The structure of the deoxy-form of myoglobin determined by X-ray diffraction [J. Vojtechovsky et al. (1999)
Protein Data Bank code 1A6N]. The protein chain is shown in a ribbon representation. The prosthetic group contains a

haem unit, and the enlargement of this group on the right-hand side includes the histidine residue that connects the haem unit to
the protein chain. The ‘terminated’ bond is the position of attachment to this chain. Colour code for the ball-and-stick structure:
Fe, green; C, grey; O, red; N, blue.
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. transferases that are involved in the transfer of a group such as NH2, PO4

or Me;
. isomerases that catalyse processes such as racemization, geometrical

isomerization and tautomerism;
. lysases are involved in elimination reactions (or the reverse processes) that

result in loss of e.g. CO2 and formation of double bonds;
. ligases catalyse reactions involving bond formation.

In the discussion of polysaccharides in Section 35.3, we stated that starch

is broken down by the action of the enzyme amylase to provide glucose

for the body. Amylase is a hydrolase, and degradation of amylose in

starch involves the hydrolysis of glycoside linkages. Figure 35.28 shows the

globular protein structure of human pancreatic a-amylase and illustrates

an example of a b-sheet. Ribonuclease is another important hydrolase and

catalyses the hydrolysis of ribonucleic acid (RNA).

35.8 Nucleobases, nucleotides and nucleic acids

Although we come to nucleic acids in the last section of this chapter, this must

not distract from the fact that they are critical to life because they are the storage

molecules for genetic information. We set the scene for a discussion of nucleic

acids, nucleotides and nucleobases in Chapter 34 when we introduced the

structures and reactivities of some nitrogen-containing heterocycles. The

nucleic acids deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are,

respectively, found in cell nuclei and in cytoplasm. The building blocks of

RNA and DNA are nucleotides, and these, in turn, are constructed from

nucleobases, phosphate groups and a sugar.

Fig. 35.28 (a) The structure of human pancreatic a-amylase (the R195A variant) determined by X-ray diffraction [S. Numao
et al. (2002) Biochemistry, vol. 41, p. 215]. (b) An enlargement of the antiparallel b-sheet composed of four b-strands in a-amylase.
The b-strands are interconnected by coils or turns, and are shown in a schematic presentation that illustrates the direction in which
the strands run. The structure is stabilized by inter-strand peptide –C==O:::H–N– hydrogen bonds, as well as hydrogen bonds
between amino acid substituents; hydrogen bonds are represented by hashed green lines.
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Nucleobases

Nature uses five nucleobases which fall into two classes: purines and

pyrimidines. Structures 35.24 and 35.25 show the parent compounds purine

and pyrimidine. Adenine and guanine are purines, while uracil, thymine and

cytosine are pyrimidines:

The nucleobases adenine, guanine, cytosine and thymine occur in

DNA, and in RNA, the component bases are adenine, guanine, cytosine

and uracil.

Nucleosides and nucleotides

Connection of a nucleobase to a sugar leads to the formation of a nucleoside.

In RNA, the sugar is ribose (35.26) and a nucleobase is bonded to ring-atom

C(1). The sugar 2-deoxyribose is a building block in DNA; again a

nucleobase is connected to position C(1). 2-Deoxyribose is related to

ribose but carries no OH group on ring atom C(2) (structure 35.27).

(35.26) (35.27)

The condensation of a phosphate group to the CH2OH group (i.e. the C(5)

position) of the sugar in a nucleoside converts the latter to a nucleotide.

Hence, we can construct the four ribonucleotides that combine to make

RNA, and the four deoxyribonucleotides that are the building blocks of

DNA (Figure 35.29).

(35.24)

(35.25)

In RNA and DNA, nature

uses the purine bases

adenine and guanine, and

the pyrimidine bases uracil,

thymine and cytosine.

A nucleoside is composed of

a nucleobase bonded to a

sugar; a nucleotide consists

of a nucleoside covalently

bonded to a phosphate

group.
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From nucleotides to nucleic acids

Using the nucleotides in Figure 35.29 as building blocks, we are now in a

position to construct nucleic acids. The general scheme for this

construction is the condensation of the phosphate group of one nucleotide

with the OH on atom C(3) of the next nucleotide. Once in the nucleic acid

chain, the atom numbers change to ‘primed’ numbers, i.e. C(3) becomes

Fig. 35.29 The four ribonucleotides that are the building blocks of RNA, and the four deoxyribonucleotides that are the
construction units of DNA.
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C(3’) and so on. Nucleic acids are macromolecules and have the general

structures shown below:

The sequence in which the nucleobases appear gives the nucleic acid its

particular identity. The diagrams above illustrate that the direction of

sequencing can be defined using 5’ and 3’-nomenclature, e.g. in the left-

hand chain, the sequence from 5’-end to 3’-end for the part of the chain

shown is (nucleobase 1)–(nucleobase 2). The abbreviations used for the five

nucleobases are adenine (A), guanine (G), thymine (T), cytosine (C) and

uracil (U), and a sequence of nucleotides can be represented as, for

example, 5’-AUACCUUGUCAG-3’. Short sequences of nucleotides are

referred to as oligonucleotides.

The structure of DNA: the double helix

Sequencing nucleotides in the manner described above generates nucleic

acids composed of single strands. In DNA, the strands consist of

deoxyribonucleotides. In 1953, Watson and Crick (see Box 35.5) made the

important discovery that the nucleobases in one strand of DNA formed

hydrogen bonds with complementary bases in a second strand. Only certain

interactions are favoured: guanine and cytosine, and adenine and thymine

are pairs of complementary bases. Each pair of nucleobases associates

through hydrogen-bonded interactions:

The prefix oligo means ‘a

few’ and is used for

compounds in which the

number of repeating units is

intermediate between a

monomer and a high

molecular weight

macromolecule (polymer),

e.g. oligonucleotides.
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The result of these base-pairings between adjacent strands of DNA is the

formation of a double chain. Moreover, the association specifically leads to a

helical assembly, shown schematically in diagram 35.28. The form of DNA

originally characterized is known as B-DNA and has a right-handed helix.

Other common forms include A-DNA (right-handed) and Z-DNA (left-

handed). Figure 35.30 shows the double helical assembly of two

complementary strands of oligonucleotides composed of C, G, A and T

nucleotides, i.e. the same nucleotides that are present in DNA. Figures 35.30a

and b show two views of the molecular structure. Figures 35.30c and d show

two ways of representing the structure so that the base-pairings and the

phosphate-containing backbone are the focus of attention. A space-filling

representation of part of the double helix of DNA is shown in Figure 35.31.

The two strands of DNA can be seen in the figure, and the base pairs can be

identified in the centre of the helix.

During cell replication, the double helix of DNA unwinds and each strand

templates the construction of a new strand. By ‘templating’ we mean that by

using the complementary base-pairing, a specific sequence of nucleobases in

one strand, e.g. –ACAGC–, will control the specific sequencing in a new

strand and this will be an exact replica of the strand with which the first

strand was originally paired in the double helix:

The structure of RNA

There are three classes of RNAmolecules: messenger RNA (mRNA), transfer

RNA (tRNA) and ribosomal RNA (rRNA). The function of mRNA is to

transfer genetic coding information required for protein synthesis from

(35.28)
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THEORY

Box 35.5 Unravelling the double helix of DNA

Themolecular structure is shown in stick-representation. Colour

code: C, grey; N, blue; O, red; P, orange. [X-ray diffraction data:

M. C. Wahl (2000) Nucleic Acids Res., vol. 28, p. 4356.]

Before 1950, the general nature of RNA and DNA had

been established, and it was known that DNA carried

genetic information. The 1950s was a period when X-ray

crystallography was first being applied to biological

molecules. Given the vast wealth of information about

proteins that is now available in the Protein Data Bank

(www.rcsb.org/pdb), it is perhaps difficult to appreciate

how little structural information was available 60 years

ago. Between 1951 and 1953, Rosalind Franklin and

Maurice Wilkins were applying X-ray diffraction to try

to determine the structure of DNA. Franklin discovered

that DNA had a helical form, and that the phosphate

groups lay on the outside of the helix. At the same time,

other research groups were also working on the

structure of DNA. In April 1953, James Watson and

Francis Crick published a paper in the journal Nature

outlining their proposals. Linus Pauling had just

published a separate proposal for DNA: a helical

arrangement of three strands with the phosphate groups

on the inside of the helical coil and the nucleobases on

the outside, but it was the model of Watson and Crick

that proved to be correct. This structure was made up

of two strands, coiled helically around each other,

each with a right-handed twist. Negatively charged

phosphate groups resided on the outside of the structure

within easy reach of cations. Nucleobases faced into

the centre of the helix with the plane of each base

perpendicular to the axis of the helix. It was proposed

that the two strands ran in opposing directions and, as a

consequence, bases could pair, namely adenine with

thymine, and guanine with cytosine. The sequence of

bases in one chain therefore determined the sequence

of bases in the second strand. Watson and Crick also

observed that the specific base-pairing could be the basis

for a ‘copying mechanism’ for genetic material.

In 1962, Watson, Crick and Wilkins were awarded

the Nobel Prize in Physiology or Medicine ‘for their

discoveries concerning the molecular structure of nucleic

acids and its significance for information transfer in

living material’. It is sad that Franklin did not receive

credit for her contributions to the DNA story; she died

of cancer in 1958, just at the start of her scientific career.

Francis H. C. Crick James D. Watson Maurice H. F. Wilkins

(1916–2004) (1928– ) (1916–2004)
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chromosomes to ribosomes. Transfer RNA carries a specific amino acid

and matches it to a codon (a sequence of three nucleotides) on mRNA

during protein synthesis. rRNA molecules are directly involved in protein

synthesis. Cellular RNA consists of single strands of ribonucleotides.

The nucleotides present are adenine, uracil, guanine and cytosine, i.e.

whereas DNA contains thymine, RNA contains uracil. Hydrogen-bonded

Fig. 35.30 Two strands of oligonucleotides sequenced 5’-CAAAGAAAAG-3’ and 5’-CTTTTCTTTG-3’ assemble into a
double helix. The structure has been determined by X-ray diffraction [M. L. Kopka et al. (1996) J. Mol. Biol., vol. 334,
p. 653]. The structure of the double helix (a) looking down the centre and (b) viewed from the side showing the oligonucleotides
in stick representation; colour code: C, grey; N, blue; O, red; P, orange. Diagrams (c) and (d) show the backbone of each olignu-
cleotide depicted as an arrow pointing towards the C3’ end of the sequence, and the nucleobases are shown in a ‘ladder’ repre-
sentation. Each nucleobase is colour coded (G, green; A, red; C, purple; T, pale blue), making the A–T and G–C base pairs
clearly visible.
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base-pairing can occur between adenine and uracil, and between guanine

and cytosine:

Note that the only difference between the diagram above and that for

G–C base-pairing in DNA is the presence of a ribose unit in RNA versus

deoxyribose in DNA.

Although RNA exists as single strands, intra-strand base-pairing can

occur within self-complementary sections of the strand. This gives RNA a

Fig. 35.31 Part of the
right-handed, double

helical structure of DNA. Colour
code: C, grey; O, red; N, blue;
P, orange. Hydrogen atoms are
omitted for clarity.
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secondary structure which results from folding of the chain into loops and

hairpins (schematically illustrated in diagrams 35.29 and 35.30), as well as

helical twists. RNA strand lengths vary. For example, mRNA contains

between �500 and 7000 nucleotides, whereas tRNA consists of �70–90
nucleotides. Figures 35.32 and 35.33 illustrate two examples of RNA

structures. A ribozyme is an RNA segment that catalyses the cleavage of

another RNA strand, and Figure 35.32 shows the structure of a modified

hammerhead ribozyme containing two RNA strands. (The hammerhead

ribozyme is derived from self-cleaving RNA molecules that are associated

with plant RNA viruses.) These strands are relatively short, and the colour

codes of the nucleotides (defined in the figure caption) allow you to see

how base-pairing leads to folding of the strands. Figure 35.33 shows a

247-nucleotide ribozyme and the role of complementary base-pairing in the

development of the secondary structure of the RNA strand can be seen.

Fig. 35.32 The structure of a
modified hammerhead ribozyme
containing two RNA strands.
The backbone of each strand is
depicted as an arrow pointing
towards the C3’ end of the
sequence. The nucleobases are
shown in a ‘ladder’
representation; each nucleobase
is colour coded (G, green; C,
purple; A, red; U, blue). The
complementary base pairs are
G–C and A–U. The structure was
determined by X-ray diffraction:
C. M. Dunham et al. (2003)
J. Mol. Biol., vol. 332, p. 327.

Fig. 35.33 The structure of a
modified 247-nucleotide
ribozyme from the ciliate
Tetrahymena thermophila. The
backbone of the RNA strand is
shown as an arrow pointing
towards the C3’ end of the
sequence; the head of the arrow is
towards the lower right of the
figure. The nucleobases are
shown in a ‘ladder’
representation and are colour
coded: G, green; C, purple; A,
red; U, blue. The figure illustrates
how G–C and A–U base-pairing
in a single RNA strand leads to
the complicated secondary
structure. The structure was
determined by X-ray diffraction:
B. L. Golden et al. (1998)
Science, vol. 282, p. 259.
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(35.29) (35.30)

By comparing the structures in Figures 35.30–35.32, you can appreciate

that hydrogen-bonded interactions (which are typically of a strength of

�25kJmol�1) are responsible both for the ordered double helical structure of

DNA, and the complicated, folded structures of single-stranded RNAmolecules.

SUMMARY

In this chapter, we have introduced some of the molecules that are essential to life. The classes of com-
pound that we have discussed are carbohydrates (mono-, di- and polysaccharides), lipids, amino acids,
polypeptides, proteins, nucleobases, nucleotides and nucleic acids. Nature is able to carry out compli-
cated reactions that are reproducible and specific, and enzymes (which are proteins) control the specifi-
city of these processes. Nature is far ahead of man in terms of the chemistry that it achieves. RNA and
DNA are nucleic acids that are fundamental to life and genetic coding.

Do you know what the following terms mean?

. carbohydrate

. monosaccharide

. aldose

. ketose

. tetrose

. pentose

. hexose

. epimer

. anomer

. pyranose form of a sugar

. furanose form of a sugar

. glycoside

. cellulose

. amylose

. lipid

. fatty acid

. omega-3 and omega-6 fatty
acids

. triglyceride (triacylglycerol)

. lipolysis

. steroid

. sterol

. cholesterol

. lipid wax

. eicosanoid
(icosanoid) lipids

. glycerophosphoric acid

. glycerophospholipid

. lipid membrane

. lipophilic

. amphiphilic

. micelle

. glycoglycerolipid

. glycosphingolipid

. sphingosine

. amino acid

. zwitterion

. isoelectric point

. peptide

. polypeptide

. C-terminus of a peptide

. N-terminus of a peptide

. protein

. electrophoresis

. protein

. primary structure of a protein

. secondary structure of a
protein

. tertiary structure of a protein

. quaternary structure of a
protein

. a-helix

. b-sheet

. metalloprotein

. prosthetic group

. collagen

. keratin

. enzyme

. nucleobase

. nucleoside

. nucleotide

. nucleic acid

. oligonucleotide

. DNA

. RNA
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The following abbreviations have been used. Do you know what they mean?

. Ala

. Arg

. Asn

. Asp

. Cys

. Glu

. Gln

. Gly

. His

. Ile

. Leu

. Lys

. Met

. Phe

. Pro

. Ser

. Thr

. Trp

. Tyr

. Val

. A

. C

. G

. T

. U

. BOC

. DNA

. RNA

. SDS-PAGE

You should be able:

. to comment on the presence and importance of
chiral compounds in nature

. to classify carbohydrates as mono-, di- and
polysaccharides

. to distinguish between an aldose and a ketose
and give examples of each

. to classify sugars as tetroses, pentoses and
hexoses

. to describe the open and cyclic forms of sugars
such as glucose, and comment on the
equilibria between these forms

. to explain how different isomers of a sugar arise

. to describe typical reactions of a sugar such as
glucose

. to describe how a glycoside linkage is cleaved
and the role of this reaction in nature

. to give examples of mono-, di- and
polysaccharides, and comment on the roles
they play in nature

. to give a general definition of a lipid and
provide examples

. to give examples of saturated, monounsaturated
and polyunsaturated fatty acids, including
omega-3- and omega-6 acids, and to comment
on the stereochemistry at the C == C double bonds

. to comment on the relationships between the
different types of fatty acids and our health

. to explain the relationships between fatty acids
and mono-, di- and triglycerides, and to explain
the meaning of lipolysis

. to illustrate examples and functions of lipid
waxes

. to describe how glycerophospholipids are
biosynthesized

. to describe the role of glycerophospholipids in
lipid membranes

. to give an example of a glycoglycerolipid and
comment on the functions of this type of lipid

. to describe the structural features of glyco-
sphingolipids, and give examples of their
biological roles

. to give examples of amino acids and comment
on their chirality

. to discuss the Bro/ nsted acidic and basic
properties of amino acids

. to describe how a peptide linkage is formed

. to explain why amino acids need to be activated
and protected before a di- or polypeptide is
assembled

. to describe briefly the use of electrophoresis for
the separation and characterization of
polypeptides or proteins

. to describe the primary, secondary, tertiary and
quaternary structure of a protein, including the
details of the assembly of an a-helix and a
b-sheet

. to distinguish between fibrous and globular
proteins and give examples of each

. to comment on the role of hydrogen bonding
and disulfide bridge formation in protein
structure

. to give an example of a prosthetic group in a
protein

. to give examples of classes of enzymes and their
roles in nature

. to draw the structures of the nucleobases
adenine, guanine, cytosine, thymine and
uracil, and classify them as purines or
pyrimidines

. to illustrate the general structures of nucleosides
and nucleotides

. to describe how nucleotides assemble to give
nucleic acids

. to comment on the assembly of the double helix
of DNA and the importance of complementary
base pairs in nature
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PROBLEMS

35.1 How many stereogenic centres does the following

monosaccharide possess?

Draw the structures of all the stereoisomers of this

molecule, and assign (R) or (S) labels to the

stereogenic centres. Which pairs of stereoisomers

are enantiomers? Which pairs of stereoisomers are

epimers? Give reasons for your answers.

35.2 Show how the open form of D-ribose undergoes

conversion to the furanose form, and comment on

why the latter is classed as a hemiacetal.

35.3 (a) Draw the structure of the pyranose form of

D-glucose and comment on what is meant by the

anomeric centre. (b) Give a mechanism by which

the open form of D-glucose converts to its furanose

form, and suggest why this is less favourable than

formation of the pyranose form.

35.4 Suggest products in the following reactions. Give

both structures and names for the products:

35.5 Classify the following sugars as tetroses, pentoses

or hexoses, and as aldoses or ketoses: (a) glucose;

(b) fructose; (c) ribose; (d) mannose; (e) galactose;

(f ) threose.

35.6 Classify the following sugars as monosaccharides,

disaccharides or polysaccharides: (a) cellulose;

(b) lactose; (c) galactose; (d) amylose; (e) sucrose;

(f ) ribose; (g) fructose.

35.7 Explain what you understand by the following

notations: (a) D- and L-forms of a particular sugar;

(b) a- and b-D-glucose; (c) (R)- and (S)-

glyceraldehyde.

35.8 Aqueous solutions of D-glucose contain an

equilibrium mixture of species, three of which are

shown below:

It can be assumed that the acyclic form in this

equilibrium mixture is present to an extent of

<0.003%. In an experiment designed to investigate

the above equilibrium, 3.60 g of commercially

available D-glucose were dissolved in water at

293 K. The mixture was sampled periodically, and

the data shown in Figure 35.34 were obtained.

Fig. 35.34 Equilibration of
D-glucose in aqueous solution at
293 K. [Data: C. E. Perles et al.
(2008) J. Chem. Educ., vol. 85,
p. 686.]
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(a) How many stereogenic centres does the cyclic

form of D-glucose possess?

(b) What is the relationship between a-D-glucose
and b-D-glucose? Rationalize your answer.

(c) Suggest an experimental method that could be

used to determine the concentrations of a-D-
glucose and b-D-glucose in solution at a given

time. Explain briefly how this method works,

and state what other data you require.

(d) Rationalize the shapes of the curves in

Figure 35.34.What is the equilibrium composition

of an aqueous solution of D-glucose at 293 K?

(e) Determine the value of K for the equilibrium:

a-D-glucose Ð b-D-glucose

and calculate the corresponding Gibbs energy.

35.9 The following are shorthand notations for some

fatty acids. Draw the structure of each molecule,

and give a systematic name for each. (The prefix for

22 is docos-.)

(a) 11 : 0

(b) 14 : 0

(c) 22 : 1(n–9)

(d) 18 : 2(n–6)

35.10 (a) What is the general structure of an o-3 fatty

acid? Give one major role of an o-3 fatty acid in the

human body. (b) Draw the structure of g-linolenic
acid which can be represented by the notation

18 : 3(n–6).

35.11 The following is a metabolic pathway starting from

oleic acid. Draw the structure of each fatty acid in

the series:

35.12 Most fats in our diets are consumed in the form of

triglycerides. Fats are also stored as triglycerides.

What chemical reactions occur between uptake and

storage of fats? Why can dietary fats not simply be

taken in and stored directly?

35.13 The structure of cholesterol is shown below:

(a) To what group of lipids does cholesterol

belong? (b) The main role of cholesterol

in the body is to control the fluidity of

membranes. Explain how cholesterol achieves

this role.

35.14 In the reaction scheme below, A (specifically a

1-acylglycerol-3-phosphate) is formed by treating

glycerol-3-phosphate with oleic acid (18 : 1(n–9)).

Then, reaction of A with linoleic acid (18 : 2(n–6))

gives B.

(a) What is the role of the acyltransferases shown in

the scheme? Is it likely that the acyltransferase

for step 1 is the same as that for step 2? Give a

reason for your answer.

(b) Draw the structures of A and B.

(c) To what class of compound does B belong, and

what is its biosynthetic role?

35.15 (a) Draw the general structure of a

glycerophospholipid, and, with reference to

your diagram, comment on the importance of

having polar and non-polar components.

(b) Why do glycerophospholipids tend to form

bilayers rather than micelles?

(c) Briefly describe the role of a lipid bilayer in the

human body.

(d) Sketch a diagram that shows the relationship of

a transmembrane protein to a lipid bilayer.

What is the role of transmembrane proteins in

the human body?

35.16 (a) Draw the structure of and name the only

achiral amino acid. (b) Does nature tend to

use D-, L- or racemic amino acids? (c) Draw the

structure of (R)-cysteine. (d) Give the names

of the amino acids for which the following

are abbreviations: Val, Gly, Asp, Cys,

Glu, His.

35.17 (a) What is meant by the zwitterionic form of an

amino acid? (b) How will the structure of L-valine

respond to changes in pH if the pKa of the CO2H

group is 2.32, and the pKb of the NH2 group is

4.38?

35.18 (a) In the synthesis of a dipeptide, where and why

must activating and protecting groups be

introduced before condensation of the two

amino acids? (b) Give a scheme that shows the

formation of Gly-Leu starting from suitably

protected precursors, and ending with Leu at the

C-terminus.

1344 CHAPTER 35 . Molecules in nature



 

35.19 The structure of vasopressin is given in the text as:

Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly
N-terminus

Using Table 35.2 to help you, interpret this

sequence of abbreviations and draw the full

structure of vasopressin. Comment on any special

features of the structure.

35.20 Comment on the following features of proteins:

(a) primary structure; (b) secondary and tertiary

structure; (c) quaternary structure; (d) fibrous

protein; (e) globular protein. Include a description

of the role of intermolecular interactions, and

disulfide bridge formation.

35.21 The electrospray mass spectrum of myoglobin

(Mr ¼ 16951) shows a series of peaks at

m=z ¼ 1413, 1305, 1212, 1131, 1060, 998, 943, 893,

848 and 808. Suggest assignments for these peaks,

given that no fragmentation of the protein

molecule occurs.

35.22 (a) What does the acronym SDS-PAGE stand for?

Describe briefly how the SDS-PAGEmethod of

electrophoresis works.

(b) Chemical companies sell mixtures of proteins

that can be used as standards in SDS-PAGE. In

the SDS-PAGE gel plate represented

schematically below, such a mixture, X, has

been run alongside three protein samples, A, B

and C:

In the set of markers, which of proteins 1 to 5 has the

highest molecular size? What information do the

results give you, and is it possible to say anything

about the amino acid sequence in protein C?

35.23 Chymotrypsin is an enzyme that cleaves peptide

bonds, specifically targeting the peptide bond at the

C-termini of phenylamine, tyrosine and

tryptophan. Interpret the sequence of amino

acids Cys-Leu-Phe-GlyNH2 into a structural form

and draw a scheme to show chymotrypsin acting

on this sequence.

35.24 (a) Distinguish between a nucleoside and a

nucleotide. (b) Explain what is meant by the

notation 5’-AGAGAGAGAGAAAAA-3’.

(c) What is the complementary nucleic acid strand

to the one given in part (b)? Give reasoning for

your answer.

35.25 Keratin and collagen are both fibrous proteins.

Describe their structures, paying attention to the

secondary and tertiary structures. Give examples of

the biological functions of these proteins.

35.26 (a) What do the abbreviations DNA and RNA

stand for? (b) Draw the structures of

representative, general building blocks used in the

assembly of RNA and DNA. (c) The building

block that you have drawn for DNA is used within

one strand. How many strands are used to

assemble the common forms of DNA?

35.27 (a) What do you understand by ‘complementary

base pairing’, and what role does this play in the

assembly of DNA? (b) Describe in simple terms

how replication of DNA is achieved.

35.28 (a) During protein synthesis, transfer RNA (tRNA)

matches a specific amino acid to a codon. What is a

codon? (b) Which class of RNA transfers genetic

coding information during protein synthesis? (c) Is

RNA single, double or triple stranded? (d) How do

hairpins arise in the structure of RNA, and how does

a hairpin differ from a loop?

ADDITIONAL PROBLEMS

35.29 One of the active sites of ribonuclease consists of a

pocket in the folded protein chain and can be

presented as follows, where the pink line is the

backbone of the protein:

Thr-45

Ser-123

Only the two residues involved in binding the

substrate are shown; the numbers refer to their

positions in the chain. Suggest how this site might

bind a uracil residue in RNA.

35.30 The hormone angiotensin II plays a key role in the

regulation of blood pressure. Its structure is shown

in 35.26. Rewrite the structure in an unambiguous,

abbreviated form.
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CHEMISTRY IN DAILY USE

35.31 L-Arginine is biosynthesized from L-citrulline in the

liver. It has recently been discovered that

watermelons are rich in L-citrulline, and a diet with

a high content of watermelon juice increases

arginine availability in the body. Among the

beneficial effects are relaxation of the blood

vessels. The structure of L-citrulline is shown

below (colour code: C, grey; O, red; N, blue; H,

white).

(a) The structure above shows L-citrulline in a

zwitterionic form. Explain what this means.

(b) Draw a structural diagram of L-citrulline,

showing the stereochemistry at the stereogenic

centre, and assign the correct stereochemical label.

(c) How does the structure of L-arginine differ from

that of its precursor L-citrulline?

35.32 Nelarabine (sold as Arranon� by GlaxoSmith

Kline) was approved by the US Food and Drug

Administration in 2005 for the treatment of T-cell

acute lymphoblastic leukaemia and T-cell

lymphoblastic lymphoma. Nelarabine is a

nucleoside analogue, and is converted to ara-G by

the enzyme adenosine deaminase:

Cellular kinases (enzymes) then convert ara-G to

its 5’-triphosphate derivative (ara-GTP) which is

incorporated into DNA. This results in DNA

synthesis being inhibited.

(a) Name the nucleobase that ara-G contains. Draw

the structure of the naturally occurring

ribonucleoside to which ara-G is related, and state

how the structures of the two compounds differ.

(b) Draw the structure of ara-GTP.

(c) Once incorporated into DNA, with which

nucleobase will that introduced by the drug be

base-paired? What is the nature of the base-

pairing interactions? Illustrate your answer with

a diagram.

(35.26)
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35.33 The first step in the manufacture of monosodium

glutamate (MSG) is the aerobic, bacterial

fermentation of carbohydrates using

Corynebacbacterium glutamicum. The process is

summarized below, and gives specifically (S)-

glutamic acid (or D-glutamic acid):

At the end of the fermentation process, the pH of

the glutamic acid is adjusted to its isoelectric point

(pH 3.22) and the acid is then recrystallized.

Treatment with aqueous NaOH converts glutamic

acid to MSG.

(a) What is the main application of MSG?

(b) What type of compound is glutamic acid?When

in aqueous solution, why is its structure pH

dependent?

(c) Explain what is meant by the isoelectric point of

glutamic acid. The diagram below shows the

pKa values of the two CO2H groups. Draw the

structure of the major species present in solution

at the isoelectric point of pH 3.22, and

rationalize your answer.

(d) Naturally occurring glutamic acid is the L-form.

Draw its structure. Assign an (S) or (R) label to

the stereogenic centre, and state how you have

arrived at your answer.

AND: Other related ‘Chemistry in daily use’ problems

to try: 15.31 (sugars and artificial sweetners);

2.28, 2.30, 12.30, 33.31 (lipids); 10.33 (amino acids

and peptides); 5.21, 15.30, 16.35, 17.38, 18.26

(nucleotides, proteins and enzymes).
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36
Chemistry in the
workplace

36.1 What is this chapter about?

Most of this book has been concerned with the physical and chemical

properties of atoms and molecules, and with the physical principles

(thermodynamics and kinetics) that govern reactions. In Chapters 10 to 14,

we described the techniques of mass spectrometry, and IR, UV–VIS and

NMR spectroscopies which are essential for the identification of inorganic

and organic compounds. These techniques are in everyday use by synthetic

chemists involved both in research and industry. They are also central to

the work of analytical scientists in fields as far apart as environmental

monitoring, the pharmaceutical industry, sports drug testing, forensic

analysis, and food and drink quality control. A number of boxes and

end-of-chapter problems have already exemplified analytical applications of

mass spectrometry, and IR, UV–VIS and NMR spectroscopies:

. forensic analysis of explosives (problem 10.30);

. analysis of plant materials, relevant to the pharmaceutical industry

(problem 10.31);
. analysis of inks in forensic science (problem 10.32);
. analysis of a vasodilator (problem 10.33);
. colour vision in humans and honeybees (problem 11.19);
. environmental analysis of phosphates in water sources (problem 11.20);
. analysis of the chlorine content of swimming pools (problem 11.21);
. forensic analysis of fibres and paints (Box 12.2, problem 12.31);
. forensic drug analysis (problems 12.29, 14.21);
. analysis of unsaturated fatty acids in edible vegetable oils (problem 12.30);
. food industry analysis of colouring agents (problems 13.14, 13.16);
. phthalocyanine-based dyes and pigments (problem 13.15);

Topics

Karl Fischer titration

Liquid chromatography

Gas chromatography

Detection methods

High-performance liquid

chromatography

Capillary zone

electrophoresis

Atomic absorption

spectroscopy

Atomic emission

spectroscopy



 

. analysis of hair dyes (problem 13.17);

. quality control of wine using SNIF–NMR spectroscopy (Box 14.7);

. quality control in the polymer industry (problem 14.22);

. analysis of PVA white glue (problem 26.30);

. police analysis of alcohol levels in blood (problem 30.22);

. quality control of biodiesel fuel (problem 33.31).

In this chapter, we introduce the use of analytical techniques within the

context of solving problems in the workplace.

36.2 Determination of water content in foodstuffs

The determination of the water content of foodstuffs is an important

analytical procedure in the food industry. In addition to legislative issues,

the water content affects the physical, chemical and microbiological

stability of foodstuffs and, therefore, their shelf-life. It also affects physical

properties, such as the solubility of ‘dried’ products.

Water in foods is in the form of free, absorbed or bound water. Free water

occurs in cavities in food material, while absorbed water is weakly associated

with the surfaces of starch, proteins and other large molecules. Bound water

refers to water molecules that are held relatively strongly, for example, water

of hydration. During food drying processes, some but not necessarily all, of

the water is removed. It is with the determination of this residual water that

we are concerned.

Of the methods available for determining water content, the most common

is a Karl Fischer titration. The method is reliable and reproducible, and can be

performed using automated titrators. Figure 36.1 illustrates a typical

The component being

analysed in a system is

called the analyte.

Fig. 36.1 A computer-controlled,
automated titrator.
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computer-controlled titration system. Such automated systems have a range

of analytical applications. A Karl Fischer titration involves the reactions

shown in scheme 36.1. The combination of amine, methanol and SO2 is

available commercially and is sold as Karl Fischer reagent. The methanol

(which must be pre-dried) is both a reactant and solvent. The amine R2NH

acts as a base and is usually imidazole (36.1). The [CH3OSO2]
� ion formed

in the first step is oxidized by I2, a methanol solution of which is titrated

into the mixture. The oxidation only occurs in the presence of H2O, and so

can be used to determine the water content of the sample. Equations 36.2

and 36.3 show the corresponding oxidation and reduction half-equations;

Hþ formed in reaction 36.2 is taken up by the amine to form [R2NH2]
þ.

Once all the H2O has been consumed, any I2 added is in excess. The end

point of the titration is determined electrochemically by a platinum double

pin indicator electrode which detects I2 by reduction (reaction 36.3).

R2NH þ CH3OH þ SO2 ��" ½R2NH2�þ þ ½CH3OSO2��

I2þH2O þ ½CH3OSO2�� þ 2R2NH��" 2I� þ 2½R2NH2�þ þ ½CH3OSO3��
ð36:1Þ

½CH3OSO2�� þH2O��" ½CH3OSO3�� þ 2Hþ þ 2e� ð36:2Þ
I2 þ 2e� ��" 2I� ð36:3Þ

The method described above is a volumetric technique, because a known

volume of methanolic I2 solution is titrated into the reaction mixture. This

method is suitable for determining water content in the range 100 ppm to

100%. A relevant example is pasta. Dried pasta contains about 10% water,

but if this increases to >12%, the shelf-life of the pasta is significantly

shortened.

The volumetric method is not suitable for the determination of low levels of

water and a coulometric method is used for water content in the range 1 ppm

to 5%. Instead of adding the I2 by titration, it is generated electrochemically

from I� present in the original analyte. The instrument continues to produce

I2 until all the water has been chemically removed (scheme 36.1). The end

point is determined electrochemically in the same manner as in the

volumetric method. The computer software in the instrument calculates the

total amount of I2 used in reaction 36.1 from the electrical charge

(Faraday’s Law) associated with its electrochemical production from

iodide. The oxidation of two moles of I� to give one mole of I2 produces

two moles of electrons (reverse of equation 36.3). The liberation of one

mole of I2 into the solution therefore produces 2F or (2 � 96 485)C of

charge, causing a current to flow (equation 36.4).

Electrical charge ðCÞ ¼ Current ðAÞ � Time ðsÞ ð36:4Þ

From equation 36.1, the molar ratio of H2O : I2 is 1 : 1. Suppose the analyte

contains 1.00mg of H2O:

Molar mass H2O ¼ 18:02 g mol�1

1:00 mg H2O ¼
1:00� 10�3g

18:02 g mol�1
¼ 5:55� 10�5 mol

Charge producedwhen 5:55�10�5mol I2 is formed¼2�ð5:55�10�5Þ�ð96485CÞ
¼10:7 C

(36.1)

Faraday’s Law:
see Section 18.7

"
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Dried milk powder is an internationally traded food commodity and there

is strict legislation on its water content. The Karl Fischer method is an

accurate and reproducible means of determining the total water content of

dried milk powders (�1.5 to 5.5%). Analytical methods which rely on

oven drying or desiccation (using phosphorus(V) oxide) may underestimate

the water content because they do not necessarily determine the total

amount of water present.

36.3 Determination of melamine and cyanuric acid in pet food

In 2007, a number of pet food manufacturers in North America recalled

products following kidney failure and deaths among some animals. The

problem arose from the presence of kidney stones, formed from melamine

and cyanuric acid. The contaminants were traced to wheat gluten and rice

protein originating from China, although cyanuric acid (36.3) may also

arise from bacterial metabolism of melamine (36.2). Cyanuric acid exists in

two tautomeric forms, and the structure of one form is ideally suited to the

formation of hydrogen bonds with melamine (Figure 36.2). The two

compounds co-crystallize, forming insoluble microcrystals in urine. The pet

food recall, and associated contamination of farm animal feeds, demanded

reliable analytical methods for the detection of melamine and cyanuric acid,

and the use of liquid chromatography linked to mass spectrometry (LC-

MS) is suitable. The basic principles of liquid chromatography (including

the meanings of stationary and mobile phases) were introduced in Box 24.6.

Figure 36.3 shows a schematic representation of the components in an

LC-MS set-up. The liquid analyte is separated into its components by liquid

chromatography. The design of the interface between the chromatography

column and the mass spectrometer (which operates under high vacuum) is

critically important. Modern LC-MS systems use atmospheric pressure

(36.2)

(36.3)

Fig. 36.2 Cyanuric acid exists in two tautomeric forms, one of which co-crystallizes with melamine in a hydrogen-bonded,
sheet-like structure. Part of one sheet is shown.

Determination of melamine and cyanuric acid in pet food 1351



 

ionization (API) to ionize the analyte. Ionization takes place before the

interface to the high vacuum chamber of the mass spectrometer, in contrast

to conventional systems. The analyte leaving the chromatography column is

nebulized into a spray of fine droplets before being ionized. After pressure

reduction, the ions enter the mass analyser. The API technique has the

advantage of being ‘soft’ and causes negligible fragmentation, and it can

be run in either positive or negative ion mode. In the positive mode,

protonated ions are observed, e.g. [M + H]þ and [M + 2H]2þ, while in the

negative mode, deprotonation occurs leading to [M � H]�, [M � 2H]2�, and
so on. The initial mass spectrum allows the molecular mass of the analyte to

be determined. The LC-MS technique has been developed so that ions from

the first mass spectrum are subsequently selected and fragmented in a second

analysis. This extension of the technique is called liquid chromatography–

tandem mass spectrometry (LC-MS/MS), and is an extremely powerful

means of obtaining detailed structural information for preselected molecular

ions. This allows unambiguous compound identification. LC-MS/MS is

used, not only for compound identification, but also for peptide sequencing.

As with any analysis using GC-MS, LC-MS or LC-MS/MS, calibration of

the instrument using known standards is essential. Internal standards added

to the analyte are usually isotopically labelled (e.g. 13C or 2H) forms of the

compounds in the analyte. This ensures that the internal reference

molecules behave similarly during separation to those in the analyte, but

can be distinguished in the mass spectrum. Each component in the sample

being analysed has a characteristic retention time on the chromatography

column. Those that interact least well with the stationary phase have the

shortest retention times, and those that are strongly adsorbed move the

most slowly through the column. Because the isotopically labelled internal

standard and the analyte are chemically and physically identical, they elute

with exactly the same retention times (Figure 36.4) and are ionized in the

mass spectrometer at the same time. Calibration curves are plotted to

confirm that there is a linear relationship between chromatogram peak

area and concentration of each compound being analysed. After complete

LC-MS/MS analysis for melamine, a mass spectrum similar to that shown

in Figure 36.5 is obtained. The spectrum exhibits two sets of peaks, one

for the isotopically 13C-labelled standard (red in Figure 36.5) and one for

Nebulize: see Box 10.1

"

Fig. 36.3 A simplified schematic representation of the components of an LC-MS instrument.
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the analyte (blue in Figure 36.5). The difference in m/z values between pairs

of peaks indicates the number of carbon atoms present in the fragment ion.

The molecular structures of the two parent compounds are shown on the next

page, and the peaks at m/z ¼ 127 and 130 shown in Figure 36.5 are assigned

to parent ions [M + H]þ for analyte and standard, respectively.

See end-of-chapter
problem 36.7

"

Fig. 36.5 Simulated mass spectrum of a mixture of melamine (blue) and melamine-13C3 (red) showing the fragmentation
pattern (see text). [Data: Application Note 424, Thermo Scientific.]

Fig. 36.4 Chromatograms from an LC experiment showing melamine, cyanuric acid and their isotopically labelled internal
standards. The retention times for each pair of labelled/unlabelled compounds are equal. [Redrawn from Application Note
424, Thermo Scientific, used with permission from Thermo Fisher Scientific.]
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By using the LC-MS/MS technique, the presence of melamine and cyanuric

acid can be unambiguously detected in a sample of pet food, and the

concentrations can be determined from the chromatographic calibration

curve. The technique is extremely sensitive, and allows detection of levels

as low as 1 ppb. In the case of the 2007 contaminated pet food, it was

found that the wheat gluten used in the pet food manufacture contained

high levels of melamine (8.4%) and cyanuric acid (5.3%). The World

Health Organization (WHO) states that the human body can safely

tolerate �0.2 mg of melamine per kg of body weight.

36.4 Rapid detection of melamine in powdered milk

The analysis of melamine inmilk powders is closely linked to the previous case

study dealing with melamine and cyanuric acid contamination of pet foods. In

2008, powdered milk contaminated with melamine (36.2) resulted in 300 000

Chinese children being treated for renal complications, and caused six

deaths. The incident had global consequences. European countries banned

the import of Chinese baby foods and recalled sweets and biscuits

originating from China. Countries around the world issued warnings about

certain brands of food exported from China. The UK carried out

independent quality control tests on all food products from China which

contained >15% milk. The maximum allowed concentration of melamine in

food set by the US Food and Drug Administration (FDA) is 2.5 ppm.

Melamine has widespread applications in the manufacture of resins for

glues, adhesives and plastics. The milk crisis arose because Chinese dairy

producers watered down their milk, and then added melamine to it in order

to increase the nitrogen content, thus falsifying tests for protein content

that were based on percentage nitrogen analysis. Given the scale of the

problem, rapid and accurate means of analysing for melamine were essential.

One technique that can readily be applied to melamine detection in foods is

mass spectrometry using the time-of-flight (TOF) technique, coupled with

direct analysis in real time (DART) open-air ionization.§ This latter

technique allows food samples to be ionized at the inlet to the mass

spectrometer, and precludes the need for time-consuming sample

preparation. Sample ionization involves the interaction of the analyte with

[(H2O)nH]þ ions, formed by reactions between H2O molecules and

metastable, excited-state helium atoms. As in electrospray ionization mass

spectrometry, the observed ions in the mass spectrum correspond to

protonated species. The TOF-DART mass spectrum of melamine-

contaminated milk powder is shown in Figure 36.6, and the base peak at

m/z 127.07 corresponds to [M + H]þ.

ppb ¼ parts per billion

ppm ¼ parts per million

Electrospray ionization mass
spectrometry: see Box 10.1

"

"

"

§ T. M. Vail et al. (2008) J. Anal. Toxicol., vol. 31, p. 304.
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Other techniques that are routinely used to analyse for melamine in milk

powder and other foodstuffs are gas or liquid chromatography coupled

with mass spectrometry (GC-MS and LC-MS) as described in Section 36.3.

36.5 Environmental toxins: analysis of dioxins

The term dioxins covers a large family of polychlorinated derivatives of

dibenzofuran (36.4) and dibenzo-para-dioxin (36.5). The most toxic member

of the family is 2,3,7,8-tetrachlorodibenzo-para-dioxin (36.6), generally

known as dioxin. Dioxins are chemically and thermally stable, and are

not biodegradable. The compounds are referred to by acronyms: PCDDs

(polychlorinated dibenzo-para-dioxins) and PCDFs (polychlorinated

dibenzofurans). TCDD usually refers to tetrachlorodibenzo-para-dioxin but,

very often, specifically to the highly toxic 2,3,7,8-isomer (36.6).

(36.5) (36.6)

Dioxins are generated during the combustion of household and commercial

waste, and are also produced from wood combustion, e.g. forest fires. Once

released into the environment, dioxins may be transported long distances so

that toxic events associated with these chemicals (e.g. contamination of

seafish) may be remote from the point of origin of the toxins. In humans,

short-term exposure to dioxins causes the skin condition chloracne, but

prolonged exposure or exposure to high levels of dioxins has carcinogenic

implications. Dioxins are highly lipophilic, so they accumulate in fats and

are passed along the food chain from animals to humans. Dairy products

are responsible for up to half of the dioxins taken in by humans living in

industrialized countries. In 1976, an explosion at a chemical plant in

Seveso, Italy, released volatiles into the atmosphere and resulted in 37 000

people being exposed to high levels of dioxins. Levels of 2,3,7,8-TCDD

(36.6) in soil surrounding the site of the explosion reached 15.5 mgm�2,

Dioxins: see Section 29.2

(36.4)

"

Fig. 36.6 TOF-DART mass spectrum of melamine-contaminated milk powder. [Reprinted from Trends in Analytical
Chemistry, 28, 1, In the news, pp. iii–x, # 2009 with permission from Elsevier.]
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causing the deaths of �25% of the animal livestock. At the end of 2008, the

Irish government recalled all pork-containing food products manufactured in

Ireland after quantities of dioxins �200 times the recommended safe limit

were found in slaughtered pigs. In the UK, the recommended tolerance

daily intake (TDI) is 2 pg per kg of body weight.

Environmental monitoring for dioxins is routinely carried out by using gas

chromatography–mass spectrometry (GC-MS), and achieves extremely low

detection limits of 1 in 1012 (picogram level) to 1 in 1015 (femtogram level).

Industrial emissions and effluents and municipal waste incinerator

emissions must be monitored for dioxins by law, and femtogram sensitivity

in detection levels is required in both human and animal foodstuffs. The

analysis of trace levels of dioxins in animal tissue, other biological samples

or dairy products is complicated by the association between dioxins and

lipids. The analytical procedure therefore begins with clean-up extractions

which separate the analyte from its biomatrix. Treatment with sulfuric acid

may be used to remove lipids, or gel permeation chromatography is suitable

for separating lipids and proteins. Further separation stages follow. The

chemically inert PCDFs and PCDDs survive these rigorous clean-up stages

and are then subject to GC-MS analysis.

Figure 36.7a shows a schematic illustration of the main components of a

GC-MS instrument. The system is computer controlled, and results are

output to the computer screen as shown in Figure 36.7b. The carrier gas

(the mobile phase) transports the volatile sample through the

chromatography column and into the detector. The GC can be coupled to

detectors other than a mass spectrometer, for example a UV or

fluorescence spectrophotometer. The temperature of the chromatography

column is controlled so that analyte remains in the vapour state. The

inside surface of the chromatography column is coated with the stationary

phase (see below), and the retention times of the components in the sample

depend upon their interactions with the stationary phase. Good separation

of components is only achieved if there are sufficient differences between

their retention times. Of the 210 PCDFs and PCDDs (i.e. all possible

isomers of all possible (poly)chloro-substituted derivatives), 17 are

considered especially toxic. However, separating these compounds from

closely related members of the same family of compounds is difficult, and

the use of high-resolution gas chromatography (HRGC) coupled with high-

resolution mass spectrometry (HRMS) is necessary. Capillary or microbore

chromatography columns of up to 60m (coiled as shown in Figure 36.7a)

and containing different polar and non-polar stationary phases are needed.

Separations typically require the use of more than one column. The

relationships between elution patterns and stationary phases are well

documented in the analytical literature, and organizations such as the US

Environmental Protection Agency (EPA) recommend specific GC columns

which are precoated with appropriate stationary phases for specific

analytical uses. An example of a non-polar stationary phase used in dioxin

analysis is a cross-linked polymer comprising 95% polydimethylsiloxane

(36.7) and 5% polyphenylsiloxane (36.8). This and related phases are

available commercially under labels such as DB-5 and DB-5ms.

Figure 36.8 illustrates how the choice of stationary phase influences the

separation of toxic 2,3,7,8-TCDD from three less toxic isomers. Of course,

each of these four compounds has the same molecular mass, the parent ion

for the all 35Cl-containing isotopomer appearing in the high-resolution

pg ¼ picogram ¼ 10�12 g

Introduction to GC-MS:
see Box 24.3

The limit of detection is

abbreviated to LOD.

High-resolution mass
spectrometry:

see Section 10.2

(36.7)

(36.8)

"

"

"
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Fig. 36.8 Separation of toxic
2,3,7,8-TCDD from non-toxic
isomers (m/z 319.8965 for each
all-35Cl-containing compound) on
DB-5 and DB-5ms GC columns
in a GC-MS analysis of dioxins.
[Reprinted from Journal of
Chromatography A, 786, 1, E.
Abad, J. Caixach and J. Rivera,
Application of DB-5ms gas
chromatography column for the
complete assignment of 2,3,7,8-
substituted polychlorodibenzo-p-
dioxins and polychlorodibenzo-
furans in samples from waste
incinerator emissions. # 2009,
with permission from Elsevier.]

Fig. 36.7 (a) A simplified
schematic representation of the
components of a GC-MS
instrument. (b) A computer-
controlled GC-MS instrument.
The mass spectrometer is in the
middle of the photograph.
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mass spectrum at m/z ¼ 319.8965. In addition to the identification of dioxins

in a sample, the amounts present can be determined by using isotopically

labelled standards as described in Section 36.4.

36.6 GC-MS at work in drugs testing

Sports drugs testing and the forensic analysis of illicit drugs routinely use

GC-MS. Not all drugs are excreted by the body unchanged, and analysis

may involve the corresponding metabolite. For example, methamphetamine

is metabolized to amphetamine (Figure 36.9), while ecstasy (Figure 36.9) is

metabolized to compound 36.10. Drugs such as steroids are excreted in

urine as b-glucuronide derivatives, i.e. the steroid is linked to glucuronic

acid via a glycoside bond. An example is testosterone glucuronide, and

prior to analysis, the sample is hydrolysed to release testosterone:

Samples for drugs testing are usually taken from urine or blood. The

samples are initially screened for the presence of particular drugs, some

examples of which are shown in Figure 36.9. If the initial test is positive, the

sample is subject to GC-MS or GC-MS/MS which gives unambiguous

confirmation of the drug and determines its concentration. As described in

Section 36.3, quantification of the analyte requires the use of an internal

standard, and a deuterated analogue of the drug is usually used. Unlike the

volatile and chemically inert dioxins discussed in the last section, many

drugs must be derivatized before injection into the GC-MS instrument.

Derivatization increases the thermal stability and volatility of the analyte,

and may also improve chromatographic separation and mass spectrometric

analysis. Functional groups that are routinely derivatized are primary

amines (e.g. in amphetamine), secondary amines (e.g. in methamphetamine),

OH (e.g. in morphine) and CO2H (e.g. in benzoylecgonine, 36.11, the

metabolite of cocaine). Perfluoroacylation is a standard derivatization

procedure, suitable for each of these functional groups. The reagents used

are trifluoroacetic anhydride (TFAA, scheme 36.5), pentafluoropropanoic

(36.9)

Metabolites are the

products of metabolism.

(36.10)

Glycosides: see Box 35.2
and towards the

end of Section 35.2

(36.11)

See end-of-chapter
problem 36.10

"

"
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Fig. 36.9 The structures and pharmacological effects of selected drugs. The structures of cocaine (a stimulant) and morphine (a
depressant) are given in structure 36.11, Figure 12.19 and Box 34.1. The anabolic agents shown are among those banned by
sports organizations such as the International Olympic Committee.
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anhydride (36.12) and heptafluorobutanoic anhydride (36.13). For a given

analyte, the volatility of the perfluoroacyl derivatives follows the order TFA >

PFP >HFB, but stability in the GC-MS instrument follows the opposite order.

Thus, PFPA is often the anhydride of choice.

ð36:5Þ

(36.12) (36.13)

Another common method of derivatizing drug analytes is trimethylsilylation.

Alcohols, phenols and carboxylic acids are routinely converted to

trimethylsilyl (TMS) derivatives using reagents 36.14 and 36.15. For

example, 4-hydroxybutanoic acid (commonly referred to as GHB) is a

sedative, and it is associated with sexual assaults where it is administered

to victims to bring on drowsiness and memory loss (a so-called ‘date-rape

drug’). Trimethylsilylation of GHB (reaction 36.6) is an initial step in the

forensic analysis of the drug. Good separation of trimethylsilyl derivatives

on GC columns is achieved, and their electron impact mass spectra often

exhibit characteristic fragmentation patterns with loss of a methyl group,

leading to a peak 15 mass units lower than the parent ion.

(36.14) (36.15)

ð36:6Þ

TMS protecting groups:
see Section 30.6

"

(36.16)
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The hallucinogenic drug marijuana is derived from the cannabis plant

(Cannabis sativa). The pharmacologically active compound is �9-tetrahydro-

cannabinol (THC, 36.16), but GC-MS analysis targets the metabolite carboxy-

THC which is derivatized either by perfluoroacylation, trimethylsilylation or

methylation. Reaction 36.7 shows methylation of carboxy-THC by reaction

with trimethylsulfonium hydroxide, a potent source of Meþ. The mass

spectrum of the volatile methyl derivative exhibits several characteristic

peaks, starting with loss of a methyl group from the parent ion at m/z 372

(Figure 36.10).

ð36:7Þ

By using GC-MS and GC-MS/MS techniques, it is possible to unam-

biguously identify and quantify a drug. The application of these analytical

methods is an essential part of forensic toxicology, and the introduction of

routine drugs testing has had a major impact on combating the use of

performance-enhancing drugs in the sports world.

Fig. 36.10 The structure and mass spectrum of methylated carboxy-THC (THC¼�9-tetrahydrocannabinol). Colour code
in the structure: C, grey; O, red; H, white. [Spectrum reprinted from Encyclopedia of Forensic Sciences, R. Kronstrand and

A.W. Jones, Drug of Abuse: Analysis, pp. 598–610, # 2004 with permission from Elsevier.]
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36.7 Quality control in the food industry: HPLC

Many foods contain chemical additives: antioxidants, preservatives, artificial

sweeteners, acidulants (e.g. citric acid added to give a sour or sharp taste to

foods), colouring agents, artificial flavourings and emulsifying or thickening

agents. In the European Union (EU), permitted additives are labelled by an

E-number, examples of which are listed in Table 36.1. These chemicals are

Table 36.1 Selected examples of European Union food additives and their E-numbers.

Colouring agents

E100 Curcumin

E102 Tartrazine

E104 Quinoline yellow

E120 Cochineal; carmines

E133 Brilliant Blue FCF

E140 Chlorophyll

E160a Carotenes

E160d Lycopene

E163 Anthocyanins

Preservatives

E200 Sorbic acid

E210 Benzoic acid

E211 Sodium benzoate

E220 Sulfur dioxide

E221 Sodium sulfite

E249 Potassium nitrite

E250 Sodium nitrite

E284 Boric acid

Antioxidants

E300 Ascorbic acid

E306 Tocopherols

E307 a-Tocopherol

E320 Butylated hydroxyanisole (BHA)

E321 Butylated hydroxytoluene (BHT)

Sweeteners

E420 Sorbitol; sorbitol syrup

E421 Mannitol

E953 Isomalt

E951 Aspartame

E954 Saccharin and its Na+, K+ and Ca2+ salts

Emulsifiers, stabilizers, thickeners, gelling agents

E322 Lecithins

E400 Alginic acid

E406 Agar

E414 Acacia gum; gum arabic

E415 Xanthan gum

E418 Gellan gum

E440 Pectins

E460 Cellulose

E471 Mono- and diglycerides of fatty acids

E472a Acetic acid esters of mono- and diglycerides of fatty acids

E475 Polyglycerol esters of fatty acids

Miscellaneous

E270 Lactic acid

E330 Citric acid

E334 L-Tartaric acid

E338 Phosphoric acid

E422 Glycerol

E513 Sulfuric acid
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added to food by manufacturers, and the maximum allowed levels are strictly

controlled by law. Agriculture makes widespread use of fertilizers and

pesticides for crops, as well as antibiotics and food supplements for

livestock. These chemicals may find their way into food destined for

human consumption, and so quality control is essential to ensure that

foodstuffs are not contaminated beyond regulatory levels. The analysis of

raw materials and commercially manufactured foodstuffs routinely uses

high-performance liquid chromatography (HPLC ) interfaced with a

detection system, often UV–VIS spectroscopy.

The fundamental principles of HPLC were introduced in Box 24.6, and are

summarized in Figure 36.11. The technique is ideally suited to the

identification and quantification of compounds of low volatility, and this

contrasts with the requirements for GC-MS. Another difference between

HPLC and GC-MS is that HPLC separation occurs at ambient

temperatures, and the fractions can be collected after detection by, for

example, UV–VIS or fluorescence spectroscopy. These detection methods

are non-destructive, and the fractions are available for further investigation.

The choices of solvent, or mixture of solvents, and of the stationary phase

depend upon the analyte. Food analysis typically uses reversed-phase HPLC

in which a hydrophobic stationary phase is combined with a polar mobile

phase (see Box 24.6). Optimum separation with the minimum volumes of

solvent are usually obtained with a chromatography column of internal

diameter of �2mm. Before HPLC analysis can be carried out, food

samples must be suitably prepared and this may include derivatization.

Two case studies illustrate the application of HPLC in food analysis.

Fig. 36.11 A schematic
representation of the components
of an HPLC set-up. For food
analysis, automated sample
injection is routinely used, and
detection is often by UV–VIS or
fluorescence spectroscopy. The
instrument is computer
controlled, and results are
displayed on the computer
screen.
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Methylglyoxal determination in wine and beer

The a-carbonyl compounds glyoxal (36.17), methylglyoxal (36.18) and

butane-2,3-dione (36.19) are present in foods that have been produced by

fermentation, e.g. wine, beer, cheese and butter. Butane-2,3-dione is

responsible for the buttery taste of some wines. Methylglyoxal is a product

of non-enzymic protein glycation (i.e. protein modification by reactions

with reducing sugars) in the body and occurs naturally in low

concentrations. However, at higher concentrations, methylglyoxal has

toxic effects.

(36.17) (36.18) (36.19)

The three ketones above can be separated and quantified by HPLC by first

derivatizing them by reaction with 1,2-diaminobenzene to form quinoxalines

(exemplified by equation 36.8). The reaction is specific to a-carbonyl
compounds, and so the analysis is not affected by the presence of other

aldehydes and ketones. Quinoxaline (derived from glyoxal), 2-methyl-

quinoxaline (from methylglyoxal) and 2,3-dimethylquinoxaline (from

butane-2,3-dione) absorb around 315 nm and are detected using UV

spectroscopy. They cannot, however, be distinguished from one another by

this technique.

ð36:8Þ

An a-carbonyl compound analysis of beer or wine starts with sample

preparation in which the beverage undergoes solid phase separation (SPE).

Water is used to wash the beer or wine through a solid adsorbant, chosen

so it adsorbs low polarity components and allows the a-carbonyl
compounds through. These are derivatized by reaction with 1,2-

diaminobenzene, and the sample is then passed through another SPE

column, packed with an adsorbant that retains the quinoxalines and

allows excess 1,2-diaminobenzene through. Acetonitrile is used to wash the

quinoxalines off the column, and the analyte is injected into the HPLC

column. The eluted components of the sample are observed by using a

UV detector operating at a wavelength of 315 nm (see above). The data

are output in the form of a chromatogram (Figure 36.12a). Use of

authentic standards allows the instrument to be calibrated prior to sample

analysis, and a calibration curve shows the relationship between

chromatogram peak area and concentration (Figure 36.12b). Modern

HPLC instruments automatically integrate the peaks (i.e. determine the

peak area), and from this, the concentration of a given analyte can be

determined.
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Vanilla or synthetic vanillin?

Vanilla extract is a common flavouring ingredient in confectionary and ice

cream. Its natural source is the seed pod of the vanilla plant. However,

vanilla is expensive and may be replaced by the cheaper vanillin (36.20)

which is isolated from the plant material lignin. The quality of vanilla used

in the food industry can be controlled using HPLC by analysing for the

aromatic compounds shown below. Natural vanilla extract contains small

amounts of these aromatics whereas synthetic vanillin does not:

(36.20)

Fig. 36.12 HPLC analysis of wine or beer for glyoxal, methylglyoxal and butane-2,3-dione after derivatization to quinaloxines.
(a) An HPLC chromatograph obtained using UV detection. (b) Calibration curve using standard samples of quinoxaline,
2-methylquinoxaline and 2,3-dimethylquinoxaline. [Data: T. J. Dwyer et al. (2006) J. Chem. Educ., vol. 83, p. 273.]
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Coumarin has been used as an additive to vanilla extract to enhance its

flavour, but because coumarin is linked to liver damage in animals, it is

banned as a food additive in the US. Since 2004, the EU has recommended

a tolerance daily intake (TDI) of coumarin of 0–0.1mg per kg of body weight.

An analysis of vanilla extract begins by extracting the analytes using

ethanol. The sample is then eluted through the HPLC column using a

mixture of water and acetonitrile. Vanillin and the compounds shown

above absorb close to 280 nm and UV-detection is suitable. Using HPLC,

good separation of the components can be obtained, and the retention

times are matched to those for a standard mixture (Figure 36.13). An

authentic sample of vanilla extract typically contains about 1.8% vanillin,

and less than 1% each of 4-hydroxybenzyl alcohol, vanillyl alcohol,

4-hydroxybenzoic acid, 4-hydroxybenzaldehyde, ethyl vanillin and

coumarin. In addition to a match in retention times, the full UV–VIS

spectrum of each fraction can be recorded and compared to that of an

authentic sample.

UV diode array detectors (UV–DAD)

In the two case studies above, analytes were detected using one selected

wavelength of UV radiation. A more versatile method of detection uses a

diode array detector (DAD) in which an array of hundreds of diodes cover

the UV and visible range from 190 to 950 nm.

36.8 High-purity pharmaceuticals: capillary zone electrophoresis

In the pharmaceutical industry, quality control of products is essential.

Although HPLC is routinely used for this purpose, the technique of

capillary electrophoresis (CE) is also of vital importance and is an accepted

method of confirming the purity of drugs submitted for regulatory

validation. We introduced the concept of electrophoresis in Section 35.5,

including the use of sodium dodecyl sulfate–polyacrylamide gel

electrophoresis (SDS-PAGE) for the separation of proteins (Figure 35.20).

Fig. 36.13 HPLC
chromatogram of a standard
mixture of the components that
should be present in authentic
natural vanilla extract.
[Data: A. Herrmann et al. (1982)
J. Chromatogr., vol. 46, p. 313.]
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There are several electrophoresis methods, of which the simplest is capillary

zone electrophoresis (CZE), also called free-solution capillary electrophoresis.

In CE, a capillary is filled with a buffer (called the running buffer which also

serves as the electrolyte) and a voltage is applied across the capillary.

Capillaries are typically �100 cm long with an internal diameter of

25–100mm. The capillary is made from fused silica glass and the inner

surface is covered with weakly acidic silanol (SiOH) groups. Loss of protons

from these groups leaves a negatively charged surface which associates with

positively charged hydrated electrolyte cations. In the presence of an applied

voltage (Figure 36.14a), these cations migrate towards the cathode, setting

up an electroosmotic flow (EOF ). Because the degree of ionization of the

SiOH groups depends upon the pH of the buffer, the EOF also depends on

the pH, and the EOF increases as the pH increases until all the SiOH

Buffers: see Section 16.7

"

Fig. 36.14 (a) The origin of electroosmotic flow (EOF) in a capillary zone electrophoresis (CZE) experiment. (b) A schematic
representation of the components of a CZE set-up. Initially, the running buffer is present in the capillary and then the analyte is
injected into the anodic end of the capillary.
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groups are ionized. Once the EOF is established, the analyte is injected into the

capillary at the anodic end (Figure 36.14b).

The separation of the components depends upon their charge-to-mass

ratios. In drug analysis, a typical buffer for the separation of basic drugs

(e.g. fluoxetine, 36.21) is H3PO4/KH2PO4 (pH 2.0–3.0) which protonates

the basic site of the drug. For separating acidic drugs (e.g. the antibiotic

ampicillin, 36.22), a typical buffer is H3BO3/Na2[B4O5(OH)4]�10H2O

(borax) (pH 8.0–9.0) which deprotonates the acidic site. The drugs are

therefore present in cationic or anionic forms. Positive analytes migrate

towards the cathode, in the same direction as the EOF. The electrophoretic

mobility of the positively charged analyte depends on the mobility of the

electrolyte and the inherent mobility of the analyte. Negatively charged

analytes are carried with the EOF, but are also attracted in the opposite

direction towards the anode. Provided that the EOF exceeds the analyte’s

own mobility, the net migration will be in the same direction as the EOF.

The charge density of an ion affects its rate of migration and separation of

the analytes is therefore achieved. Detection of the analytes occurs while

they are still in the capillary (Figure 36.14b). UV-detection is common and

its sensitivity is of the order of 10�6 mol dm�3. By using a fluorescence-

based detector, increased sensitivity (as low as 10�12 mol dm�3) can be

obtained.

Modern CZE instruments are computer controlled and the analytical data

are output in the form of an electropherogram (Figure 36.15) which looks

much the same as the output from a GC, LC or HPLC analysis. The

instrument must be calibrated with authentic drug samples. Each analyte

has a characteristic retention time, and the peak area is proportional to the

concentration. We now look at specific case studies.

Anti-malaria drugs

In Box 29.1, we discussed the development of anti-malaria drugs. Tablets of

the combined therapy drugs Eurartesim1 and ArtekinTM contain a fixed

(36.21)

(36.22)

Fig. 36.15 Capillary zone
electrophoretic determination
of piperaquine in ArtekinTM

anti-malaria tablets. The
electropherogram for the sample
is compared with a series of
standards. A fixed concentration
of quinine is added to each
analyte as an internal standard.
Peak area is proportional to
concentration. [Reprinted from
Talanta, 76,1, Q. Zhang, Y. F. Li
and C. Z. Huang, Quality control
of piperaquine in pharmaceutical
formulations by capillary zone
electrophoresis, # 2008, with
permission from Elsevier.]
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ratio of dihydroartemisinin and piperaquine. Routine quality control of

piperaquine (36.23) can be carried out using CZE with UV-detection at

240 nm. A series of standard solutions containing known concentrations of

piperaquine is first prepared. Each solution contains a fixed concentration

of quinine (36.24) as an internal standard. Quinine is chosen because it has

a similar migration time to the analyte, and has a smooth peak shape. The

test sample is prepared by grinding a known number of tablets and

preparing an acidified aqueous solution to which the quinine internal

standard is added.

(36.23) (36.24)

Conditions for the CZE experiment must be optimized. For the

determination of piperaquine, the optimum running buffer is H3PO4 with

the pH adjusted to 3.0 using tris(2-hydroxyethyl)amine (commonly known

as triethanolamine, TEA, 36.25). This ensures protonation of piperaquine,

pKa values for the conjugate acids of which are 6.9, 6.2, 5.7 and 5.4. The

applied voltage and temperature must also be optimized, the aim being to

produce good peak shapes and relatively short migration times.

Figure 36.15 illustrates that the analysis is complete within 8 minutes.

Once the conditions have been optimized and a set of calibration data

obtained, the test sample is injected into the capillary and the

concentration of piperaquine determined. This is then compared with the

quantity of piperaquine specified by the drug manufacturer.

Chiral drugs

About half of the drugs produced in the pharmaceutical industry are chiral.

Although the pharmacological activity usually resides in one enantiomer (see

Table 24.3), many drugs are administered as racemates (see Figure 24.15). In

some cases, the second enantiomer has no effect on the human body, while in

others, the effects are toxic and in these cases, an enantiomerically pure drug

is required. While HPLC has a vital role to play in industrial quality control

of chiral drugs, CZE is gaining in importance, both for the separation of

enantiomers, and quality control of single enantiomers. Chiral separations

are achieved in CZE by adding molecules such as cyclodextrins that can

discriminate between enantiomers of a particular compound.

Cyclodextrins are cyclic oligosaccharides derived from starch and

containing six, seven or eight glucopyranose units (a-, b- and

g-cyclodextrins, respectively). Figure 36.16 shows the structure of

a-cyclodextrin, and diagram 36.26 gives a representation of the three cyclic

compounds. Each cyclodextrin has a characteristic truncated cone shape

(36.25)

(36.26)

Structure of starch:
see Section 35.3

"
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with a hydrophobic cavity and hydrophilic surface. Chiral recognition occurs

through differing interactions of the OH groups at the mouth of the cavity

with each enantiomer. The properties of the cyclodextrins can be altered

by derivatization of the OH substituents. An example of their use is in the

separation of impurities in the chiral drug clopidogrel, which is an

inhibitor of platelet aggregation in blood. Clopidogrel (sold as a sulfate

salt under the name of Plavix1) was approved in 2006 by the US FDA for

use in patients who have suffered certain types of heart attack. Only the

(S)-enantiomer (36.27) is pharmacologically active. The recognized

impurities in the synthesis of clopidogrel are the (R)-enantiomer (labelled

impurity C), the hydrolysis product 36.28 (impurity A) and an isomer of

clopidogrel, present as the racemate 36.29 (impurity B).

(36.27) (36.28) (36.29)

Optimized conditions for the separation of (S)-clopidogrel from impurities

A, B and C are a running buffer consisting of H3PO4 with the pH adjusted to

2.3 using TEA (36.25), a polysulfate derivative of b-cyclodextrin (36.30) with

n ¼ 7 and an average of 12 SO3
� groups) and reversed polarity. This last

condition means that injection of the sample occurs at the cathodic end of

the capillary, and UV-detection (at 195 nm) is at the anodic end of the

capillary. The highly, negatively charged sulfated b-cyclodextrins interact

with the positively charged analytes (which are protonated at pH 2.3) and

migrate along the capillary towards the anode. Since the EOF is always

towards the cathode, the migration of the analyte is counter to the EOF.

(36.30)

Fig. 36.16 The cavity-
containing structure of

a-cyclodextrin (a) in stick
representation, and (b) a space-
filling model. [X-ray diffraction
data: K. Harata (1979) Bull.
Chem. Soc. Jpn, vol. 52, p. 2451.]
Colour code: C, grey; O, red; H,
white.
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After calibration using standard samples, separation of (S)-clopidogrel from

the impurities can be confirmed by spiking a sample of (S)-clopidogrel with

known amounts of each impurity. Figure 36.17 shows an electropherogram

for a mixture of equal amounts of (S)-clopidogrel and each impurity. Good

separation of the components is achieved, including the resolution of the

enantiomers of impurity B. The analysis is complete within 18 minutes.

CZE using polysulfate derivatives of a-, b-, and g-cyclodextrins, a H3PO4/

TEA buffer with pH �2.5, and reversed polarity is routinely used for

resolving chiral drugs.

Indirect UV-detection

The CZE case studies above depend upon UV-detection of the analyte.

However, there are many species (e.g. simple organic acids and their

conjugate bases, or inorganic anions such as sulfate or chloride) which do

not absorb in the normal UV region. For these analytes, indirect UV-

detection may be used. In this method, a UV-absorbing species with the

same charge as the analyte, and a mobility similar to that of the analyte, is

added to the running buffer. For example, in the analysis of non-absorbing

anions, the co-species may be chromate, molybdate, benzoate or

4-aminobenzoate:

As the co-species runs through the detector, maximum absorption is

recorded. This represents the background absorbance. In a zone of the

capillary containing the analyte, the amount of co-species is less than in a

zone occupied solely by the co-species. Thus, as the analyte passes the

detector, a decrease in absorbance is observed and a ‘negative peak’ is

recorded. End-of-chapter problem 36.16 is concerned with the separation

of food additives using CZE with indirect UV-detection.

Fig. 36.17 Capillary zone
electrophoretic separation of
impurities from (S)-clopidogrel
using reverse polarity and
conditions described in the text.
Impurities A and B are shown in
structures 36.28 and 36.29, and
the two peaks labelled B
correspond to the two
enantiomers of 36.29. [Data:
A. S. Fayed et al. (2009)
J. Pharm. Biomed. Anal.,
vol. 49, p. 193.]
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36.9 Heavy metals in drinking water: atomic absorption
spectroscopy (AAS)

In the 1950s and 1960s, Japan witnessed several thousand cases of what

became known as Minimata disease. The cause of the severe symptoms of

the disease was eventually traced to the discharge of organomercury-

containing industrial effluent into the sea at Minimata Bay over a period

from the 1930s to 1960s. This event was an international wake-up call for

the environmental monitoring of toxic metals. Mercury, cadmium and

lead accumulate in organisms (bioaccumulation) and prolonged exposure

has serious effects on human health. The maximum permitted levels of

selected metals and semi-metals in drinking water in the European Union

are listed in Table 36.2.

The most common analytical technique for determining the concentration

of particular metals at ppm or ppb levels in water is atomic absorption

spectroscopy (AAS). The method relies upon observing the diagnostic

absorption spectrum of the metal being analysed, the metal being in the

form of gaseous atoms. A metal in an analyte is not necessarily in its

elemental form, and this is the case for water samples in which the metal is

present in the form of a soluble compound. As a case study, we consider

the determination of lead in drinking water. Before unknown samples can

be analysed, a calibration curve must be constructed. A stock solution

containing Pb2þ ions (e.g. Pb(NO3)2) in deionized water of accurately

known concentration is made up in a volumetric flask. (AAS standards are

also commercially available.) A series of standard solutions (a minimum of

six) of different concentrations is then prepared by accurately diluting the

stock solution. The first step in the analysis of the standards is the

digestion of each sample, a process that decomposes the lead-containing

compound. The atomic absorption spectrometer (Figure 36.18) contains

Atomic absorption

spectroscopy (AAS ) detects

trace metals from their

atomic absorption spectra.

Emission and absorption
spectra: see Section 3.16

and Box 3.6

"

Table 36.2 Maximum permitted levels of some metals and semi-metals in drinking water in the European Union (as of 2007).

Metal Hg Cd Sb As Pb Ni Cr Mo Al Ba Mn U Cu Zn

EU standard/
mg dm�3

0.001 0.003 0.005 0.01 0.01 0.02 0.05 0.07 0.2 0.3 0.5 1.4 2 3

Fig. 36.18 A schematic representation of the components of an atomic absorption spectrometer.
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either a flame atomizer, a graphite furnace or an electrically heated atomizer.

Each standard for the calibration is first aspirated. This involves sucking air

through the liquid analyte as it passes into a nebulizing chamber. The fine

spray of liquid that results from this process is then atomized. Radiation

of the appropriate wavelength for the metal being detected (217.0 or

283.3 nm for Pb) is generated in a hollow cathode lamp and passed

through the atomized standard. The amount of radiation absorbed is

recorded. Modern AAS instruments are computer controlled, and

therefore data are automatically recorded and processed. Figure 36.19a

shows a typical calibration curve, and the linear relationship between

absorbance and concentration follows from the Beer–Lambert Law.

However, at absorbances greater than �0.5, deviations from a linear plot

occur (Figure 36.19b), and it is therefore essential to work with suitably

dilute solutions. The calibration curve also includes a blank (i.e. deionized

water only) and takes into account some background effects. Once the

calibration curve has been drawn, the process is repeated with the analyte,

and the measured absorbance is used to determine the concentration of lead

in the sample. Figure 36.19a illustrates the sensitivity of the AAS technique,

with the concentration of Pb2þ ions being of the order of mg dm�3.

36.10 Complying with legislation in the electronics industry

Since 2006, the use of lead, cadmium, mercury, hexavalent chromium and

polybrominated flame retardants in new electronic and electrical goods has

been banned in the European Union under the RoHS Directive (RoHS

stands for ‘Restrictions on the use of Hazardous Substances in electronic

equipment’). Plastics, cables and other components that are used in the

electronics industry must contain less than 0.1% by weight of Pb, Hg or

Cr, or 0.01% by weight of Cd. While AAS is extremely useful for the

analysis of a single metal, analysing for Pb, Cd, Hg and Cr in one analyte

requires four sample runs using a different wavelength of radiation for each

run (217.0 or 283.3 nm for Pb, 228.8 nm for Cd, 253.7 nm for Hg, and

Beer–Lambert Law:
see Section 11.4

"

Fig. 36.19 (a) A calibration curve for the analysis of lead in water samples using atomic absorption spectroscopy (AAS).
(b) The linear relationship only holds below a particular limiting value which corresponds to an absorbance of �0.5.

Complying with legislation in the electronics industry 1373



 

357.9 nm for Cr). For multi-element analyses, it is preferable to use atomic

emission spectroscopy (AES) which relies upon the detection of the emission

spectrum of an atomized sample. If this is coupled with inductively coupled

plasma (ICP) technology, an increased range of elements can be analysed

(including S, N, C, Cl, Br and I), and the limit of detection for many

elements decreases. Figure 36.20 illustrates a modern ICP-AES instrument.

Both AAS and ICP-AES are RoHS approved analytical techniques for

total Pb, Cd, Hg and Cr content, and we use this example to introduce

ICP-AES. A schematic diagram of an ICP-AES instrument is given in

Figure 36.21. A known mass of the sample for analysis (e.g. plastic

component supplied to the electronics industry) must first be digested in

concentrated nitric acid in a microwave reactor. The use of microwaves

ensures complete digestion of Pb, Cd, Hg and Cr. (Digestion procedures

Atomic emission

spectroscopy (AES ) detects

trace metals from their

atomic emission spectra.

Fig. 36.20 An inductively
coupled plasma–atomic emission
spectrometer (ICP-AES). Sample
introduction is on the right-hand
side. The ICP-AES technique is
used to analyse for trace elements
in water, soil, air, food,
pharmaceutical and biological
samples.

Fig. 36.21 A schematic representation of the components of an inductively coupled plasma–atomic emission spectrometer
(ICP-AES). The analyte combines with the plasma in the blue zone.
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vary depending on the element being analysed.) After filtration, deionized

water is added to the analyte in a volumetric flask to give a solution of

accurately known volume. Calibration curves must first be recorded using

a series of blank and standard solutions. Single- and multi-element

standards are commercially available. Each blank and standard solution

must be matrix-matched to the analyte. Since the sample was digested

using HNO3, this ‘matrix’ must be replicated in the standards. Each blank

and standard is injected into the nebulizing chamber of the ICP-AES

instrument. The sample is aspirated with a flow of argon and this results in

the production of a mist composed of minute droplets. Only the smallest

droplets in the aerosol are allowed through to the atomizing chamber

(Figure 36.21). The aerosol enters the ICP torch into which additional

streams of argon are passed. The argon flows through a radio frequency

field induction coil. High-energy electrons produced by a high-voltage spark

ionize some of the argon atoms to produce a plasma which consists of Ar

atoms, Arþ ions and free electrons. A more recognizable example of a

plasma is a solar flare (Figure 36.22), the temperatures in which reach 107 K.

Temperatures within the ICP plasma reach 10 000K, and once the analyte

enters the plasma, it undergoes complete desolvation, decomposition and

atomization. Metal atoms in the sample are excited, and the diagnostic

emission spectrum for each element is recorded. There is a linear

relationship between the intensity of an emission line and the concentration

of metal present. The emission spectrum of each of Pb, Cd, Hg and Cr

consists of a number of lines, each arising from a different electronic

transition. Only one spectral line per metal is chosen for detection. This

choice is based upon the line being intense and free of overlap with an

emission line from another element. The spectral lines recommended for

AES detection of Pb, Cd, Hg and Cr are at 220.353, 228.802, 184.950 and

267.716 nm, respectively. Although atomic absorption and emission lines in

AAS and AES originate from the same transitions between electronic

levels, the same spectral line is not necessarily chosen for detection in both

techniques. The range of wavelengths covered by AES is 160–900 nm, but

in order that very short wavelength emission lines can be observed (e.g.

those of Br (163.340nm) or S (180.734 nm)), the instrument must be free of

O2 and water vapour, both of which absorb radiation below 190nm, i.e.

radiation with �5 190nm emitted by a sample is not detected. Once a

calibration curve has been determined for each metal, the digested sample is

analysed. The ICP-AES limits of detection for each metal are 14 (Pb), 1.5

(Cd), 8.5 (Hg) and 4mgdm�3 (Cr), and these LOD values are well within

the RoHS limits.

36.11 Forensic analysis of gunshot residues

The analysis of residues from gunshot discharge is a routine part of forensic

investigations. A gun cartridge contains primer, propellant and gunshot.

Primers usually consist of lead styphnate (36.31), Sb2S3 and Ba(NO3)2, along

with other additives, e.g. Al and Pb(NO3)2. Gunshot usually comprises lead

alloyed with �3% antimony to produce a harder material. Both AAS and

AES may be used to analyse for the Pb, Sb and Ba composition of gunshot.

However, the combination of mass spectrometry with the ICP technique for

nebulizing the sample has become an important analytical tool in forensic

Fig. 36.22 An image of a solar
flare in the corona of the Sun,
taken using the Extreme
Ultraviolet Imaging Telescope on
board the SOHO (Solar and
Heliospheric Observatory)
spacecraft. The flare is a massive
cloud of plasma (extremely hot,
ionized gas) which breaks free
from the Sun’s atmosphere.

Emission spectra:
see Figures 3.17 and 3.27

Emission and absorption
spectra: see Section 3.16

and Box 3.6

(36.31)

"

"
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science, not only for gunshot residues but also for matching glass fragments

found on a suspect’s clothing with broken glass left at a crime scene. Both

ICP-AES and ICP-MS permit multi-element analysis in a single run.

However, ICP-MS is more sensitive than ICP-AES, and also provides a

matching of the isotope distributions for a given element in different analytes.

The amount of gunshot residue available to a forensic scientist is usually

small, and is removed from, for example, skin or clothing using a swab. The

recommended preparation procedure for gunshot residues involves adding

the swab to 10 cm3 HNO3 (10% aqueous) and then heating the mixture at

80 8C for two hours. After cooling, the sample is centrifuged and the analyte

extracted. The process is repeated using a blank swab. As with other

quantitative analytical techniques, calibration curves must be constructed

prior to sample analysis. Single element standards for Pb, Sb and Ba are

commercially available, and a series of solutions covering a suitable range of

concentrations is prepared by accurate dilution of the standard. A blank for

the calibration is also prepared. An internal standard is added to each

solution. Internal standards are added to both calibration standards and

analyte in ICP-MS to correct for signal drift and other instrumental glitches.

Internal standards are usually monotopic elements and cover a wide range

of atomic masses (9Be, 45Sc, 89Y, 103Rh, 133Cs, 159Tb and 209Bi). Single and

multi-element standards are commercially available and, as in AES, each

blank and standard solution is matrix-matched to the analyte. The ICP

component of the ICP-MS instrument is as shown in Figure 36.21 with the

plasma consisting of Ar atoms, Arþ ions and electrons. The liquid sample is

nebulized and undergoes desolvation, decomposition, atomization and

ionization in the plasma. The design of the interface between the ICP and

mass spectrometer has to allow for the fact that the sample ions in the ICP

are at temperatures of 6000–10 000K and atmospheric pressure, whereas the

mass spectrometer operates at room temperature and under high vacuum.

Each of Pb, Sb and Ba has several naturally occurring isotopes

(Figure 36.23). The analysis of Sb may use either or both isotopes. For Ba,

Fig. 36.23 Naturally occurring isotope distributions for atomic (a) lead, (b) antimony and (c) barium.
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the most abundant isotope (138Ba) is chosen. Lead isotopes are the end

products of natural radioactive decay series and the ratio of
204Pb : 206Pb : 207Pb : 208Pb varies slightly with the source of the lead.

Quantitative analysis therefore uses the sum of the three most abundant

isotopes (Figure 36.23). The calibration standards are injected into the ICP-

MS instrument one by one, and the mass spectrum of each is recorded. The

intensity of the peak is proportional to the concentration of the standard

sample, and quantification of the data is made by using the internal standard,

an accurately known concentration of which is present in each standard

sample. Once a calibration plot for each of Pb, Sb and Ba has been established,

the analyte (which also contains the internal standard) is introduced into the

ICP-MS instrument. Several runs for the analyte are needed to confirm that the

data are accurate. Detection limits for each metal are of the order of parts per

billion (ppb), and the concentrations of Pb, Sb and Ba present in the sample

provides a diagnostic analysis of the gunshot residue.

SUMMARY

This chapter has illustrated the use of a range of analytical techniques in the context of solving chemical
problems in the workplace. After studying the chapter, you should be able to appreciate the ways in
which inorganic, organic and physical chemistry combine to provide the background needed by an
analyst. You should now be in a position to suggest suitable techniques for tackling analytical problems
in environmental monitoring, the pharmaceutical industry, sports drug testing, forensics, and food and
drink quality control.

Do you know what the following acronyms stand for?

. LC-MS

. GC-MS

. LC-MS/MS

. GC-MS/MS

. HRMS

. HRGC

. HPLC

. SPE

. API

. TOF

. DART

. UV

. UV–VIS

. UV–DAD

. CE

. CZE

. EOF

. LOD

. AAS

. AES

. ICP

. EU

. EPA

. FDA

. WHO

. RoHS

. TDI

. . . and these acronyms for chemicals?

. PCDF

. PCDD

. TCDD

. TMS

. TFAA

. TEA

Do you know what the following terms mean?

. analyte

. limit of detection

. nebulize

. aspirate

. retention time

. chromatogram

. electropherogram

. metabolite

. bioaccumulation

You should be able:

. to give examples of when water content
determinations are important

. to outline the principles of a Karl Fischer
titration

. to explain the meaning of stationary and mobile
phases in gas and liquid chromatographies

. to give examples of detection methods for GC,
LC and HPLC
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. to describe the principles of liquid chromatography

. to distinguish between normal and reversed
phase liquid chromatography

. to describe the principles of gas chromatography

. to explain (with examples) why drug samples
being analysed by GC-MS are often derivatized

. to detail how HPLC differs from LC

. to outline the principles of tandem mass spect-
rometry

. to explain how an instrument is calibrated and
why calibration is essential

. to explain the meaning of and need for an
internal standard

. to give examples of how samples are prepared
for analysis

. to explain why it is necessary to nebulize
samples in some instrumental techniques

. to comment on the importance of quality
control in the food industry

. to outline the principles of capillary zone
electrophoresis

. to comment on the role of the running buffer
in capillary zone electrophoresis

. to give examples of the use of capillary zone
electrophoresis

. to comment on when (and why) reversed
polarity CZE might be used

. to explain why atomic absorption spectroscopy
is a good technique for analysing for the
presence of a particular metal in drinking water

. to exemplify how samples are digested in
preparation for atomic absorption spectroscopic
analysis

. to outline the principles of atomic absorption
spectroscopy, including detection

. to outline the principles of atomic emission
spectroscopy, including detection

. to explain the role of an inductively coupled
plasma in an ICP-AES or ICP-MS instrument

. to outline the relative merits of AES and AAS
for elemental analysis

. to give examples of the use of ICP-MS,
indicating its advantages over ICP-AES in
elemental analysis

PROBLEMS

CHEMISTRY IN DAILY USE

36.1 The water content of a petroleum sample is

thought to be about 0.08 mg per g. Explain how

you would check this water content, and include

details of the reactions occurring during the

analysis.

36.2 Honey usually contains about 17% water. Explain

how you would confirm that a batch of honey for

sale commercially had not been adulterated with

water. Include details of the reactions occurring

during the analysis.

36.3 Draw a diagram to show the components of a

GC-MS instrument, and give a brief explanation

of the role of each component.

36.4 LC with UV-detection (� � 220 nm) is routinely

used to separate herbicides such as atrazine and

simazine:

The presence of herbicides in drinking water is

controlled by legislation, and the WHO

recommended limit for each of atrazine and

simazine is 0.002 mg dm�3. The following
questions relate to the LC-MS analysis of drinking

water for atrazine and simazine.

(a) What is meant by ‘UV-detection’? Suggest the

origin of the absorption at 220 nm.

(b) Internal standards of fully deuterated atrazine

and simazine are used. Explain why they are

added to all samples during both calibration

and analyte runs.

(c) How would you calibrate the LC instrument

(bearing in mind the WHO recommended

limits for atrazine and simazine) and how

would you determine the concentrations of the

herbicides in a sample of drinking water?

(d) Why does the analyst record the mass spectrum

in addition to LC data for each analyte?

36.5 What is the value of n in each of the following:

(a) 1 fg ¼ 10n g; (b) 1 pg ¼ 10n g; (c) 1mg ¼ 10n g;

(d) 1mg ¼ 10n g?

36.6 What is an essential oil ? Cloves contain essential

oils. If you were to attempt to estimate the water

content of cloves by drying techniques (e.g. heating

in an oven), what problems would you encounter?
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36.7 Assign all the peaks in Figure 36.5, and suggest

how a molecule of melamine may fragment.

36.8 Tomatoes contain lycopene (�max ¼ 444, 470 and

502 nm) and b-carotene (�max ¼ 442 and 472 nm)

which can be separated using HPLC. The

structures of lycopene and b-carotene are shown in

Box 13.1. Both compounds are soluble in

chloroform, but insoluble in water.

(a) Suggest an appropriate method of sample

preparation for HPLC analysis.

(b) What type of detection method would be

suitable? Rationalize your choice.

(c) Outline how you could determine the

concentrations of lycopene and b-carotene in a

tomato.

36.9 During analysis of a urine sample of a

person thought to have been taking heroin,

the analyst looks for traces of morphine and

6-acetylmorphine. Sample preparation involves

hydrolysis.

(a) Suggest a reason why direct analysis of heroin

is not carried out. (b) Explain why sample

preparation involves hydrolysis.

36.10 GC-MS analysis for amphetamine routinely

involves TFAA, PFPA or HFBA derivatization.

Without this derivatization, the base peak in the

mass spectrum of amphetamine comes at m/z 44.

(a) What are the reagents TFAA, PFPAandHFBA,

and how do they react with amphetamine?
(b) How does the base peak (m/z 44) in the mass

spectrum of amphetamine arise?
(c) Give other reasons why amphetamines are

derivatized prior to GC-MS analysis.

36.11 Isoniazid is an antibiotic used against bacteria that

cause tuberculosis (TB). However, in many

countries, isoniazid is not approved for use against

TB in food-producing animals such as cattle. Milk

can be analysed for isoniazid (�max ¼ 263 nm)

using reversed phase HPLC, or after derivatization

using the following condensation:

Compound A absorbs at 330 nm. Before analysis,

milk standards and samples are deproteinized by

treatment with trichloroacetic acid.

(a) What is meant by normal and reversed phase

liquid chromatography?
(b) What type of detection is suitable for isoniazid

or compound A?
(c) Explain how you would obtain a calibration

curve for isoniazid, if the detection limit is

0.12mg dm�3.
(d) If you were basing the analysis on the detection

of compoundA, what steps would you follow to

determine the amount of isoniazid in a sample,

starting after the deproteinization procedure.

36.12 The caffeine content of coffee can be measured

using HPLC or CE with UV-detection, or using

UV spectroscopy. Caffeine absorbs at 272 nm.

You decide to use HPLC with UV-detection

(272 nm) for an initial analysis of caffeine in coffee.

(a) Starting with a stock aqueous solution of

caffeine of concentration 0.0100 mol dm�3,
explain in detail how you would prepare

solutions of the concentrations shown in the

table below for a calibration curve. Use the data

in the table to construct the calibration curve.

(b) A caffeine standard of concentration 6.00 �
10�5 mol dm�3 is run through the HPLC

instrument and the retention time is found to be

160 s. A cup of coffee from a vending machine is

diluted 50-fold, and the sample is analysed by

HPLC. The area of the peak with a retention

time of 160 s is 36.4. Two smaller peaks are

Concentration / 10�5 mol dm�3 10.0 8.0 6.0 4.0 2.0

HPLC peak area / arbitrary units 74.43 59.20 44.97 29.80 15.19
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observed with retention times of 56 and 75 s.

Using the calibration data in part (a), determine

the concentration of caffeine in the cup of coffee.
(c) Analyses for the caffeine content of the coffee

are also carried out using UV spectroscopy

monitoring the absorption at 272nm, and then

using CZE with UV detection (at 272nm).

Whereas the results from CZE agree well with

those from HPLC, using UV spectroscopy as

the sole method of analysis overestimates the

amount of caffeine. Rationalize these

observations, and comment on any assumptions

made in the UV spectroscopic analysis. [Data:

J. L. Beckers (2004) J. Chem. Educ., vol. 81, p. 90.]

36.13 Choose one analytical problem that could be

solved by GC-MS, and explain how you would go

about carrying out the analysis.

36.14 Rosemary and lemon balm are herbs, extracts

from the leaves of which are valued for their

antioxidant properties. The compound responsible

is rosmarinic acid:

Fresh rosemary leaves were crushed and 50 mg of

the sample was extracted into 25 cm3 of methanol.

HPLC with UV–DAD detection was used to

analyse for rosmarinic acid (�max ¼ 230 and

330 nm, with a shoulder at 280 nm). The

chromatogram obtained from the analyte

contained a large number of peaks with retention

times ranging from 1 to 9 min. Single wavelength

detection at 230 nm and then at 330 nm gave

different chromatograms. Each chromatogram

showed fewer peaks than that obtained using UV-

DAD detection, but the two chromatograms had

five peaks in common.

(a) Explain the difference between UV–DAD

detection and single wavelength UV detection.

(b) What can you deduce from the data above?

(c) How can you determine the peaks that

correspond to rosmarinic acid?

(d) How would you construct an HPLC

calibration curve for rosmarinic acid, and how

would you use it to determine the rosmarinic

acid content in the sample of crushed rosemary

leaves?

36.15 Outline the principles of capillary zone

electrophoresis, paying attention to the meanings

of EOF, normal and reverse polarities, running

buffer and UV-detection. Give examples of

applications of this technique.

36.16 Cyclamic acid and its Naþ and Ca2þ salts (E952)

are artificial sweeteners. In the EU, their addition

to food is regulated, and in Japan, their use in

foodstuffs is prohibited. Cyclamate does not

absorb above 200 nm, and indirect UV-detection is

used. In a CZE analysis of foodstuffs for the

presence of cyclamate, sodium benzoate

(�max ¼ 280 nm) was added to the electrolyte. A

quaternary ammonium salt, [R4N]X, was added to

the electrolyte to reverse the EOF. 2-Hydroxy-2-

methylpropanoic acid (which has no UV

absorption >200 nm) was added as an internal

standard. Figure 36.24 shows the

electropherogram that was recorded. Sorbic acid

(E200) and potassium sorbate (E202) are added to

foods as preservatives, and the sorbate ion is

separated from cyclamate in the CZE analysis.

(a) Why is it necessary to reverse the EOF?

(b) Do you think that sorbic acid absorbs in the

UV above 200 nm? Rationalize your answer.

(c) Explain in detail why the peaks in the

electropherogram (Figure 36.24) are not all the

same way up.

36.17 Suggest (with reasons) an appropriate analytical

technique for each of the following.

(a) Analysis of ppb levels of aluminium in

drinking water.

(b) Analysis of trace levels of cadmium, copper

and lead in rice.

(c) Analysis of ppm levels of chromium in soil.

36.18 Explain why the choice of the running buffer in the

CZE analysis of pharmaceutical drugs is

important. Exemplify your answer using the drugs

shown in Figure 36.25.

36.19 Outline the principles of an AAS instrument, and

give examples of its application in routine analysis.

36.20 In the food industry, benzoyl peroxide may be

added to flour as a bleaching agent. In some

countries, its use is banned, while in others the

maximum permitted level of benzoyl peroxide is
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50 mg per kg of flour. Quantitative analysis of

benzoyl peroxide can be carried out using HPLC

with UV-detection at 235 nm. Sample preparation

involves sonicating (i.e. using ultrasound waves) a

mixture of 10.0 g flour in acetonitrile (50 cm3),

followed by filtration. A standard stock solution is

prepared by dissolving �100mg benzoyl peroxide

(accurately weighed) in 100.0 cm3 acetonitrile.

(a) Draw the structure of benzoyl peroxide.

(b) What is the origin of the UV absorption at

235 nm?

(c) Describe in detail how you would use the stock

solution to construct a calibration curve that

covers the range 0 to 25mg benzoyl peroxide per

dm3 of acetonitrile. State what data are plotted

in the calibration curve, and sketch the curve to

show the relationship between these data.

(d) How do you carry out the quantitative

analysis once you have established the

calibration curve?

36.21 The table below shows typical maximum

permitted levels of trace elements in wine:

Describe how you would carry out a quantitative

analysis for these elements in a sample of wine.

36.22 Until 1983, analgesic tablets containing aspirin,

phenacetin and caffeine were sold in the US. The

FDA then banned the use of phenacetin, and it has

since been replaced by other analgesics. You are

given five analgesic tablets which have been finely

powdered, and are asked to confirm that they are

free of phenacetin. Authentic samples of aspirin

(�max ¼ 229 nm), phenacetin (�max ¼ 242 nm) and

caffeine (�max ¼ 272 nm) are available to you.

Explain why HPLC with UV–DAD detection

would be a suitable method of analysis, and

outline how you would carry out the analysis.

Fig. 36.24 Electropherogram for the separation of cyclamate and sorbate using indirect UV-detection with 2-hydroxy-2-
methylpropanoic acid as internal standard. For the conditions of the CZE, see problem 36.16. [Data: C. O. Thompson et al.
(1995) J. Chromatogr. A, vol. 704, p. 203.]

Fig. 36.25 For problem 36.18: the structures of three pharmaceutical drugs and their pKa values.

Element Al Cd Pb Zn Sn Cu As B

Maximum

concentration/

mg dm�3

8.00 0.01 0.25 5.00 1.00 2.00 0.10 80.0
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36.23 Aspirin tablets usually contain CaCO3 which acts

as a base, buffering the acidic aspirin. The amount

of calcium in a table can be determined using AAS.

In Ca determinations by AAS, lanthanum(III) is

added as a ‘release agent’ in order to ensure that all

the Ca2þ in the sample is released and atomized.

(a) Explain why digestion of the sample involves

adding the tablets to dilute aqueous HCl.

(b) For the analysis of calcium, the AAS

instrument operates at 422.7 nm. Explain why

a particular wavelength is selected.

(c) What compound would be most suitable for

the preparation of standard solutions for the

determination of a calibration curve? Detail

how you would make up these solutions and

calibrate the instrument. Why must

absorbances be less than 0.5? Include a sketch

of the calibration curve.

(d) After digestion of 100 mg of aspirin tablet,

how would you proceed to determine the

amount of calcium in the sample.

36.24 For apples to be successfully stored in the cold,

they must contain the correct balance of Ca2þ, Kþ

and Mg2þ, defined by the equations:

½Ca2þ�
½Mg2þ�40:6

½Ca2þ� � 10

½Kþ� 40:17

(a) Explain why ICP-AES is a suitable technique

for the analysis of K, Ca and Mg in apples.

(b) Apples are digested using concentrated HNO3.

After filtration, a solution of the analyte is

prepared using deionized water. Standard stock

solutions containing Ca2þ, Mg2þand Kþ are

matrix matched. What does this mean?

(c) The emission lines chosen to detect Ca, Mg

and K are at 393.366, 279.553 and 766.490 nm.

Explain how the instrument is calibrated using

a multi-element (Ca, Mg and K) standard

stock solution.

(d) The emission intensities for Ca2þ, Mg2þand
Kþ in the analyte are determined. Comment

on the number of determinations that should

be made. How do you use the data to

determine whether the apples are suitable for

cold storage?

[From an idea described by: M. Duxbury

(2003) J. Chem. Educ., vol. 80, p. 1180.]
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Appendix 1 Mathematical symbols

Symbol Meaning

> is greater than

� is much greater than

< is less than

� is much less than

� is greater than or equal to

� is less than or equal to

� is approximately equal to

¼ is equal to

6¼ is not equal to

Ð equilibrium

/ is proportional to

� multiplied by

1 infinity

� plus or minus

Symbol Meaning

ffiffiffiffiffip
square root of

ffiffiffiffiffi
3
p

cube root of

jx j modulus of x

P
summation of

� change in (for example, �H is ‘change
in enthalpy’); see also Appendix 3

n angle

log logarithm to base 10 (log 10)

ln natural logarithm, i.e. logarithm
to base e (loge)

ð
integral of

d

dx
differential with respect to x

@

@x
partial differential with respect to x



 
Appendix 2 Greek letters with pronunciations

Upper case

letter

Lower case

letter

Pronounced

A a alpha

B b beta

� g gamma

� d delta

E e epsilon

Z z zeta

H Z eta

� y theta

I i iota

K k kappa

� l lambda

M m mu

Upper case

letter

Lower case

letter

Pronounced

N n nu

� x xi

O o omicron

� p pi

P r rho

� s sigma

T t tau

	 u upsilon


 f phi

X w chi

� c psi

� o omega



 
Appendix 3 Abbreviations and symbols

for quantities and units

For ligand structures, see Table 23.2. Where a symbol is used to mean more than one thing, the context of its

use should make the meaning clear.

A ampere (unit of electrical current)

A absorbance

A frequency factor (in Arrhenius
equation)

A Madelung constant

A mass number (of an atom)

Ar relative atomic mass

Að�;�Þ angular wavefunction

Å ångstrom (non-SI unit of length, used for
bond distances)

ai activity (of component i)

AO atomic orbital

aq aqueous

Ar general aryl group

atm atmosphere (non-SI unit of pressure)

ax axial

B magnetic field strength

B rotational constant

bar bar (unit of pressure)

bp boiling point

Bu butyl

c coefficient (in wavefunctions)

c concentration (of solution)

c speed of light

�c root mean square velocity

C coulomb (unit of charge)

CI chemical ionization (mass spectrometry)

cm centimetre (unit of length)

cm3 cubic centimetre (unit of volume)

cm�1 reciprocal centimetre (wavenumber)

conc concentrated

cr crystal

CP heat capacity (at constant pressure)

CV heat capacity (at constant volume)

D bond dissociation enthalpy

�D average bond enthalpy term

D debye (non-SI unit of electric dipole
moment)

d distance



 

dec. pl. decimal places

dm3 cubic decimetre (unit of volume)

E energy

EJ rotational energy level

Ek kinetic energy

Ev vibrational energy

e charge on the electron

e� electron

E1 unimolecular elimination

E2 bimolecular elimination

EA electron affinity

Ea activation energy

Ecell electrochemical cell potential

Eo standard reduction potential (standard
electrode potential)

Eo
½OH��¼ 1 standard reduction potential when

½OH�� ¼ 1mol dm�3

EI electron impact ionization (mass
spectrometry)

EPR electron paramagnetic resonance

eq equatorial

ES electrospray (mass spectrometry)

ESR electron spin resonance

Et ethyl

eV electron volt

F Faraday constant

FAB fast-atom bombardment (mass
spectrometry)

FID free induction decay

FT Fourier transform

G Gibbs energy

g gas

g gram (unit of mass)

H enthalpy

h Hamiltonian operator

h Planck constant

h� high-frequency radiation (for a photolysis
reaction)

HOMO highest occupied molecular orbital

Hz hertz (unit of frequency)

I current

I moment of inertia

I nuclear spin quantum number

I intensity of transmitted radiation

I0 intensity of incident radiation

IE ionization energy

IR infrared

iPr isopropyl

J joule (unit of energy)

J spin–spin coupling constant

J rotational quantum number

k Boltzmann constant

k force constant

k rate constant

K kelvin (unit of temperature)

K equilibrium constant

Ka acid dissociation constant

Kb base dissociation constant

Kc equilibrium constant for a reaction in
solution

KM Michaelis constant

Kp equilibrium constant for a gaseous reaction

Ksp solubility product constant

Kw self-ionization constant of water

kg kilogram (unit of mass)

kJ kilojoule (unit of energy)

kPa kilopascal (unit of pressure)

L Avogadro constant or number

l liquid
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l length

l orbital quantum number

‘ path length

LCAO linear combination of atomic orbitals

LUMO lowest unoccupied molecular orbital

M molarity

m molal (solution)

m mass

m metre (unit of length)

m3 cubic metre (unit of volume)

Mþ molecular ion (in mass spectrometry)

me electron rest mass

mi molality (of component i)

ms magnetic spin quantum number

m=z mass : charge ratio

Mr relative molecular mass

MALDI-TOF matrix assisted laser desorption ionization
time-of-flight (mass spectrometry)

Me methyl

MO molecular orbital

mol mole (unit of quantity)

mp melting point

MS mass spectrometry

N newton (unit of force)

N normalization factor

n Born exponent

n number of (e.g. moles)

n principal quantum number

nm nanometre (unit of length)

NMR nuclear magnetic resonance

P pressure

Pþ parent ion (in mass spectrometry)

Pa pascal (unit of pressure)

PES photoelectron spectroscopy

Ph phenyl

pm picometre (unit of length)

Pr propyl

PX partial pressure of component X

q charge

q heat

R general alkyl group

R molar gas constant

R Rydberg constant

R resistance

R- prefix for an enantiomer using sequence
rules

r internuclear distance

r radial distance

r radius

R(r) radial wavefunction

rcov covalent radius

rion ionic radius

rv van der Waals radius

rmetal metallic radius

RDS rate-determining step

RF radiofrequency

S entropy

S overlap integral

S total spin quantum number

S- prefix for an enantiomer using sequence
rules

s second (unit of time)

s solid

s spin quantum number
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SN1 substitution nucleophilic unimolecular

SN2 substitution nucleophilic bimolecular

SDS-PAGE sodium dodecyl sulfate–polyacrylamide
gel electrophoresis

sig. fig. significant figures

soln solution

solv solvated

T temperature

T transmittance

t time

t1
2

half-life

tBu tert-butyl

THF tetrahydrofuran

TMS tetramethylsilane

TS transition state

U internal energy

u atomic mass unit

UV ultraviolet

UV–VIS ultraviolet–visible

V potential difference

V velocity of reaction (in Michaelis–Menten
kinetics)

V volume

V volt (unit of potential difference)

v vapour

v vibrational quantum number

v velocity

VB valence bond

VIS visible

VSEPR valence-shell electron-pair repulsion

w work done

xe anharmonicity constant

[X] concentration of X

z number of moles of electrons transferred
in an electrochemical cell

Z atomic number

Zeff effective nuclear charge

jz�j modulus of the negative charge

jzþj modulus of the positive charge

a-carbon C atom adjacent to the one in question

½��D specific rotation at � ¼ 589 nm
(for a chiral compound in solution)

� angle (� is also used)

� degree of dissociation

� stability constant

b-carbon C atom two along from the one in
question

� chemical shift

�� partial negative charge

�þ partial positive charge

� change in

� heat (in a pyrolysis reaction)

�oct octahedral crystal field splitting energy

�aH enthalpy change of atomization

�cH enthalpy change of combustion

�EAH enthalpy change associated with electron
attachment

�fH enthalpy change of formation

�fusH enthalpy change of fusion

�hydH enthalpy change of hydration

�latticeH enthalpy change for the formation
of an ionic lattice

�rH enthalpy change of reaction

�solH enthalpy change of solution

�solvH enthalpy change of solvation

�vapH enthalpy change of vaporization

�fG Gibbs energy change of formation

�rG Gibbs energy change of reaction
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" molar extinction (or absorption) coefficient

"max molar extinction coefficient corresponding
to an absorption maximum (in an
electronic spectrum)

"0 permittivity of a vacuum

	i activity coefficient


 conductivity

� angle (� is also used)

� wavelength

�max wavelength corresponding to an
absorption maximum (in an electronic
spectrum)

�þ
1 cation molar conductivity at infinite

dilution

��
1 anion molar conductivity at infinite

dilution

�m molar conductivity

�m
1 molar conductivity at infinite dilution

� electric dipole moment

� ion mobility

� reduced mass

�(spin-only) spin-only magnetic moment

�B Bohr magneton (unit of magnetic moment)

�eff effective magnetic moment

m- bridging ligand

� density

� resistivity

� frequency

�� wavenumber

�� number of anions per formula unit

�þ number of cations per formula
unit

 magnetic susceptibility

 electronegativity

AR Allred–Rochow electronegativity

M Mulliken electronegativity

P Pauling electronegativity

 wavefunction

� ohm (unit of resistance)

2c-2e 2-centre 2-electron

3c-2e 3-centre 2-electron

o standard state

z activated complex; transition state

8 degree
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Appendix 4 The electromagnetic spectrum

The frequency of electromagnetic radiation is related to its wavelength by the equation:

Wavelength ð�Þ ¼ Speed of light ðcÞ
Frequency ð�Þ

where c ¼ 2:998� 108 m s�1.

Wavenumber ð��Þ ¼ 1

Wavelength

with units in cm�1 (pronounced ‘reciprocal centimetre’)

Energy ðEÞ ¼ Planck’s constant ðhÞ � Frequency ð�Þ where h ¼ 6:626� 10�34 J s



 

The energy given in the last column is measured per mole of photons.

Frequency

�� /Hz

Wavelength

�� /m

Wavenumber

��� / cm�1
Type of radiation Energy

E / kJ mol
�1
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Appendix 5 Naturally occurring isotopes

and their abundances

Data from WebElements by Mark Winter. Further information on radiocative nuclides can be found using

the Web link www.webelements.com

Element Symbol Atomic

number, Z
Mass number of isotope (% abundance)

Actinium Ac 89 artificial isotopes only; mass number range 224–229

Aluminium Al 13 27(100)

Americium Am 95 artificial isotopes only; mass number range 237–245

Antimony Sb 51 121(57.3), 123(42.7)

Argon Ar 18 36(0.34), 38(0.06), 40(99.6)

Arsenic As 33 75(100)

Astatine At 85 artificial isotopes only; mass number range 205–211

Barium Ba 56 130(0.11), 132(0.10), 134(2.42), 135(6.59), 136(7.85), 137(11.23), 138(71.70)

Berkelium Bk 97 artificial isotopes only; mass number range 243–250

Beryllium Be 4 9(100)

Bismuth Bi 83 209(100)

Boron B 5 10(19.9), 11(80.1)

Bromine Br 35 79(50.69), 81(49.31)

Cadmium Cd 48 106(1.25), 108(0.89), 110(12.49), 111(12.80), 112(24.13), 113(12.22), 114(28.73),
116(7.49)

Caesium Cs 55 133(100)

Calcium Ca 20 40(96.94), 42(0.65), 43(0.13), 44(2.09), 48(0.19)

Californium Cf 98 artificial isotopes only; mass number range 246–255



 

Element Symbol Atomic

number, Z
Mass number of isotope (% abundance)

Carbon C 6 12(98.9), 13(1.1)

Cerium Ce 58 136(0.19), 138(0.25), 140(88.48), 142(11.08)

Chlorine Cl 17 35(75.77), 37(24.23)

Chromium Cr 24 50(4.345), 52(83.79), 53(9.50), 54(2.365)

Cobalt Co 27 59(100)

Copper Cu 29 63(69.2), 65(30.8)

Curium Cm 96 artificial isotopes only; mass number range 240–250

Dysprosium Dy 66 156(0.06), 158(0.10), 160(2.34), 161(18.9), 162(25.5), 163(24.9), 164(28.2)

Einsteinium Es 99 artificial isotopes only; mass number range 249–256

Erbium Er 68 162(0.14), 164(1.61),166(33.6), 167(22.95), 168(26.8), 170(14.9)

Europium Eu 63 151(47.8), 153(52.2)

Fermium Fm 100 artificial isotopes only; mass number range 251–257

Fluorine F 9 19(100)

Francium Fr 87 artificial isotopes only; mass number range 210–227

Gadolinium Gd 64 152(0.20), 154(2.18), 155(14.80), 156(20.47), 157(15.65), 158(24.84), 160(21.86)

Gallium Ga 31 69(60.1), 71(39.9)

Germanium Ge 32 70(20.5), 72(27.4), 73(7.8), 74(36.5), 76(7.8)

Gold Au 79 197(100)

Hafnium Hf 72 174(0.16), 176(5.20), 177(18.61), 178(27.30), 179(13.63), 180(35.10)

Helium He 2 3(<0.001), 4(>99.999)

Holmium Ho 67 165(100)

Hydrogen H 1 1(99.985), 2(0.015)

Indium In 49 113(4.3), 115(95.7)

Iodine I 53 127(100)

Iridium Ir 77 191(37.3), 193(62.7)

Iron Fe 26 54(5.8), 56(91.7), 57(2.2), 58(0.3)

Krypton Kr 36 78(0.35), 80(2.25), 82(11.6), 83(11.5), 84(57.0), 86(17.3)

Lanthanum La 57 138(0.09), 139(99.91)

Lawrencium Lr 103 artificial isotopes only; mass number range 253–262

Lead Pb 82 204(1.4), 206(24.1), 207(22.1), 208(52.4)
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Element Symbol Atomic

number, Z
Mass number of isotope (% abundance)

Lithium Li 3 6(7.5), 7(92.5)

Lutetium Lu 71 175(97.41), 176(2.59)

Magnesium Mg 12 24(78.99), 25(10.00), 26(11.01)

Manganese Mn 25 55 (100)

Mendelevium Md 101 artificial isotopes only; mass number range 247–260

Mercury Hg 80 196(0.14), 198(10.02), 199(16.84), 200(23.13), 201(13.22), 202(29.80), 204(6.85)

Molybdenum Mo 42 92(14.84), 94(9.25), 95(15.92), 96(16.68), 97(9.55), 98(24.13), 100(9.63)

Neodymium Nd 60 142(27.13), 143(12.18), 144(23.80), 145(8.30), 146(17.19), 148(5.76), 150(5.64)

Neon Ne 10 20(90.48), 21(0.27), 22(9.25)

Neptunium Np 93 artificial isotopes only; mass number range 234–240

Nickel Ni 28 58(68.27), 60(26.10), 61(1.13), 62(3.59), 64(0.91)

Niobium Nb 41 93(100)

Nitrogen N 7 14(99.63), 15(0.37)

Nobelium No 102 artificial isotopes only; mass number range 250–262

Osmium Os 76 184(0.02), 186(1.58), 187(1.6), 188(13.3), 189(16.1), 190(26.4), 192(41.0)

Oxygen O 8 16(99.76), 17(0.04), 18(0.20)

Palladium Pd 46 102(1.02), 104(11.14), 105(22.33), 106(27.33), 108(26.46), 110(11.72)

Phosphorus P 15 31(100)

Platinum Pt 78 190(0.01), 192(0.79), 194(32.9), 195(33.8), 196(25.3), 198(7.2)

Plutonium Pu 94 artificial isotopes only; mass number range 234–246

Polonium Po 84 artificial isotopes only; mass number range 204–210

Potassium K 19 39(93.26), 40(0.01), 41(6.73)

Praseodymium Pr 59 141(100)

Promethium Pm 61 artificial isotopes only; mass number range 141–151

Protactinium Pa 91 artificial isotopes only; mass number range 228–234

Radium Ra 88 artificial isotopes only; mass number range 223–230

Radon Rn 86 artificial isotopes only; mass number range 208–224

Rhenium Re 75 185(37.40), 187(62.60)

Rhodium Rh 45 103(100)

Rubidium Rb 37 85(72.16), 87(27.84)
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Element Symbol Atomic

number, Z
Mass number of isotope (% abundance)

Ruthenium Ru 44 96(5.52), 98(1.88), 99(12.7), 100(12.6), 101(17.0), 102(31.6), 104(18.7)

Samarium Sm 62 144(3.1), 147(15.0), 148(11.3), 149(13.8), 150(7.4), 152(26.7), 154(22.7)

Scandium Sc 21 45(100)

Selenium Se 34 74(0.9), 76(9.2), 77(7.6), 78(23.6), 80(49.7), 82(9.0)

Silicon Si 14 28(92.23), 29(4.67), 30(3.10)

Silver Ag 47 107(51.84), 109(48.16)

Sodium Na 11 23(100)

Strontium Sr 38 84(0.56), 86(9.86), 87(7.00), 88(82.58)

Sulfur S 16 32(95.02), 33(0.75), 34(4.21), 36(0.02)

Tantalum Ta 73 180(0.01), 181(99.99)

Technetium Tc 43 artificial isotopes only; mass number range 95–99

Tellurium Te 52 120(0.09), 122(2.60), 123(0.91), 124(4.82), 125(7.14), 126(18.95), 128(31.69),
130(33.80)

Terbium Tb 65 159(100)

Thallium Tl 81 203(29.52), 205(70.48)

Thorium Th 90 232(100)

Thulium Tm 69 169(100)

Tin Sn 50 112(0.97), 114(0.65), 115(0.36), 116(14.53), 117(7.68), 118(24.22), 119(8.58),
120(32.59), 122(4.63), 124(5.79)

Titanium Ti 22 46(8.0), 47(7.3), 48(73.8), 49(5.5), 50(5.4)

Tungsten W 74 180(0.13), 182(26.3), 183(14.3), 184(30.67), 186(28.6)

Uranium U 92 234(0.005), 235(0.72), 236(99.275)

Vanadium V 23 50(0.25), 51(99.75)

Xenon Xe 54 124(0.10), 126(0.09), 128(1.91), 129(26.4), 130(4.1), 131(21.2), 132(26.9),
134(10.4), 136(8.9)

Ytterbium Yb 70 168(0.13), 170(3.05), 171(14.3), 172(21.9), 173(16.12), 174(31.8), 176(12.7)

Yttrium Y 39 89(100)

Zinc Zn 30 64(48.6), 66(27.9), 67(4.1), 68(18.8), 70(0.6)

Zirconium Zr 40 90(51.45), 91(11.22), 92(17.15), 94(17.38), 96(2.8)
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Appendix 6 Van der Waals, metallic, covalent

and ionic radii for the s-, p- and
first row d-block elements

The ionic radius varies with the charge and coordination number of the ion; a coordination number of 6

refers to octahedral coordination, and of 4 refers to tetrahedral unless otherwise specified.

Ionic radius

Element van der Waals

radius,

rv / pm

Metallic radius for

12-coordinate metal,

rmetal / pm

Covalent

radius,

rcov / pm

Ionic

radius,

rion / pm

Charge

on ion

Coordination

number

of the ion

Hydrogen H 120 37§

Group 1 Li 157 76 1þ 6

Na 191 102 1þ 6

K 235 138 1þ 6

Rb 250 149 1þ 6

Cs 272 170 1þ 6

Group 2 Be 112 27 2þ 4

Mg 160 72 2þ 6

Ca 197 100 2þ 6

Sr 215 126 2þ 8

Ba 224 142 2þ 8

Group 13 B 208 88

Al 143 130 54 3þ 6

Ga 153 122 62 3þ 6

In 167 150 80 3þ 6

Tl 171 155 89 3þ 6

159 1þ 8

§ Sometimes it is more appropriate to use a value of 30 pm in organic compounds.



 

Ionic radius

Element van der Waals

radius,

rv / pm

Metallic radius for

12-coordinate metal,

rmetal / pm

Covalent

radius,

rcov / pm

Ionic

radius,

rion / pm

Charge

on ion

Coordination

number

of the ion

Group 14 C 185 77

Si 210 118

Ge 122 53 4þ 6

Sn 158 140 74 4þ 6

Pb 175 154 119 2þ 6

65 4þ 4

78 4þ 6

Group 15 N 154 75 171 3� 6

P 190 110

As 200 122

Sb 220 143

Bi 240 182 152 103 3þ 6

76 5þ 6

Group 16 O 140 73 140 2� 6

S 185 103 184 2� 6

Se 200 117 198 2� 6

Te 220 135 211 2� 6

Group 17 F 135 71 133 1� 6

Cl 180 99 181 1� 6

Br 195 114 196 1� 6

I 215 133 220 1� 6

Group 18 He 99

Ne 160

Ar 191

Kr 197

Xe 214
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Ionic radius

Element van der Waals

radius,

rv / pm

Metallic radius for

12-coordinate metal,

rmetal / pm

Covalent

radius,

rcov / pm

Ionic

radius,

rion / pm

Charge

on ion

Coordination

number

of the ion

First row

d-block
elements

Sc 164 75 3þ 6

Ti 147 86 2þ 6

67 3þ 6

61 4þ 6

V 135 79 2þ 6

64 3þ 6

58 4þ 6

53 4þ 5

54 5þ 6

46 5þ 5

Cr 129 73 2þ 6 (low-spin)

80 2þ 6 (high-spin)

62 3þ 6

Mn 137 67 2þ 6 (low-spin)

83 2þ 6 (high-spin)

58 3þ 6 (low-spin)

65 3þ 6 (high-spin)

39 4þ 4

53 4þ 6

Fe 126 61 2þ 6 (low-spin)

78 2þ 6 (high-spin)

55 3þ 6 (low-spin)

65 3þ 6 (high-spin)

Co 125 65 2þ 6 (low-spin)

75 2þ 6 (high-spin)

55 3þ 6 (low-spin)

61 3þ 6 (high-spin)
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Ionic radius

Element van der Waals

radius,

rv / pm

Metallic radius for

12-coordinate metal,

rmetal / pm

Covalent

radius,

rcov / pm

Ionic

radius,

rion / pm

Charge

on ion

Coordination

number

of the ion

Ni 125 55 2þ 4

44 2þ 4 (square planar)

69 2þ 6

56 3þ 6 (low-spin)

60 3þ 6 (high-spin)

Cu 128 46 1þ 2

60 1þ 4

57 2þ 4 (square planar)

73 2þ 6

Zn 137 60 2þ 4

74 2þ 6
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Appendix 7 Pauling electronegativity values

(�P) for selected elements of the
periodic table

Values are dependent on oxidation state.

Group 1 Group 2 Group 13 Group 14 Group 15 Group 16 Group 17

H

2.2

Li

1.0

Be

1.6

B

2.0

C

2.6

N

3.0

O

3.4

F

4.0

Na

0.9

Mg

1.3

Al(III)

1.6

Si

1.9

P

2.2

S

2.6

Cl

3.2

K

0.8

Ca

1.0

(d-block

elements)

Ga(III)

1.8

Ge(IV)

2.0

As(III)

2.2

Se

2.6

Br

3.0

Rb

0.8

Sr

0.9

In(III)

1.8

Sn(II)

1.8

Sn(IV)

2.0

Sb

2.1

Te

2.1

I

2.7

Cs

0.8

Ba

0.9

Tl(I)

1.6

Tl(III)

2.0

Pb(II)

1.9

Pb(IV)

2.3

Bi

2.0

Po

2.0

At

2.2



 
Appendix 8 Ground state electronic

configurations of the elements
and ionization energies for the
first five ionizations

§ Values are from several sources, but mostly from theHandbook of Chemistry and Physics (1993) 74th edn, CRC Press, Boca Raton, and
from the NIST Physics Laboratory, Physical Reference Data. The values in kJmol�1 are quoted to 4 significant figures or less depending
upon the accuracy of the original data in eV. A conversion factor of 1 eV ¼ 96:485 kJmol�1 has been applied.

IE(n) in kJmol�1 for the processes:

IE(1) MðgÞ ��"MþðgÞ
IE(2) MþðgÞ ��"M2þðgÞ
IE(3) M2þðgÞ ��"M3þðgÞ
IE(4) M3þðgÞ ��"M4þðgÞ
IE(5) M4þðgÞ ��"M5þðgÞ

Atomic

number, Z
Element Ground state

electronic configuration

IE(1) IE(2) IE(3) IE(4) IE(5)

1 H 1s1 1312

2 He 1s2 ¼ ½He� 2372 5250

3 Li [He]2s1 520.2 7298 11820

4 Be [He]2s2 899.5 1757 14850 21010

5 B [He]2s22p1 800.6 2427 3660 25030 32830

6 C [He]2s22p2 1086 2353 4620 6223 37830

7 N [He]2s22p3 1402 2856 4578 7475 9445

8 O [He]2s22p4 1314 3388 5300 7469 10990

9 F [He]2s22p5 1681 3375 6050 8408 11020

10 Ne [He]2s22p6 ¼ ½Ne� 2081 3952 6122 9371 12180

11 Na [Ne]3s1 495.8 4562 6910 9543 13350

12 Mg [Ne]3s2 737.7 1451 7733 10540 13630

13 Al [Ne]3s23p1 577.5 1817 2745 11580 14840

14 Si [Ne]3s23p2 786.5 1577 3232 4356 16090

§



 

Atomic

number, Z
Element Ground state

electronic configuration

IE(1) IE(2) IE(3) IE(4) IE(5)

15 P [Ne]3s23p3 1012 1907 2914 4964 6274

16 S [Ne]3s23p4 999.6 2252 3357 4556 7004

17 Cl [Ne]3s23p5 1251 2298 3822 5159 6540

18 Ar [Ne]3s23p6 ¼ ½Ar� 1521 2666 3931 5771 7238

19 K [Ar]4s1 418.8 3052 4420 5877 7975

20 Ca [Ar]4s2 589.8 1145 4912 6491 8153

21 Sc [Ar]4s23d1 633.1 1235 2389 7091 8843

22 Ti [Ar]4s23d2 658.8 1310 2653 4175 9581

23 V [Ar]4s23d3 650.9 1414 2828 4507 6299

24 Cr [Ar]4s13d5 652.9 1591 2987 4743 6702

25 Mn [Ar]4s23d5 717.3 1509 3248 4940 6990

26 Fe [Ar]4s23d6 762.5 1562 2957 5290 7240

27 Co [Ar]4s23d7 760.4 1648 3232 4950 7670

28 Ni [Ar]4s23d8 737.1 1753 3395 5300 7339

29 Cu [Ar]4s13d10 745.5 1958 3555 5536 7700

30 Zn [Ar]4s23d10 906.4 1733 3833 5730 7970

31 Ga [Ar]4s23d104p1 578.8 1979 2963 6200

32 Ge [Ar]4s23d104p2 762.2 1537 3302 4411 9020

33 As [Ar]4s23d104p3 947.0 1798 2735 4837 6043

34 Se [Ar]4s23d104p4 941.0 2045 2974 4144 6590

35 Br [Ar]4s23d104p5 1140 2100 3500 4560 5760

36 Kr [Ar]4s23d104p6 ¼ ½Kr� 1351 2350 3565 5070 6240

37 Rb [Kr]5s1 403.0 2633 3900 5080 6850

38 Sr [Kr]5s2 549.5 1064 4138 5500 6910

39 Y [Kr]5s24d1 599.8 1181 1980 5847 7430

40 Zr [Kr]5s24d2 640.1 1267 2218 3313 7752

41 Nb [Kr]5s14d4 652.1 1382 2416 3700 4877

42 Mo [Kr]5s14d5 684.3 1559 2618 4480 5257

43 Tc [Kr]5s24d5 702 1472 2850

44 Ru [Kr]5s14d7 710.2 1617 2747
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Atomic

number, Z
Element Ground state

electronic configuration

IE(1) IE(2) IE(3) IE(4) IE(5)

45 Rh [Kr]5s14d8 719.7 1744 2997

46 Pd [Kr]5s04d10 804.4 1875 3177

47 Ag [Kr]5s14d10 731.0 2073 3361

48 Cd [Kr]5s24d10 867.8 1631 3616

49 In [Kr]5s24d105p1 558.3 1821 2704 5200

50 Sn [Kr]5s24d105p2 708.6 1412 2943 3930 6974

51 Sb [Kr]5s24d105p3 830.6 1595 2440 4260 5400

52 Te [Kr]5s24d105p4 869.3 1790 2698 3610 5668

53 I [Kr]5s24d105p5 1008 1846 3200

54 Xe [Kr]5s24d105p6 ¼ ½Xe� 1170 2046 3099

55 Cs [Xe]6s1 375.7 2234 3400

56 Ba [Xe]6s2 502.8 965.2 3619

57 La [Xe]6s25d1 538.1 1067 1850 4819 5940

58 Ce [Xe]4f 16s25d1 534.4 1047 1949 3546 6325

59 Pr [Xe]4f 36s2 527.2 1018 2086 3761 5551

60 Nd [Xe]4f 46s2 533.1 1035 2130 3898

61 Pm [Xe]4f 56s2 538.8 1052 2150 3970

62 Sm [Xe]4f 66s2 544.5 1068 2260 3990

63 Eu [Xe]4f 76s2 547.1 1085 2404 4120

64 Gd [Xe]4f 76s25d1 593.4 1167 1990 4245

65 Tb [Xe]4f 96s2 565.8 1112 2114 3839

66 Dy [Xe]4f 106s2 573.0 1126 2200 3990

67 Ho [Xe]4f 116s2 581.0 1139 2204 4100

68 Er [Xe]4f 126s2 589.3 1151 2194 4120

69 Tm [Xe]4f 136s2 596.7 1163 2285 4120

70 Yb [Xe]4f 146s2 603.4 1175 2417 4203

71 Lu [Xe]4f 146s25d1 523.5 1340 2022 4366

72 Hf [Xe]4f 146s25d2 658.5 1440 2250 3216

73 Ta [Xe]4f 146s25d3 728.4 1500 2100

74 W [Xe]4f 146s25d4 758.8 1700 2300
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Atomic

number, Z
Element Ground state

electronic configuration

IE(1) IE(2) IE(3) IE(4) IE(5)

75 Re [Xe]4f 146s25d5 755.8 1260 2510

76 Os [Xe]4f 146s25d6 814.2 1600 2400

77 Ir [Xe]4f 146s25d7 865.2 1680 2600

78 Pt [Xe]4f 146s15d9 864.4 1791 2800

79 Au [Xe]4f 146s15d10 890.1 1980 2900

80 Hg [Xe]4f 146s25d10 1007 1810 3300

81 Tl [Xe]4f 146s25d106p1 589.4 1971 2878 4900

82 Pb [Xe]4f 146s25d106p2 715.6 1450 3081 4083 6640

83 Bi [Xe]4f 146s25d106p3 703.3 1610 2466 4370 5400

84 Po [Xe]4f 146s25d106p4 812.1 1800 2700

85 At [Xe]4f 146s25d106p5 930 1600 2900

86 Rn [Xe]4f 146s25d106p6 ¼ ½Rn� 1037

87 Fr [Rn]7s1 393.0 2100 3100

88 Ra [Rn]7s2 509.3 979.0 3300

89 Ac [Rn]6d17s2 499 1170 1900

90 Th [Rn]6d27s2 608.5 1110 1930 2780

91 Pa [Rn]5f 27s26d1 568 1130 1810

92 U [Rn]5f 37s26d1 597.6 1440 1840

93 Np [Rn]5f 47s26d1 604.5 1130 1880

94 Pu [Rn]5f 67s2 581.4 1130 2100

95 Am [Rn]5f 77s2 576.4 1160 2160

96 Cm [Rn]5f 77s26d1 578.0 1200 2050

97 Bk [Rn]5f 97s2 598.0 1190 2150

98 Cf [Rn]5f 107s2 606.1 1210 2280

99 Es [Rn]5f 117s2 619 1220 2330

100 Fm [Rn]5f 127s2 627 1230 2350

101 Md [Rn]5f 137s2 635 1240 2450

102 No [Rn]5f 147s2 642 1250 2600

103 Lr [Rn]5f 147s26d1 440 (?)
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Appendix 9 Electron affinities

Approximate enthalpy changes, �EAH(298 K) associated with the gain of one electron by a gaseous atom

or anion. A negative enthalpy (�H), but a positive electron affinity (EA), corresponds to an exothermic

process (see Section 8.5).

�EAHð298KÞ � �Uð0KÞ ¼ �EA

Process � �EAH / kJ mol
�1

Hydrogen HðgÞ þ e� ��"H�ðgÞ �73

Group 1 LiðgÞ þ e� ��" Li�ðgÞ �60

NaðgÞ þ e� ��"Na�ðgÞ �53

KðgÞ þ e� ��"K�ðgÞ �48

RbðgÞ þ e� ��"Rb�ðgÞ �47

CsðgÞ þ e� ��"Cs�ðgÞ �45

Group 15 NðgÞ þ e� ��"N�ðgÞ �0

PðgÞ þ e� ��" P�ðgÞ �72

AsðgÞ þ e� ��"As�ðgÞ �78

SbðgÞ þ e� ��" Sb�ðgÞ �103

BiðgÞ þ e� ��" Bi�ðgÞ �91

Group 16 OðgÞ þ e� ��"O�ðgÞ �141

O�ðgÞ þ e� ��"O2�ðgÞ þ798

SðgÞ þ e� ��" S�ðgÞ �201

S�ðgÞ þ e� ��" S2�ðgÞ þ640



 

Process � �EAH / kJ mol
�1

SeðgÞ þ e� ��" Se�ðgÞ �195

TeðgÞ þ e� ��" Te�ðgÞ �190

Group 17 FðgÞ þ e� ��" F�ðgÞ �328

ClðgÞ þ e� ��"Cl�ðgÞ �349

BrðgÞ þ e� ��" Br�ðgÞ �325

IðgÞ þ e� ��" I�ðgÞ �295
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Appendix 10 Standard enthalpies of

atomization (�aHo)
of the elements at 298 K

Enthalpies are given in kJmol�1 for the process:

1

n
En(standard state)��"EðgÞ

Elements (E) are arranged according to their position in the periodic table. The lanthanoids and actinoids

are excluded. The noble gases are omitted because they are monatomic at 298K.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

H

218

Li

161

Be

324

B

582

C

717

N

473

O

249

F

79

Na

108

Mg

146

Al

330

Si

456

P

315

S

277

Cl

121

K

90

Ca

178

Sc

378

Ti

470

V

514

Cr

397

Mn

283

Fe

418

Co

428

Ni

430

Cu

338

Zn

130

Ga

277

Ge

375

As

302

Se

227

Br

112

Rb

82

Sr

164

Y

423

Zr

609

Nb

721

Mo

658

Tc

677

Ru

651

Rh

556

Pd

377

Ag

285

Cd

112

In

243

Sn

302

Sb

264

Te

197

I

107

Cs

78

Ba

178

La

423

Hf

619

Ta

782

W

850

Re

774

Os

787

Ir

669

Pt

566

Au

368

Hg

61

Tl

182

Pb

195

Bi

210

Po

�146
At

92



 
Appendix 11 Thermodynamic properties

of selected compounds

The values of �fH
o(298K), �fG

o(298K) and So refer to the state specified.

The abbreviations for states are: s¼ solid, l¼ liquid, g¼ gas. The standard

state pressure is 1 bar (105 Pa). In the melting and boiling point columns:

sub¼ sublimes, dec¼ decomposes.

Compounds containing carbon (with the exception of metal carbonates)

are arranged alphabetically by name. Compounds not containing carbon

are arranged according to the non-carbon element under which the

compounds are described in the text; for example, metal hydrides were

described in Chapter 21 and are listed under hydrogen. The list is necessarily

selective, and not all elements are represented.
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Appendix 12 Selected standard reduction

potentials (298 K)

The concentration of each aqueous solution is 1mol dm�3 and the pressure of a gaseous component is 1 bar

(105 Pa). (Changing the standard pressure to 1 atm (101 300 Pa) makes no difference to the values of Eo at

this level of accuracy.) Each half-cell listed contains the specified solution species at a concentration of

1mol dm�3. Where the half-cell contains [OH]�, the value of Eo refers to ½OH�� ¼ 1mol dm�3, hence the

notation Eo
½OH��¼1.

Reduction half-equation Eo
or Eo

½OH��¼ 1 / V

LiþðaqÞ þ e� Ð LiðsÞ �3.04

KþðaqÞ þ e� Ð KðsÞ �2.93

Ca2þðaqÞ þ 2e� Ð CaðsÞ �2.87

NaþðaqÞ þ e� Ð NaðsÞ �2.71

Mg2þðaqÞ þ 2e� ÐMgðsÞ �2.37

Al3þðaqÞ þ 3e� Ð AlðsÞ �1.66

½HPO3�2�ðaqÞ þ 2H2OðaqÞ þ 2e� Ð ½H2PO2��ðaqÞ þ 3½OH��ðaqÞ �1.65

Ti2þðaqÞ þ 2e� Ð TiðsÞ �1.63

Mn2þðaqÞ þ 2e� ÐMnðsÞ �1.19

TeðsÞ þ 2e� Ð Te2�ðaqÞ �1.14

½SO4�2�ðaqÞ þH2OðlÞ þ 2e� Ð ½SO3�2�ðaqÞ þ 2½OH��ðaqÞ �0.93

SeðsÞ þ 2e� Ð Se2�ðaqÞ �0.92

2½NO3��ðaqÞ þ 2H2OðlÞ þ 2e� Ð N2O4ðgÞ þ 4½OH��ðaqÞ �0.85

Zn2þðaqÞ þ 2e� Ð ZnðsÞ �0.76

SðsÞ þ 2e� Ð S2�ðaqÞ �0.48



 

Reduction half-equation Eo
or Eo

½OH��¼ 1 / V

½NO2��ðaqÞ þH2OðlÞ þ e� Ð NOðgÞ þ 2½OH��ðaqÞ �0.46

Fe2þðaqÞ þ 2e� Ð FeðsÞ �0.44

Cr3þðaqÞ þ e� Ð Cr2þðaqÞ �0.41

Ti3þðaqÞ þ e� Ð Ti2þðaqÞ �0.37

PbSO4ðsÞ þ 2e� Ð PbðsÞ þ ½SO4�2�ðaqÞ �0.36

TlþðaqÞ þ e� Ð TlðsÞ �0.34

Co2þðaqÞ þ 2e� Ð CoðsÞ �0.28

H3PO4ðaqÞ þ 2HþðaqÞ þ 2e� Ð H3PO3ðaqÞ þH2OðlÞ �0.28

V3þðaqÞ þ e� Ð V2þðaqÞ �0.26

Ni2þðaqÞ þ 2e� Ð NiðsÞ �0.25

Sn2þðaqÞ þ 2e� Ð SnðsÞ �0.14

Pb2þðaqÞ þ 2e� Ð PbðsÞ �0.13

Fe3þðaqÞ þ 3e� Ð FeðsÞ �0.04

2HþðaqÞ þ 2e� Ð H2ðg; 1 barÞ 0.00

½NO3��ðaqÞ þH2OðlÞ þ 2e� Ð ½NO2��ðaqÞ þ 2½OH��ðaqÞ þ0.01

½S4O6�2�ðaqÞ þ 2e� Ð 2½S2O3�2�ðaqÞ þ0.08

SðsÞ þ 2HþðaqÞ þ 2e� Ð H2SðaqÞ þ0.14

2½NO2��ðaqÞ þ 3H2OðlÞ þ 4e� Ð N2OðgÞ þ 6½OH��ðaqÞ þ0.15

Cu2þðaqÞ þ e� Ð CuþðaqÞ þ0.15

Sn4þðaqÞ þ 2e� Ð Sn2þðaqÞ þ0.15

½SO4�2�ðaqÞ þ 4HþðaqÞ þ 2e� Ð H2SO3ðaqÞ þH2OðlÞ þ0.17

Cu2þðaqÞ þ 2e� Ð CuðsÞ þ0.34

½ClO4��ðaqÞ þH2OðlÞ þ 2e� Ð ½ClO3��ðaqÞ þ 2½OH��ðaqÞ þ0.36

O2ðgÞ þ 2H2OðlÞ þ 4e� Ð 4½OH��ðaqÞ þ0.40

CuþðaqÞ þ e� Ð CuðsÞ þ0.52

I2ðaqÞ þ 2e� Ð 2I�ðaqÞ þ0.54

H3AsO4ðaqÞ þ 2HþðaqÞ þ 2e� Ð HAsO2ðaqÞ þ 2H2OðlÞ þ0.56

½MnO4��ðaqÞ þ 2H2OðaqÞ þ 3e� ÐMnO2ðsÞ þ 4½OH��ðaqÞ þ0.59
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Reduction half-equation Eo
or Eo

½OH��¼ 1 / V

½BrO3��ðaqÞ þ 3H2OðlÞ þ 6e� Ð Br�ðaqÞ þ 6½OH��ðaqÞ þ0.61

O2ðgÞ þ 2HþðaqÞ þ 2e� Ð H2O2ðaqÞ þ0.70

½BrO��ðaqÞ þH2OðlÞ þ 2e� Ð Br�ðaqÞ þ 2½OH��ðaqÞ þ0.76

Fe3þðaqÞ þ e� Ð Fe2þðaqÞ þ0.77

AgþðaqÞ þ e� Ð AgðsÞ þ0.80

½ClO��ðaqÞ þH2OðlÞ þ 2e� Ð Cl�ðaqÞ þ 2½OH��ðaqÞ þ0.84

2HNO2ðaqÞ þ 4HþðaqÞ þ 4e� Ð H2N2O2ðaqÞ þ 2H2OðlÞ þ0.86

½NO3��ðaqÞ þ 3HþðaqÞ þ 2e� Ð HNO2ðaqÞ þH2OðlÞ þ0.93

½NO3��ðaqÞ þ 4HþðaqÞ þ 3e� Ð NOðgÞ þ 2H2OðlÞ þ0.96

HNO2ðaqÞ þHþðaqÞ þ e� Ð NOðgÞ þH2OðlÞ þ0.98

½IO3��ðaqÞ þ 6HþðaqÞ þ 6e� Ð I�ðaqÞ þ 3H2OðlÞ þ1.09

Br2ðaqÞ þ 2e� Ð 2Br�ðaqÞ þ1.09

2½IO3��ðaqÞ þ 12HþðaqÞ þ 10e� Ð I2ðaqÞ þ 6H2OðlÞ þ1.20

O2ðgÞ þ 4HþðaqÞ þ 4e� Ð 2H2OðlÞ þ1.23

Tl3þðaqÞ þ 2e� Ð TlþðaqÞ þ1.25

2HNO2ðaqÞ þ 4HþðaqÞ þ 4e� Ð N2OðgÞ þ 3H2OðlÞ þ1.30

½Cr2O7�2�ðaqÞ þ 14HþðaqÞ þ 6e� Ð 2Cr3þðaqÞ þ 7H2OðlÞ þ1.33

Cl2ðaqÞ þ 2e� Ð 2Cl�ðaqÞ þ1.36

2½ClO4��ðaqÞ þ 16HþðaqÞ þ 14e� Ð Cl2ðaqÞ þ 8H2OðlÞ þ1.39

½ClO4��ðaqÞ þ 8HþðaqÞ þ 8e� Ð Cl�ðaqÞ þ 4H2OðlÞ þ1.39

½BrO3��ðaqÞ þ 6HþðaqÞ þ 6e� Ð Br�ðaqÞ þ 3H2OðlÞ þ1.42

½ClO3��ðaqÞ þ 6HþðaqÞ þ 6e� Ð Cl�ðaqÞ þ 3H2OðlÞ þ1.45

2½ClO3��ðaqÞ þ 12HþðaqÞ þ 10e� Ð Cl2ðaqÞ þ 6H2OðlÞ þ1.47

2½BrO3��ðaqÞ þ 12HþðaqÞ þ 10e� Ð Br2ðaqÞ þ 6H2OðlÞ þ1.48

HOClðaqÞ þHþðaqÞ þ 2e� Ð Cl�ðaqÞ þH2OðlÞ þ1.48

½MnO4��ðaqÞ þ 8HþðaqÞ þ 5e� ÐMn2þðaqÞ þ 4H2OðlÞ þ1.51

2HOClðaqÞ þ 2HþðaqÞ þ 2e� Ð Cl2ðaqÞ þ 2H2OðlÞ þ1.61

PbO2ðsÞ þ 4HþðaqÞ þ ½SO4�2�ðaqÞ þ 2e� Ð PbSO4ðsÞ þ 2H2OðlÞ þ1.69
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Reduction half-equation Eo
or Eo

½OH��¼ 1 / V

Ce4þðaqÞ þ e� Ð Ce3þðaqÞ þ1.72

H2O2ðaqÞ þ 2HþðaqÞ þ 2e� Ð 2H2OðlÞ þ1.78

Co3þðaqÞ þ e� Ð Co2þðaqÞ þ1.92

XeO3ðaqÞ þ 6HþðaqÞ þ 6e� Ð XeðgÞ þ 3H2OðlÞ þ2.10

H4XeO6ðaqÞ þ 2HþðaqÞ þ 2e� Ð XeO3ðaqÞ þ 3H2OðlÞ þ2.42

F2ðaqÞ þ 2e� Ð 2F�ðaqÞ þ2.87
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Answers to non-descriptive problems

Answers are given below to non-descriptive problems. Com-

plete answers to all problems are available in the accompa-

nying Solutions Manual by Catherine E. Housecroft (see

www.pearsoned.co.uk/housecroft).

Chapter 1

1.1 (a) 0.6mm; (b) 6� 108 pm; (c) 0.06 cm;

(d) 6� 105 nm

1.2 0.122 nm

1.3 2.71� 10�5 m3

1.4 J s

1.6 10.8

1.8 (a) 2.86� 10�5 m3; (b) 4.86� 10�3 m3; (c) 0.318m3;

(d) 407m3

1.9 0.84moles

1.10 N2, 0.57 bar; Ar, 0.80 bar; 0.56moles of one or more

other gases

1.11 (a) 5.0� 10�3 moles; (b) 8.21� 10�2 moles;

(c) 0.040 03moles; (d) 4.98� 10�4 moles

1.12 (a) 0.166 g; (b) 1.17 g; (c) 0.710 g

1.13 (a) NaI; (b) MgCl2; (c) MgO; (d) CaF2; (e) Li3N;

(f ) Ca3P2; (g) Na2S; (h) H2S

1.14 Al2O3; AlCl3; AlF3; AlH3

1.18 (a) þ2; (b) þ4; (c) þ3; (d) þ4; (e) þ5
1.20 (a) O2 and O3, 0; [O2]

2�, �1; [O2]
þ, þ1

2

1.22 (a) NiI2; (b) NH4NO3; (c) Ba(OH)2; (d) Fe2(SO4)3;

(e) FeSO3; (f ) AlH3; (g) PbO2; (h) SnS

1.23 (a) 8; (b) 6; (c) 3; (d) 10; (e) 4

1.26 (a) 2Fe þ 3Cl2 ��" 2FeCl3
(b) SiCl4 þ 2H2O ��" SiO2 þ 4HCl

(c) Al2O3 þ 6NaOH þ 3H2O ��" 2Na3Al(OH)6
(d) K2CO3 þ 2HNO3 ��" 2KNO3 þ H2O þ CO2

(e) Fe2O3 þ 3CO ��" 2Fe þ 3CO2

(f ) H2C2O4 þ 2KOH ��" K2C2O4 þ 2H2O

1.27 (a) 2AgNO3 þMgCl2 ��" 2AgCl þMg(NO3)2
(b) Pb(O2CCH3)2 þ H2S ��" PbS þ 2CH3CO2H

(c) BaCl2 þ K2SO4 ��" BaSO4 þ 2KCl

(d) Pb(NO3)2 þ 2KI ��" PbI2 þ 2KNO3

(e) Ca(HCO3)2 þ Ca(OH)2 ��" 2CaCO3 þ 2H2O

1.28 (a) C3H8 þ 3Cl2 ��" C3H5Cl3 þ 3HCl

(b) 2C6H14 þ 19O2 ��" 12CO2 þ 14H2O

(c) 2C2H5OH þ 2Na ��" 2C2H5ONa þ H2

(d) C2H2 þ 2Br2 ��" C2H2Br4
(e) CaC2 þ 2H2O ��" Ca(OH)2 þ C2H2

1.29 (a) Agþ(aq) þ Cl�(aq) ��" AgCl(s)

(b) Mg2þ(aq) þ 2[OH]�(aq) ��" Mg(OH)2(s)

(c) Pb2þ(aq) þ S2�(aq) ��" PbS(s)

(d) Fe3þ(aq) þ 3[OH]�(aq) ��" Fe(OH)3(s)

(e) 3Ca2þ(aq) þ 2[PO4]
3�(aq) ��" Ca3(PO4)2(s)

(f ) 2Agþ(aq) þ [SO4]
2�(aq) ��" Ag2SO4(s)

1.30 (a) 2Fe3þ þ H2 ��" 2Fe2þ þ 2Hþ

(b) Cl2 þ 2Br� ��" 2Cl� þ Br2
(c) 6Fe2þ þ [Cr2O7]

2� þ 14Hþ ��" 6Fe3þ þ 2Cr3þ

þ 7H2O

(d) 2NH2OH þ 4Fe3þ ��" N2O þ 4Fe2þ þ H2O þ
4Hþ

(e) 2[S2O3]
2� þ I2 ��" [S4O6]

2� þ 2I�

(f ) 12[MoO4]
2� þ [PO4]

3� þ
24Hþ ��" [PMo12O40]

3� þ 12H2O

(g) HNO3 þ 2H2SO4 ��" [H3O]þ þ [NO2]
þ þ

2[HSO4]
�

1.31 0.61 g

1.32 NaOH is in excess; 0.091moles unreacted

1.33 0.415 g

1.34 10.0 cm3

1.35 2.80 g; CaO þ H2O ��" Ca(OH)2
1.36 0.0511mol dm�3

1.37 Empirical formula¼molecular formula¼C2H5NO



 

1.38 (a) þ2; (b) A¼Fe2O3; B¼Fe3O4

1.39 x¼ 5

1.40 (a) Empirical formula¼CH2O; molecular

formula¼C6H12O6; (b) þ6
1.41 (a) � ¼Msphere=Vsphere; (b) Mass of one atom

¼Mr=L; (c) Number of atoms ¼ ðV=VcÞn;
(d) M ¼ ðMr=LÞðV=VcÞn; (e) L ¼ ðMr=MÞ
ðV=VcÞn ¼ ðMr=�Þðn=VcÞ

1.42 (a) 20 000 Pa; (b) 51 200 Pa

1.43 (a) 3.3%; (b) increases to 5.6%

1.44 Application of Graham’s Law (equation 1.31)

1.45 (a) 2:3� 1010 moles; (b) 4100 Mg d�1;

(c) 4SO2 þ 7½OH�� ��" 3½SO4�2� þ ½HS�� þ 3H2O

1.46 (a) 700 mg dm�3 ¼ 0:70 mg cm�3; (b) 0.89 mmol

1.47 1.143 g

1.48 (a) NaBH4 þ 4H2O��"NaOHþH3BO3 þ 4H2

MgH2 þ 2H2O��"MgðOHÞ2 þ 2H2

LiAlH4 þ 4H2O��" LiOHþAlðOHÞ3 þ 4H2

(b) NaBH4; 7:34%;MgH2; 6:47%;LiAlH4; 7:33%

Chapter 2

2.1 (a), (c), (d) Exothermic; (b) endothermic

2.2 (a) Cl2(g); (b) N2(g); (c) P4(white); (d) C(graphite);

(e) Br2(l); (f ) Na(s); (g) F2(g)

2.3 Ca(s) þ 1
2
O2(g) ��" CaO(s); gives out heat

2.4 �58 kJmol�1

2.6 Exothermic; �7.8 kJmol�1

2.7 296.5K

2.8 (a) �546; (b) �828; (c) �160; (d) �18; (e) þ132;
(f ) �15; (g) þ286 kJmol�1

2.9 �5472 kJmol�1

2.10 �2220 kJmol�1

2.11 101 kJ liberated (�H¼�101 kJ)
2.12 (a) S8(orthorhombic); (b) 3 J

2.13 +868 kJ; endothermic, so suggests LiNO3 stable

with respect to the reaction

2.14 (a) �157; (b) þ124; (c) �3312; (d) �87 kJmol�1

(per mole of reaction)

2.16 (a) þ0.300 kJ; (b) �0.048 kJ; (c) �0.81 kJ
2.17 3.55 g

2.18 (a) þ0.315 kJ; (b) �1.4 kJ; (c) þ339 kJ
2.19 (a) �129; (b) �85; (c) �1532 kJmol�1 (per mole of

reaction)

2.20 (a) �2878; (b) �1746 kJ per mole of butane

2.21 (a) N2(g) and H2O(l); (b)�2.9 kJ; (c)�85 kJmol�1

(per mole of BCl3)

2.22 (a) Ag(s) ��" Ag(l); endothermic;

(b) �21 kJmol�1

2.23 �43 kJ per mole of NO2

2.24 (b) �157 kJmol�1; (c) 34 kJmol�1

2.25 (a) �99 kJmol�1; (c) þ44.5 kJmol�1

2.28 (a) C18H33CO2Meþ 28O2 ��" 20CO2 þ 18H2O;

(b) �39:7 kJ g�1; (c) per unit mass, biodiesel

�12% less energy than petroleum diesel; per unit

volume, �3% less energy

2.29 (a) �111.6 kJ per mole of N2H4; (b) þ45.9 kJ per

mole NH3; (c) endothermic decomposition of

NH3 works against exothermic decomposition

of N2H4

2.30 (a) 9.0 K; (b) sweating; (c) the lower heat capacity

of fat corresponds to greater �T

Chapter 3

3.2 (a) 1.5� 10�5 m; (b) 6.6� 10�8 m; (c) 1.4� 10�9 m

3.3 Seven 4f orbitals

3.4 (a) n¼ 1, l¼ 0,ml ¼ 0,ms¼� 1
2
; n¼ 1, l¼ 0,ml ¼ 0,

ms¼þ1
2
; (b) n¼ 1, l¼ 0, ml ¼ 0, ms¼� 1

2
; n¼ 1,

l¼ 0, ml ¼ 0, ms¼þ1
2
; n¼ 2, l¼ 0, ml ¼ 0, ms¼� 1

2
;

n¼ 2, l¼ 0, ml ¼ 0, ms¼þ1
2
; n¼ 2, l¼ 1, ml ¼ 0,

ms¼� 1
2
; n¼ 2, l¼ 1, ml ¼ 0, ms¼þ1

2
; n¼ 2, l¼ 1,

ml ¼ 1,ms¼� 1
2
; n¼ 2, l¼ 1,ml ¼ 1,ms¼þ1

2
; n¼ 2,

l¼ 1, ml ¼�1, ms¼� 1
2
; n¼ 2, l¼ 1, ml ¼�1,

ms¼þ1
2

3.5 (a) 9; (b) 7; (c) 3; (d) 5; (e) 5

3.6 3s; ms¼� 1
2

3.9 �1312 kJmol�1; �328.0 kJmol�1;

�145.8 kJmol�1

3.10 Hydrogen-like: (d), (f )

3.15 (a) Lyman; (b) Balmer; (c) Lyman; (d) Lyman;

(e) Balmer

3.17 R¼ 3.90� 1015 Hz (or s�1)

3.18 1312 kJmol�1

3.19 Be, 1s22s2; F, 1s22s22p5; P, 1s22s22p63s23p3;

K, 1s22s22p63s23p64s1

3.21 (a) 8; (b) 8; (c) 8; (d) 8; (e) 8; (f ) 8; (g) 6; (h) 4

3.24 (b) 5:11� 1014 s�1 (or Hz); (c) 1s2; (d) electronic

transition from 3d to 2p orbital (or from 1s13d1

state to 1s12p1 state)

3.25 (a) Extremely weak van der Waals interactions

between atoms; (b) He(l) ��" He(g)

Chapter 4

4.3 F2, 142 pm; Cl2, 198 pm; Br2, 228 pm; I2, 266 pm

4.5 (a) 1208; (b) planar
4.7 (a) 1200; (b) 2128; (c) 1062; (d) 151 kJmol�1

4.8 60 kJmol�1

4.9 C�H, 416; C�C, 331 kJmol�1

4.10 (a) 461; (b) 503 kJmol�1

4.11 (a) 321; (b) 197 kJmol�1

4.19 Both paramagnetic

4.21 <72 kJmol�1
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Chapter 5

5.1 Zeff (A)>Zeff (B)

5.4 262 kJmol�1

5.5 (b) 430 kJmol�1

5.6 (a) 464 kJmol�1

5.8 (a) 329; 402 kJmol�1; (b) 1316; 1608 kJmol�1

5.10 Examples: N3�, O2�, F�, Naþ, Mg2þ, Al3þ

5.12 (b) Polar: HBr, IF, BrCl

5.13 CO and N2; [S2]
2� and Cl2; [O2]

2�and F2; NO and

[O2]
þ

5.14 (b) 1; diamagnetic

5.16 (b) 2; paramagnetic; (c) polar; O is ��

5.18 (a) [NO]þ; diamagnetic; (b) shorten

5.20 (a) Radicals: NO, ClO, BrO; (b) all electrons paired

in Lewis structure; MO theory shows HOMO is

�ð2pÞ1�ð2pÞ1

5.21 (a) 3�MO has N 2s and 2pz, and O 2pz character;

Figure 5.19 shows only N 2s and O 2pz character

Chapter 6

6.2 Linear

6.3 (a) CO2, linear; SO2, non-linear; (b) [NO2]
þ, linear;

[NO2]
�, non-linear; CS2, linear; N2O, linear;

[NCS]�, linear

6.4 (a) Trigonal planar; (b) trigonal pyramidal; (c) non-

linear; (d) non-linear; (e) trigonal bipyramidal;

(f ) octahedral; (g) tetrahedral; (h) square planar

6.5 (a) SF4; (b) AlBr3; (c) [ClO2]
þ; (d) IF5

6.6 (a), (c) Linear; (b), (d) octahedral; (e), (f ), (g),

(h) tetrahedral

6.8 (a) Trigonal bipyramidal; (b) 3

6.9 (a) 2; (b) 2; (c) 2; (d) 0; (e) 0; (f ) 0; (g) 3; (h) 2

6.10 (b), (d), (e), (f )

6.13 (a) Trigonal pyramidal; (b) trigonal planar;

(c) trigonal planar; (d) non-linear; (e) trigonal

planar; (f ) trigonal bipyramidal; (g) trigonal

planar; (a), (b), (c) and (d) are polar

6.16 (a) 2; axial and equatorial

Chapter 7

7.1 Octet: (b), (c), (d), (e), (f ), (g)

7.2 (a), (h), (i)

7.6 (a) 2; (b) 4; (c) 3

7.9 (a) sp3; (b) sp2; (c) sp2, sp2, sp3; (d) sp

7.10 (a) sp3; (b) sp3; (c) sp3; (d) sp2; (e) sp3d2; (f ) sp3;

(g) sp3

7.11 (a) sp; (b) sp3, sp3; (c) sp3; (d) sp3, sp3; (e) sp3, sp2,

sp2, sp3, sp3; (f ) sp2; (g) sp2

7.16 (a) sp3; (b) sp3; (c) sp3; (d ) sp3

7.22 (a) Enflurane: all C, sp3; O, sp3; propofol: ring C,

sp2; other C, sp3;O,may be sp3 (but see Chapter 32,

phenols); tetracaine: ring C, sp2; other C, sp3;

N next to ring, sp2; O in C¼O, sp2, O in chain, sp3;

right-hand N, sp3; (b) tetracaine; (c) tetracaine,

Cring�N because N is trigonal planar.

Chapter 8

8.2 Group 2

8.4 þ575 kJmol�1

8.5 �5 kJmol�1

8.6 þ984 kJmol�1; þ1608 kJmol�1

8.7 þ439 kJmol�1

8.9 Each side: kgm2 s�2

8.16 GaP

8.17 Ce(IV) is 8-coordinate; CaF2 structure

8.18 þ3
8.19 (a) 8; (b) 7; (c) 8.5; (d) 7

8.20 �631 kJmol�1

8.21 Born–Landé: �3926 kJmol�1;

Born–Haber: �3843 kJmol�1

8.22 6.20� 1023 mol�1

8.23 �760 kJmol�1

8.24 250 pm

8.25 �2961 kJmol�1

8.26 �2286 kJmol�1

8.27 �793 kJmol�1

8.28 þ2250 kJmol�1

8.30 �366 kJ mol�1

8.31 (c) 2NaN3 ��" 2Naþ 3N2; 10Naþ 2KNO3 ��"
K2Oþ 5Na2OþN2; ðdÞ þ21kJmol�1; (e) �42 kJ
per 2 moles of NaN3; �1442 kJ per mole of

reaction given in part (c); overall, �165 kJ mol�1

per mole of NaN3; (f) N2 release.

8.32 (a) NaþðgÞ þ Cl�ðgÞ ��"NaClðsÞ;
(b) NaCl(s)��"NaþðaqÞ þ Cl�ðaqÞ

8.33 (a) YBa2Cu3O7; (b) mixed Cu(II)/Cu(III)

Chapter 9

9.2 ccp and hcp: octahedral and tetrahedral holes

9.4 (a) 12; (b) 12; (c) 6; (d) 8

9.8 C60
:C6H6

:CH2I2
9.10 r(Ca2þ)< r(Ca)

9.12 (a) N2(s) ��" N2(l); (b) N2(l) ��" N2(g);

(c) 1
2
N2(g) ��" N(g)

9.16 Coordination numbers: Re, 6; O, 2

9.18 �120 pm

9.19 Octahedral or tetrahedral

9.20 (a)Melting pointW 3695 K, Cu 1358 K; (b) higher;

(c) energy efficiency.
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9.21 (a) Efficiency of packing in Figure 9.32b < in

Figure 9.32a; (b) Figure 9.32a appropriate for

hexagonal or cubic close packing; Figure 9.32b

appropriate for body-centred cubic packing and

simple cubic.

Chapter 10

10.2 C5H7N2O

10.3 C5H14N2

10.8 A¼N2; B¼CO

10.10 Unambiguous assignment not possible

10.14 D¼C5H12O

10.15 E¼C7H8

10.16 F¼C6H5CH2CH3; group R¼C2H5

10.21 (a) Y¼CH4N2O; (b) proposed structure is:

10.22 (a) Z¼CH3NO2; (b) proposed structure is:

10.23 ð15NÞð14NÞ, ð14NÞ2, ð14NÞ
10.24 [P]þ, [P � F]þ, [P � 2F]þ, [P � 2F � N]þ; also

observe Fþ

10.25 [P]þ, [P � F]þ, [P � 2F]þ; also observe Fþ;
19F 100%, 16O 99.76%

10.26 m=z 61 and 63 from [35ClCN]þ and [37ClCN]þ;m=z

35 and 37 from [35Cl]þ and [37Cl]þ; m=z 26, [CN]þ;

m=z 12 and 14, [12C]þ and [14N]þ

10.27 (a) 35Cl : 37Cl� 3 : 1, 79Br : 81Br� 1 : 1; (31P)(37Cl)3

not observed (statistics); (b) parent ion [P]þ,

[P � X]þ (X¼Br or Cl), [P � 2X]þ, [P � 3X]þ,

also observe Xþ

10.28 [P]þ, [P � NH2]
þ, also observe [NH3]

þ; comment

on isotope distributions

10.29 (a) [P]þ, [P � CH3]
þ; base peak [CH3CO]þ

10.30 (a) [P]�. ; electron capture; (b) [P þ H]þ,

[P � NO2 þ H]þ; (c) ESI MS is soft technique,

base peak¼ parent ion; fragmentation in EI MS,

no parent ion, base peak¼ [NO2]
þ

10.31 (a) m=z 290; [P þ H]þ; (b) m=z 304 due to

scopolamine; epoxide ring (replace 2H by O).

10.32 (b) Replacement of Et by Me in Basic Blue 7;

replacement of Me by H in Basic Violet 3

10.33 (a) [P þ H]þ with 0, 1, 2 or 3 13C; (b) [P þ 2H]2þ,

[P þ 3H]3þ

Chapter 11

11.1 Energy of transitions in

NMR< rotational< vibrational< electronic

11.2 (a) 20 000 cm�1; (b) 44 400 cm�1; (c) 500 nm, visible;

225 nm, UV

11.3 (a) 35.8%; (b) 0.149

11.4 700–620 nm

11.5 (a) 256 nm; (b) 256 nm; (c) 1.25� 10�3 mol dm�3

11.6 (a) Gradient gives "; (b) �9� 10�6 mol dm�3

11.7 1.5� 10�4 mol dm�3

11.8 4000 dm3 mol�1 cm�1

11.9 3.5� 10�3 mol dm�3

11.10 2.86

11.11 (a) 0.61; (b) 0.30

11.12 cis : trans¼ 1.31 : 1.00

11.13 (a) 214 dm3 mol�1 cm�1

11.14 (a) 9.16� 10�6 mol dm�3; (b) 4.3� 10�4 g

11.15 (b) 4.3

11.17 x¼ 1; n¼ 1

11.18 (b) 2400 dm3 mol�1 cm�1; (c) 5.8� 10�5 mol dm�3;

(d) 6.3 � 10�7 moles; 1.6 � 10�6 moles;

x¼ 1.6 � 10�3 mol dm�3.

11.19 (a) 445 nm, blue; 530 nm, green; 565 nm, yellow;

(b) broad; (c) 344 nm, UV; 436 and 556 nm, visible

(blue and green).

11.21 (a) 5.0 � 10�3 g; 7.0 � 10�5 mol dm�3;

(b) 2Fe2þ þ Cl2 ��" 2Fe3þ þ 2Cl�.

Chapter 12

12.2 (a) 1.12� 10�27 kg; (b) 1.55� 10�27 kg;

(c) 1.19� 10�26 kg

12.3 ClF>BrF>BrCl

12.4 1593Nm�1

12.5 (a) H35Cl, 1.63� 10�27 kg; H37Cl, 1.63� 10�27 kg

12.7 (a) Linear; all modes, IR active; (b) linear;

symmetric stretch is IR inactive; (c) linear; allmodes,

IR active; (d) linear; symmetric stretch is IR inactive

12.9 (a) C�N, �2200 cm�1; (b) O�H,

�3600–3200 cm�1; (c) NH2, �3500–3300 cm�1;
(d) C¼O, �1700 cm�1

12.11 (a) Toluene; (b) cyclohexane; (c) benzene;

(d) phenol

12.13 (a) Trigonal planar; (c) IR inactive

12.16 �� ¼ 2047 cm�1; change¼ 736 cm�1 to lower

wavenumber

12.17 2.63� 10�47 kgm2

12.18 IA¼ 0; IB¼ IC ¼ 7.87 10�46 kgm2

12.19 232 pm

12.20 HCl is polar; H2 and Cl2 are non-polar

12.21 (b) and (c) are allowed
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12.24 B¼ 0.515 cm�1; spacings are 2B, 4B and 6B¼ 1.03,

2.06 and 3.09 cm�1

12.25 (c) Asymmetric stretch or bending mode

(deformation).

12.26 (a) Bent; (b) 3n � 6¼ 3; (c) symmetric stretch,

asymmetric stretch, scissoring; all IR active

12.27 (a) 3311 cm�1, �(C�H); 2097 cm�1, �(C�N);

leaves bending mode for 712 cm�1; (b) as worked

example 12.8.

12.28 (a) 113 pm; (b) 3.84, 7.68 cm�1; (c) J ¼ 13�� J ¼ 0;

J ¼ 23�� J ¼ 1

12.30 (a) �2900 cm�1, �(C�H); 1730 cm�1, �(C¼O);

(b) A¼�log T ; (c) sharp, intense band, no overlap

with other bands; (d) Beer-Lambert Law; (e) olive

oil, 0; margarine, 33; corn oil, 1; frying oil, 20%

by weight.

12.31 (a) �(C�N); (b) arises from �(C¼O) in co-monomer;

(c) �3500 cm�1.

Chapter 13

13.1 (a) 441 nm; (b) 286 nm

13.2 near-UV and visible

13.5 (a) near-UV; (b) near-UV; (c) vacuum-UV;

(d) visible; (e) near-UV

13.6 (b) Delocalized in 13.11 and 13.14

13.8 13.15, ��3���; 3.16, ��3���; 13.17, ��3���;
13.18, ��3��n

13.10 (b) 358, 384 nm are in near-UV; band (broad)

at 403 nm tails into visible; 420 nm is just in

visible

13.11 Product absorbs at 470 nm

13.13 (a) C 2p orbitals all in-phase; (b) 1 in plane of

molecule and 6 perpendicular to it; (c) 12; 6 are

occupied; (d) ��3���.
13.14 (a) To produce water soluble dyes; (b) 258 nm is in

UV region, 427 nm in visible; yellow; (c) �N¼N�
(azo dye); (d) red shifted.

13.15 (a) L2�; +2; (b) band at �330 nm is in UV so

does not contribute to colour of dye; absorption of

light of �620 nm gives observed blue colour;

(c) wavelength of absorbed light longer than

620 nm¼ lower energy.

13.16 (a) Carotenoids; cis or (Z) configuration at one of

C¼C bonds is unusual in nature; (b) orange-

yellow; absorbs 460 nm.

13.17 (a) Red-orange; (b) conjugation and presence of

�N¼N�; (c) water solubility.

Chapter 14

14.1 161.9MHz; 62.50MHz

14.2 � 178.1 ppm, C¼O; � 20.6 ppm, CH3

14.3 � 68.9 ppm, central C; � 31.2 ppm, CH3

14.4 � 170.0 ppm, C¼O; � 80.8 ppm, C�C; � 52.0 ppm,

CH2; � 20.5 ppm, CH3

14.5 (a) 14.18, 2 signals; 14.19, 4 signals; (b) 14.18,

� 74.6 ppm, C�C; � 3.3 ppm, CH3; 14.19, � 71.9,

86.0 ppm;C�C; � 12.3 and 13.8 ppm,CH2 andCH3

(exact assignment not possible)

14.6 Isomer I¼ 14.20; isomer II¼ 14.21

14.7 (a) sp for C�N carbon; sp3 for CH2 carbon;

(b) � 119.3 ppm, C�N; � 24.3, 16.4 ppm, CH2 (exact

assignment ambiguous)

14.8 � 170.3 ppm, C¼O; � 28.7 ppm, CH2; � 8.4 ppm,

CH3

14.9 CH3, doublet, 9H; CH, decet, 1H

14.10 (a) � 1.3 ppm, CH3; � 2.7 ppm, CH; (b) � 1.1 ppm,

CH3; � 2.2 ppm, CH2; � 6.4 ppm, NH2;

(c) � 1.1 ppm, CH3CH2; � 2.1 ppm, CH3CO;

� 2.5 ppm, CH2; (d) � 1.3 ppm, CH3CH2; � 3.7 ppm,

CH3CH2; � 4.1 ppm, CH2CO; � 10.9 ppm, OH;

(e) � 2.5 ppm, CH3; � 5.9 ppm, CH; (f ) � 2.2 ppm,

middle CH2; � 3.7 ppm, CH2Cl

14.11 (a) � 9.79 ppm, CH; � 2.21 ppm, CH3; (b) CH,

quartet; CH3, doublet

14.12 14.18: one singlet; 14.19: CH, singlet; CH2, quartet;

CH3, triplet

14.13 CH3, triplet; CH2, quartet

14.14 � 1.7 ppm, CH3, triplet; � 3.4 ppm, CH2, quartet

14.15 CH3, triplet; CH2, quartet

14.16 1H nuclei couple to 2 equivalent 19F

14.17 (CH3)2CHBr: CH, septet; CH3, doublet;

CH3CHBr2: CH, quartet; CH3, doublet;

CH2BrCH2CH2Br: middle CH2, quintet; terminal

CH2, triplet

14.18 2 inequivalent 13C; each couples to 3 equivalent 19F

14.20 (a) Trigonal bipyramidal; 2 F environments (axial

and equatorial); (b) stereochemically non-rigid

(Berry pseudo-rotation); (c) one doublet;

(d) octahedral; (e) 31P NMR, septet; 19F NMR,

doublet

14.22 (a) Singlet, CH3 group in ethanal; triplet, CH3

group in propanal; (b) CH3 group in the poloxamer.

Chapter 15

15.1 (a) 1� 10�3 mol dm�3 s�1; (b) at t1,

9� 10�4 mol dm�3 s�1; at t2, 6� 10�4 mol dm�3 s�1

15.5 Rate¼ k[I�]2[Fe3þ]

15.6 (a) n¼ 1; (b) k¼ 0.087 s�1

15.7 Reaction I: n¼ 1; kobs¼ 2.8� 10�4 s�1; reaction II:

n¼ 2; kobs¼ 1.1� 10�2 dm3 mol�1s�1

15.8 First order

15.9 (a) Second order; (b) 4.14 dm3 mol�1min�1
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15.10 (b) First order; (c) first order; (d) "max for [P]
2�

15.11 First order

15.12 (a)x¼ 1; k¼ 169 dm3 mol�1 min�1; (b) secondorder

15.13 (a) [C2O4]
2�; (c) first order

15.14 (b) Rate¼ k[A]2[B]0¼ k[A]2;

(c) 0.334 dm3 mol�1 min�1

15.15 (a) 115
49In ��" 115

50Sn þ b�; (b) 1� 10�5 y�1

15.16 (a) 211
84Po ��" 207

82Pb þ 4
2He; (b) 1.3 s�1

15.17 (a) 241
95Am ��" 237

93Np þ 4
2He; (b) 431.9 y

15.18 81.0 kJmol�1

15.19 (a), (b) and (d) are temperature dependent

15.20 79.0 kJmol�1

15.22 (b) Unimolecular; bimolecular; bimolecular;

bimolecular; unimolecular

15.23 Rate¼ k[H2]; Rate¼ k[H
	
][Br2]; Rate¼ k[Cl

	
]2;

Rate¼ k[Cl
	
][O3]; Rate¼ k[O3]

15.24 (a) D¼ intermediate; (b)
d½D�
dt
¼ k1½A�;

(c)
d½D�
dt
¼ k1½A� � k2½D�

15.25 Vmax¼ 1.5� 10�4 mmol dm�3 min�1;

KM¼ 8.0mmol dm�3

15.26 (c) First order; k¼ 0.20 d�1

15.27 (c) k¼ 2.4� 10�3 s�1

15.30 (a) For product, �max¼ 525 nm; Beer-Lambert

Law; cell path length and "max needed; (b) linear

plots of absorbance against time; gradient gives

change in absorbance with respect to time; this

gives measure of rate; rate lower when pH

increased; metalloenzymes (metalloproteins)

function at an optimum pH.

15.31 (b) 0.003 min�1 ; (c) 230 min to 2 sig. fig.;

(d) longer.

Chapter 16

16.1 Equilibrium moves to (a) right; (b) right

16.2 Equilibrium moves to (b) right; (c) right

16.3 Equilibrium moves to (a) right; (b) right

16.6 100

16.7 36

16.8 0.11

16.9 0.36moles

16.10 K2 ¼
ffiffiffiffiffiffi
K1

p

16.12 HCN, Ka¼ 4.9� 10�10; HNO2, Ka¼ 4.6� 10�4

16.13 Ka(1)¼ 7.2� 10�4; Ka(2)¼ 1.7� 10�5;

Ka(3)¼ 4.1� 10�7

16.14 (a) Acetic acid; (b) HOCl

16.15 4.9� 10�6 mol dm�3

16.16 (a) Fully dissociated; (b) 60 cm3; (c)Kb¼ 6.5� 10�4

16.18 (a) 1.0; (b) change in pH¼þ1 unit (to pH2.0);

(c) 12.70

16.19 2.68

16.20 2.7� 10�3mol dm�3; 11.43

16.21 1.23

16.24 (b) 3.75

16.25 7.35

16.26 Initial pH¼ 1.30; at equivalence point, pH¼ 7.00;

final pH¼ 12.15

16.27 5.28

16.28 (a) 4.66; 9.94; (b) 4.36; 9.08

16.30 0.08mol CH3CO2H; 0.23mol C2H5OH; 0.22mol

CH3CO2C2H5; 0.42mol H2O

16.31 3.96

16.32 6.80

16.33 Naþ(aq), H3O
þ(aq), OH�(aq), H2CO3(aq),

HCO3
�(aq), CO3

2�(aq)

16.34 pKa MOPS¼ 7.20, so pH of buffer closely matches

physiological pH (�7.4).
16.35 Le Chatelier; higher partial pressure of O2 in lungs

favours O2 bound by Hb; O2 released in tissues

(equilibrium moves to left).

16.36 CO2 is dissolved in drink under pressure; CO2 is

present largely as dissolved gas; when top

unscrewed, pressure equalizes with atmospheric

pressure, and CO2(g) released.

16.37 (a) Table 16.3, value at 298 K; body temp.¼ 310 K;

Ka is temperature dependent; (b) 7.40.

16.38 (a) pKa(1): H2N
2þ Ð Hþ þ HNþ (or H2N

2þ þ
H2OÐ H3O

þ þ HNþ); pKa(2): HNþ Ð Hþ þ N

(or HNþ þ H2OÐ H3O
þ þ N); (c) Ka(1)¼

[Hþ][HNþ]/[H2N
2þ]; Ka(2)¼ [Hþ][N]/[HNþ]

16.39 (a) H2AÐ Hþ þ HA�; HA� Ð Hþ þ A2�;

Kþ þ HA� Ð KHA;

(b) 3.04 (first proton dissociation); 4.37 (second

proton dissociation);

(d) lowering temperature results in precipitation of

some KHA which can be removed before bottling,

reducing concentration of dissolved KHA in

bottled wine.

Chapter 17

17.2 (a) �248 J per 0.200mol H2O2 (0.100 mol O2);

(b) �99.4 kJmol�1

17.3 n¼þ3
17.5 �408.0 kJmol�1

17.6 þ218.6 kJmol�1

17.7 Valid for (a), (c), (e)

17.8 (a) �283.0 kJmol�1; (b) �283.1 kJmol�1

17.9 �603 kJmol�1

17.10 (a) �243; (b) þ131; (c) �402 kJmol�1

17.12 (a) 0; (b) 0; (c) 0; (d) 0 kJmol�1

17.14 (a) NO2, SO2, GeCl4; (b) CO, SO2, GeCl4; (c) SO2;

(e) Ge(s) þ 2Cl2(g) ��" GeCl4(g)
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17.15 (a) Ca, Sr, Al, Zn; (b) ��35 kJmol�1

17.17 1.2� 10�12

17.18 (a) 5.6� 10�16

17.19 �rG8(298 K)¼þ1.7 kJmol�1;

�rG8(800 K)¼�12.3 kJmol�1

17.20 �301 kJmol�1

17.21 (b) 2.3� 109; (c) yes

17.22 (a) Positive; (b) negative; (c) negative

17.23 (a) 148.4 JK�1 mol�1; (b) �107.4 JK�1 mol�1;

(c) �172.9 JK�1 mol�1

17.24 191.6 JK�1 mol�1

17.25 25.5 JK�1 mol�1

17.27 (a) �439; (b) �152; (c) þ164 JK�1 mol�1

17.28 �fusS¼ 9 JK�1 mol�1; �vapS¼ 78 JK�1 mol�1

17.29 �83.1 JK�1 mol�1; �370.9 kJmol�1

17.30 �17.7 kJmol�1

17.31 1.0� 10�5mol dm�3

17.32 (a) 1.1� 10�12

17.33 (b) K(300K) � 1.3� 1052; K(600K) � 1.1� 1026;

(c) �299 kJmol�1; (d) �296 kJmol�1;

(e) 41.4 JK�1 mol�1

17.34 (a) �5.4 kJmol�1 (per mole of N2O4);

(e) �3.95 kJmol�1; þ3.95 kJmol�1 (per mole of

N2O4); (f ) 180 JK
�1 mol�1

17.35 (a) NH4NO3(s) ������"H2O NH4NO3(aq); (b) 15.4 K;

277.6 K.

17.37 (a) Equilibrium moves to left;

(b) 9.9 � 10�11 mol dm�3

17.38 (a) �Ho � þ560 kJ mol�1; �So � þ1580
J K�1mol�1; (b) large positive �So consistent with

loss of structural organization; (c) both �H and

�S are very dependent on temperature.

Chapter 18

18.1 (a) 2; (b) 6; (c) 2; (d) 4; (e) 6; (f ) 2

18.2 �150 kJmol�1

18.4 (b) 2.37V; (c) �457 kJmol�1

18.5 (a) 0.13V; �25 kJmol�1; (b) 0.13V;

�12.5 kJmol�1; (c) 0.56V; �324 kJmol�1

18.7 (c) �122 kJmol�1

18.8 0.29V

18.9 0.74V

18.11 1.06V

18.12 0.21mol dm�3

18.13 þ0.34V
18.15 (c) �104 kJ per mole of H2O2

18.16 (a) Br2, anode; K, cathode; (b) Cl2, anode; Ca,

cathode; (c) Cl2 or mixture of Cl2 and O2, anode;

H2, cathode; (d) Cl2, anode; H2, cathode; (e) Cu

transferred from anode to cathode; (f ) O2, anode;

H2, cathode

18.17 2.3 g

18.19 0.64 dm3 H2; 0.32 dm
3 O2

18.20 8.57� 10�17

18.21 0.66V

18.23 7.0� 1013

18.24 (a) 2.05 V; (b) 6 cells in series.

18.25 (a) O2(g) þ 2H2O(l) þ 2Fe(s) Ð 2Fe2þ(aq) þ
4[OH]�(aq); Fe2þ(aq) þ 2[OH]�(aq) )�*
Fe(OH)2(s); in O2: Fe

2þ ��" Fe3þ þ e� and

formation of Fe2O3
H2O; (b) 1.24 V; �478 kJ per

2 moles of Fe; no information about rate;

(c) Zn more readily oxidized than Fe; for oxidation

with O2 at pH 7: Ecell¼ 1.56 V; �G¼�602 kJ per

2 moles of Zn; (d) dissolved ions in seawater gives

electrolyte; (e) E8cell refers to pH 14.

18.26 1.135 V; �109.5 kJ per mole of electrons

18.27 (a) 2Zn(s) þ O2(g) þ 2H2O(l) þ 4[OH]� (aq) ��"
2[Zn(OH)4]

2� (aq) ; overall: 2Zn(s) þ O2(g) ��"
2ZnO(s); (b) 1.60 V; (c) pH 14.0

Chapter 19

19.2 0.0133 Sm2 mol�1; 1.333� 10�2 Sm2 mol�1 from

values in Table 19.2

19.3 (a) 2.586� 10�2; (b) 2.752� 10�2; (c) 2.617� 10�2;

(d) 2.602� 10�2 Sm2 mol�1

19.4 (a), (b), (d), (e) Strong; (c) weak

19.5 (b), (d)

19.6 3.822� 10�2 Sm2 mol�1

19.7 5.012� 10�2 Sm2 mol�1; 5.020� 10�2 Sm2 mol�1

from values in Table 19.2

19.9 K¼ 1.81� 10�5; �¼ 0.019 or 1.9%

19.10 4.74

19.11 (a) 6.162� 10�8; (b) 2.052� 10�7; (c) 8.291� 10�8;

(d) 7.618� 10�8; (e) 7.960� 10�8 m2 s�1 V�1

19.12 1.348� 10�2 Sm2 mol�1

19.13 2.72� 10�2 Sm2 mol�1

19.19 15 mg dm�3

19.20 (a) Ba(O2OCH3)2(aq) þ [SO4]
2�(aq) ��"

BaSO4(s) þ 2[CH3CO2]
�(aq); (c) Primarily to:

(i) remove Ca2þ ions (precipitation of CaSO4

affects endpoint); (ii) remove [HCO3]
� and

[CO3]
2� to stop BaCO3 precipitation which gives a

late endpoint.

Chapter 20

20.1 (a) 16; (b) 1; (c) 18; (d) 2; (e) 12; (f ) 13

20.2 (a) 7; (b) 25; (c) d-block; (d) 7; (e) metal;

(f ) 1s22s22p63s23p64s23d6

20.3 (a) 6; (b) p-block; (c) 16; (d) anion, Z2�; (e) non-

metal; (f ) 1s22s22p4
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20.4 (a) 4; (b) 2; (c) p-block; (d) 14; (e) character changes

down group; (f ) EH4; (g) ns
2np5

20.8 (a) 1
2F2(g) ��" F(g); (b) Rb(s) ��" Rb(g);

(c) 1
2
Br2(l) ��" Br(g); (d) V(s) ��" V(g);

(e) Si(s) ��" Si(g)

20.9 (a) 2; (b) metal

20.16 (a) decrease; (b) increase; (c) decrease; (d) increase;

(e) increase

20.23 Semi-metal, semiconductor

20.24 He, lowest b.p. in group 18, see Box 9.2

20.25 m.p. W >> Cu

20.26 Ar, group 18, complete inert gas configuration

20.27 Both gases have low density; H2 reacts explosively

with O2; He (1s2) is a noble gas

20.28 Electrolysis: NaCl(l) ��" Na(l) þ Cl2(g);

Na([Ne]3s1) forms Naþ very readily; Cl2 is a very

good oxidizing agent

Chapter 21

21.1 Shifts to (a) 2281, (b) 2261, (c) 2269 cm�1

21.3 Cu2þ; Mg, Ca, Zn, Cr

21.4 �727 kJmol�1; �5476 kJmol�1

21.7 (a) �3; (b) �3; (c) �2; (d) �3
21.8 �vapH/bp: PCl3, 0.0874; HI, 0.0835; CHCl3,

0.0874; C7H16, 0.0857 kJ K
�1 mol�1

21.11 (a) C�H, �non-polar; CH4, non-polar; (b) O�H,

polar; H2O, polar; (c) B�H, �non-polar; BH3,

non-polar; (d) N�H, polar; NH3, polar; (e) Si�H,

�non-polar; SiH4, non-polar; (f ) H�Cl, polar;
(g) Se�H, polar; H2Se, polar

21.12 (a) K at cathode; Br2 at anode; (b) H2 at cathode;

Cl2 (or mix of Cl2 and O2) at anode; (c) BaSO4 and

H2O2; (d) Pb and H2O; (e) H2O and O2; (f ) I2 and

H2O

21.16 (a) Na2CO3 þ 1
2
O2; (b) 2NaOH; (c) K2SO4 þH2O;

(d) KI þ H2O; (e) NaO2; (f ) 2NaCl

21.17 SrO þ CO2; (b) Ca(OH)2 is sparingly soluble;

(c) [Be(OH)4]
2�; (d) MgCl2 þ 2H2O; (e) 2HF þ

Ca(HSO4)2; (f ) Ca(OH)2 þ 2H2

21.26 (b) �9240 kJ mol�1

Chapter 22

22.1 (a)þ2; (b)þ5; (c)þ4; (d)þ5; (e)þ5; (f )þ3; (g)þ4;
(h) þ6; (i) þ7; (j) þ7; (k) �1

22.2 �513 kJmol�1

22.3 (a) B�F>B�Cl>B�I
22.4 Gaþ[GaCl4]

�; Ga(I) and Ga(III) both diamagnetic

22.5 (a) Octahedral; (b) trigonal bipyramidal;

(c) tetrahedral

22.8 [NH4]
þ, �3; [NO2]

�, þ3; N2, 0; [NH4]
þ, �3;

[NO3]
�, þ5; N2, 0

22.9 Linear; N2O

22.10 (a) and (c)

22.11 K � 5� 10�12

22.13 (a) [BrF2]
þ[SbF6]

�; (b) Kþ[AsF6]
�;

(c) [PF4]
þ[Sb2F11]

�

22.14 (a) �3 to þ1; þ5 to þ1; (b) N2O, þ1; NO, þ2;
N2O3, þ3; N2O4, þ4; NO2, þ4; N2O5, þ5

22.15 2; stereochemically non-rigid (fluxional) on NMR

timescale

22.17 (a) IF, IF3, IF5 or IF7; (b) BrCl

22.20 (a) N2O3; (b) N2O5; (c) P4O10; (d) P4O6; (e) Cl2O;

(f ) I2O5

22.21 (b) Linear; octahedral; tetrahedral; linear

22.22 (a) BF3 is a good Lewis acid; (b) effect of a lone pair

of electrons; (c) to give Na[XeF7] or Na2[XeF8]

22.27 (a) Dichloridodioxidosulfur;

(b) trioxidosulfidosulfate(2�);
(c) trichloridooxidophosphorus;

(d) trioxidonitrogen(1�).
22.28 See Figure 22.3 and discussion.

22.31 (a) SiO2; (b) a-Al2O3 with Cr3þ; (c) anhydrous,

amorphous SiO2; (d) CO2(s).

22.32 (a) 4O2NOCH(CH2ONO2)2(l) ��" 6N2(g) þ
12CO2(g) þ 10H2O(g) þ O2(g);

(b) �1415 kJ mol�1; (c) entropically very

favourable; formation of N�N bond energetically

favourable (�945 kJ mol�1)

22.33 (a) NH3(aq) þ H2NCO2H(aq); (b) to right; very

weak acid; (c) NH3 and CO2;

(d) NH3 from equilibrium in (a) and from

H2NCO2H(aq) ��" NH3(aq) þ CO2(aq).

Chapter 23

23.2 (a) 1s22s22p63s23p64s23d6; (b) 1s22s22p63s23p63d5;

(c) 1s22s22p63s23p64s13d10;

(d) 1s22s22p63s23p63d10; (e) 1s22s22p63s23p63d2;

(f ) 1s22s22p63s23p64s23d8; (g) 1s22s22p63s23p63d3;

(h) 1s22s22p63s23p63d10

23.4 (a)þ2; (b)þ3; (c)þ2; (d)þ3; (e)þ3; (f )þ2; (g)þ2;
(h) þ2; (i) þ2; (j) þ3

23.6 (a) Fe, 0; N, þ1
3
; (b) Cr, 0; F, �1

2

23.9 (a), (c), (e) possess enantiomers

23.10 (d) trans; cis; cis possesses enantiomers

23.11 (a) þ3; (c) hydration isomers

23.13 (a) [Ni(en)3]
2þ, enantiomers; (b) [Co(phen)3]

2þ,

enantiomers; (c) trans and/or cis-[VCl4(py)2];

(d) [Cr(acac)3], enantiomers; (e) [Fe(CN)6]
4�;

(f ) [Fe(NH3)6]Cl2
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23.16 NH3 complex: �21.1 kJmol�1; en complex

�34.2 kJmol�1

23.17 (b) 3; 3; 5; 4

23.18 (c) 1024

23.19 K1¼ 3.31� 105; K2¼ 3.16� 103

23.21 (a) soft–soft; (b) hard–hard; (c) hard–hard;

tricapped trigonal prismatic; (d) hard–hard

23.22 [Cr(NCS-N)6]
3�; Cr3þ and N-donor are both hard

23.24 (a) 4.90�B; (b) 4.90�B; (c) 2.83�B
23.25 (a) High-spin; (b) high-spin

23.26 (a) �1; (b) þ2; (c) 0; (d) þ1; (e) þ1; (f ) þ1
23.29 Values of n: (a) 4; (b) 5; (c) 5; (d) 3; (e) 4; (f ) 4

23.31 (a) A¼ [Et4N]4[Mn(NCS)6];

(b) Ligand is tetradentate N;N 0;N 00;N 000-donor;

(c) B¼ [Co(NH3)5Br][SO4];

C¼ [Co(NH3)5(SO4)]Br

23.32 (a) O2 binding site in haemoglobin; (b) +3;

(e) acid dissociation gives a series of anions

(depends on pH) that bind Fe(III) (hard

donor�hard metal ion); [Fe(edta)]� complex

will have large value of K and displacement of

edta4� ligand will be thermodynamically

unfavourable.

23.33 (a) Ru(II); (b) octahedral; four stereoisomers (two

mer; two fac which are enantiomers); (c) aqueous

solutions of the complex allow accurate doses to be

administered, and low concentrations.

23.34 (a) Cu2S, Cu(I); CuS, Cu(II); [Cu(NH3)4]
2þ,

Cu(II); CuSO4, Cu(II); copper metal, Cu(0);

(b) [Cu(NH3)4]
2þ(aq)þ 2HL(org) ��" [CuL2](org)

þ 2NH3(aq) þ 2[NH4]
þ(aq); (c) 2, trans and cis;

(d) [CuL2](org) þ H2SO4(aq) ��" CuSO4(aq) þ
2HL(org); Cu2þ(aq) þ 2e� ��" Cu(s)

Chapters 24–35

For more detailed answers with structural diagrams and

curly-arrow mechanisms, see the accompanying Solutions

Manual (www.pearsoned.co.uk/housecroft).

Chapter 24

24.1 (a) 24.5, sp3; 24.6, sp2; 24.7, sp; 24.8, sp2 terminal C,

sp, central C

24.2 All 4-coordinate C, sp3; C¼C atoms, sp2; C�C
atoms, sp

24.3 See Table 1.9

24.10 (2E,4E)-Hepta-2,4-diene; (3Z)-hexa-1,3-diene;

(3E)-hexa-1,3-diene; hex-3-yne; but-1-ene

24.11 (a) (2E,5E)-Octa-2,5-diene; (2Z,5E)-octa-2,5-

diene; (2E,5Z)-octa-2,5-diene; (2Z,5Z)-octa-2,5-

diene; (b) only one form; (c) 3 isomers

24.13 Stereogenic centres are marked �; the other

2molecules in the question are achiral:

24.14

24.17 A pair of enantiomers and a meso-form

24.19 (a)

24.20 (a) 2Br
�

(b)

(c) Et
� þ Br

�

(d)

(e)

24.21 (a)
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(b) Me3CCl

(c) H
	 þ Br

	

(d)

24.22 Note that the question asks for the most convenient

and routine methods: (a) 13C NMR spectroscopy;

(b) 1H NMR spectroscopy; (c) 13C or 1H NMR

spectroscopy

24.23 (a) All but glycine are chiral; (c) all are chiral

24.24

24.26 (a) Stereochemistry at C¼C defined as (E);

(b) 2 chiral centres; 4 stereoisomers, 2 pairs of

enantiomers, (S,S) with (R,R), and (R,S) with

(S,R); pairs (S,S) with (S,R), (S,S) with (R,S),

(R,R) with (S,R), (R,R) with (R,S) are

diastereoisomers. (c) A and B are enantiomers;

HPLC with chiral stationary phase.

24.27 All chiral except for 6-mercaptopurine.

Chapter 25

25.1

25.2 (a) 1,3-Diethylcyclopentane;

(b) propylcyclopropane;

(c) 1,3,5-trimethylcyclohexane;

(d) 1-ethyl-4-methylcycloheptane

25.3 (a) 5; (b) 5; (c) 3; (d) 10

25.4 1,1-Dimethylcyclobutane;

cis-1,2-dimethylcyclobutane;

trans-1,2-dimethylcyclobutane;

cis-1,3-dimethylcyclobutane;

trans-1,3-dimethylcyclobutane

25.7 þ51 kJmol�1

25.8 C3H8

25.10 Initiation: radicals formed; propagation: radicals

consumed and formed; termination: radicals

consumed

25.12 Products are 1-chloro-2-methylpropane (1H NMR

spectrum¼ 3 multiplets) and 2-chloro-2-

methylpropane (1 singlet)

25.15 O2 is a diradical; it may react with radical species in

the reaction mixture

25.16

25.17

25.20 (a) A¼ pentane; 13C NMR inconsistent with

branched isomers; (b) B¼ 2,2-dimethylpropane;

(c) bp A>B

25.21 (a) Isoflurane and enflurane are stereoisomers;

(b) all chiral except for sevoflurane.

25.22 (a) 1 bar; (b) gas compressed at high pressure to

liquefy it; (c) below 272 K (�1 oC) butane

remains a liquid at 1 bar and cannot be used as a

gaseous fuel below 0 oC; propane can be used down

to �43 oC.

25.23 (a) Ring strain is removed; (b) +216 kJ mol�1;

(c) e.g. toluene, cyclohepta-1,3,5-triene; hepta-1,6,-

diyne (d) no; from Hess cycle, �fH
o(C7H8) þ

�cH
o(C7H8)¼ constant; �fH

o varies with

structure, and �cH
o(C7H8) not a constant value;

(e) quadricyclane is especially strained; positive

�fH
o, leads to more negative combustion enthalpy

than other isomers.

Chapter 26

26.1 (a) (E)-Pent-2-ene; (b) but-1-ene;

(c) (Z,Z)-hexa-2,4-diene; (d) (Z)-pent-2-ene;

(e) pent-2-yne; (f ) pent-1-yne

26.2 3300 cm�1, terminal C�H (sp C); �3000 cm�1,
CH2 (sp

3 C); 2200 cm�1, C�C
26.3 (a) 3; (b) 5
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26.4 (a)

(b)

26.5 (a) 3665 cm�1, terminal C�H (sp C); 2922,

2851 cm�1, CH2 (sp
3 C); 2123 cm�1, C�C

(b)   

  

  

(c) � 2.06 ppm, terminal CH; � 2.43 ppm, CH2

26.7

26.9

26.10

26.11 �144 kJmol�1; �136.3 kJmol�1

26.17 (a) H2O, Hþ catalyst; (b) H2O, Cl2; (c) OsO4, H2O;

(d) HBr, radical initiator

26.20

26.23 (c), (d)

26.24

26.27

26.29 (b) Polythene (polyethylene); PVC; PTFE.

26.30 (b) C�H,C¼O, C¼C; fingerprint region; (c) loss of
band at 1649 cm�1; (d) loss of band at 1762 cm�1

and new band �3300 cm�1 (broad).

Chapter 27

27.1 (a) C�þ�Br��; (b) N���H�þ; (c) Cl�þ�F��;
(d) approximately non-polar

27.2 Polar: (a), (b), (d), (e), (f ), (g)

27.4 Polar: (a), (c), (d), (e)

27.8 (E)-isomer is non-polar; (Z)-isomer is polar:

27.11 A¼CH3CH2Cl; B¼CH3CH2Br; C¼CH3CH2I;

mass spectrometric data confirm A contains Cl, B

contains Br

27.12 (a) CCl4, non-polar, no change in temperature;

H2O and n-PrOH both polar; (b) rate of rise of

temperature of n-PrOH > H2O, consistent with

Cwater >Cpropanol; (c) CS2, linear, non-polar, so no

change in temperature.
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Chapter 28

28.3

28.5

28.8 (b) If R3CI represents (S)-3-iodo-3-methylheptane,

rate equation is:

Rate ¼ �d½R3CI�
dt

¼ k½R3CI�

28.12 Me3CBr�Me2CHBr>MeCH2Br>CH3Br

28.14 (a)Hexane is non-polar; (b) ethanol, water, acetic acid

are polar and protic; (c) acetone, DMSO, acetonitrile,

dichloromethane are polar and aprotic

28.17

28.18 Methyl migration: (a), (b)

28.23 (a) HS�, soft nucleophile, SN2; (b) HO�, hard

nucleophile, SN2; (c)
tBuO�, strong/bulky base, E2;

(d) EtO�, strong base, E2 and SN2 compete, E2

predominates

28.29 (a) C�X bond is kinetically stable with respect to

hydrolysis; (d) � 6–9 ton

Chapter 29

29.1 (a) Dimethyl ether; (b) dipropyl ether or propoxy-

propane; (c) methyl propyl ether or methoxypropane;

(d) 2,4-dioxapentane; (e) 3,6-dioxaoctane

29.2

29.3

29.5 Competitions between formations of EtOMe,

MeOMe and EtOEt, and also elimination of H2O

from EtOH; better choice is Williamson’s synthesis

from EtCl and MeO�

29.6

29.7

29.8 (b) Polar: 1,3-dioxalane, furan, dibutyl ether

29.9 (a) O�H stretch from H2O in the sample; (b) 1H or
13C NMR spectra

29.10 See structure of diglyme in answer 29.3b

29.11 (a) ; (b) 2 signals, rel. integrals 1 : 2

29.12 (a) Formation of EtBr and EtOH; (b) formation of

EtCl and EtOH; (c) Et2O will dissolve; (d) Et2O

evaporates; hand feels cold; hazards: Et2O is

volatile and inflammable, and vapour is explosion

hazard

29.15

29.16 Possible compounds: X¼Dipentyl ether;

Y¼ 1-iodopentane; Z¼ pentan-1-ol; but

there are insufficient data to confirm linear

chains
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29.17 (a) ; (b) analogue of Williamson’s

synthesis using MeCl and K[SCHMe2];

(c) [Me3S]
þI�

29.18 (a) Williamson’s synthesis; (b) stereogenic centre

RCH(OH)R’; (c) hydrogen bonding

29.19 (b) Hydrogen bonding; (c) fuel spills, leaking

pipelines and tanks

29.21 (b) (R)

Chapter 30

30.1

30.2 (a) Butane-1,2-diol; (b) 3-methylpentan-2-ol;

(c) cyclohexane-1,2-diol; (d) pentane-1,3-diol;

(e) 3,3-dimethylpentan-1-ol

30.3 Stereoisomers for (a), (b), (d), (e)

30.6 (a) Me2CO (acetone) and MeMgCl; (b) H2CO

(methanal) and CH3(CH2)5MgCl; (c) butanal and

MeMgCl, or ethanal (acetaldehyde) and

CH3(CH2)2MgCl

30.7

30.10 C4H9OH; data correspond to butan-2-ol; other

isomers: butan-1-ol, 2-methylpropan-1-ol,

2-methylpropan-2-ol

30.11 (a) 1H or 13CNMR spectroscopy; (b) IR, 1H or 13C

NMR spectroscopy; (c) mass spectrometry, or 1H

or 13C NMR spectroscopy

30.12 (a) 2Na þ 2H2O ��" H2 þ 2NaOH; (b) reaction

with propan-2-ol (isopropanol) is relatively slow

and safe

30.14 Major products:

30.15

30.16

30.19 (a) CH2 protons with J(1H�19F); (b) 1H/D

exchange (D¼ 2H); (c) hydrogen bonding

involving O::::H stronger than that with S::::H

30.21 (a) Oxidation products: hexanal, hexanoic acid,

hexan-2-one; (b) O�CH protons are deshielded, so

signals shifted from other CH2 and CH3 signals;

the latter often overlap; (c) heptan-1-ol: � 3:62 ppm

(CH2OH); heptan-2-ol: � 1.16 ppm (CH(OH)CH3),

� 3.77 ppm (CH(OH)); (d) hexan-2-ol; (e) +1; Cl2

or Cl�

30.22 (b) Absorbance¼�log(Transmittance); (c) Beer-

Lambert Law; (d) 0.054%

30.23 (a) (i) H2O/Hþ goes via tertiary carbenium ion,

giving OH attached to second C in chain;

stereoselective addition to chiral intermediate is

required; (ii) SOCl2; (b) tert-butyldimethylsilyl;
nBu4NF

30.24 (b) Me3SiCl, base; (c) [P]
þ; [P � Me]þ;

[P � Me � OSiMe3]
þ (P¼ parent ion).

Chapter 31

31.1 (a) 1-Propylamine; (b) 3-methyl-2-butylamine;

(c) 4-methylcyclohexylamine; (d) 3,4-dimethyl-1-

hexylamine; (e) 2-methyl-2-propylamine
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31.2

31.3

31.4 [RR’R’’R’’’N]þ contains tetrahedral Nþ centre;

RR’R’’N undergoes facile inversion

31.7

31.8

31.10 Each pKb defined by general equilibrium:

RNH2 þH2OÐRNH3
þ þOH�; each pKa defined

by general equilibrium:

RNH3
þ þ H2OÐRNH2 þ H3O

þ

31.11

31.12 (a)

(b) C has stereoisomers; not distinguished by 13C

NMR; (c) 13C{1H}¼ proton decoupled

31.13

31.15 (a) 1,5-Pentanediamine; (b) forms nitrate salt, each

NH2 protonated

31.16

31.19 Y¼C4H9NH2¼ 1-butylamine;

X¼ 1-cyanopropane; Z¼ 2-cyanopropane

31.21 (a) Putrescine and cadaverine: primary; spermidine

and spermine: primary þ secondary; histamine:

imidazole with primary amine substituent;

(c) m=z 111 [P]þ, 82 [P � H2NCH2 þ H]þ,

81 [P � H2NCH2]
þ, 30 [H2NCH2]

þ

Chapter 32

Mid-chapter problems

2 Resonance structures contribute equally to overall

bonding

3 (a), (c), (d), (f ), (g)
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4 3120–3000 cm�1, �(C�H); 1480 cm�1, ring

vibration; 680 cm�1, out-of-plane C�H bending

5 (b) 1H or 13C NMR spectroscopy

6

7

8

End-of-chapter problems

32.1 Include 3 more resonance forms:

32.2 Equal C�C bond lengths; no addition reactions;

thermochemical data (see Figure 32.2)

32.3 (a) Delocalized bonding, not C�C and C¼C
alternating around ring; (b) radical substitution

occurs in Et group; (c) ��3��� transition

32.5 Aromatic: (a), (e)

32.7

32.8 (a) C; (b) A; (c) E; (d) D; (e) B; (f ) F

32.9 (a) 2 singlets, rel. int. 1 : 3 (aromatic: alkyl); 1H or
13C NMR spectroscopies; isomer is

1,2-chlorobenzene

32.11 (a) MeCl/AlCl3; (b) Br2/FeBr3; (c)
iPrCl (or nPrCl)/

AlCl3; (d) Na/liquid NH3 in EtOH; (e) Cl2/AlCl3;

other Lewis catalysts could be used in (a), (b), (c), (e)

32.12 A¼ 1,3,5-tribromobenzene;

B¼ 1,2,4-tribromobenzene

32.15

 

32.18 (a) 1 versus 2 signals in alkyl region; (b) 4 versus 2

signals; (c) 1 versus 2 signals in alkyl region; 2 versus

4 signals in aromatic region; (d) 3 versus 2 signals in

alkyl region; (e) 1 versus 6 signals

32.19 (a) Br2/FeBr3; (b) 2 steps: conc HNO3/H2SO4;

Fe/HCl(aq); (c) 2 steps: Cl2/AlCl3; conc

HNO3/H2SO4; (d) 4 steps: SO3/conc H2SO4;

NaOH(aq); NaOH/550 K; H2SO4(aq)

32.21 Polar: (a), (c), (d)

32.22 (a) KMnO4(aq)/heat; (b) Fe/HCl(aq); (c) 2 steps:

NaNO2/HCl(aq)/ice bath; CuCN, excess CN�;

(d) 2 steps: NaNO2/HCl(aq)/ice bath; PhOH

32.24 (b)

32.25 (a) MeCl/AlCl3; (b) conc HNO3/H2SO4; (c) Fe/

HCl(aq); (d) MeCOCl

32.29 (a) Fully conjugated cyclic dione; (c) acid chlorideþ
alcohol ��" ester; oxidation by (NH4)2Ce(NO3)6;

order of steps is critical

32.30 (a) See Box 24.3; (b) C6H6m=z 77 [P�H]þ, 78 [P]þ;

C6D6 m=z 84 [P]þ; C7H8 m=z 91 [P � H]þ, 92 [P]þ;

C7D8 m=z 98 [P � D]þ, 100 [P]þ; (c) C8H10 and

C8D10 (ethylbenzene, o-, m-, p-xylene); (d) allows

for errors; (e) [benzene]¼ 10 � (intensity of peak

m=z 78)/(intensity of peak m=z 84); (f) look at

[benzene], [toluene], and [benzene þ toluene]
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32.31 (b) Chavicol and cinnamyl alcohol; anethole and

estragole; (c) cinnamyl alcohol and

cinnamaldehyde; Jones reagent; (d) methyl-p-

tolylcarbinol; (e) methyl-p-tolylcarbinol

32.32 (b) Direct Black 38 (gives benzidine); Bismarck

Brown 1 (gives 2,4-diaminotoluene)

Chapter 33

33.2 (a) Pentan-2-one; (b) benzoic acid; (c) ethyl

propanoate; (d) butanal; (e) propanamide;

(f ) diphenyl ketone; (g) pentane-2,4-dione

(acetylacetone); (h) hexanoyl chloride

33.5 (a) C; (b) E; (c) A; (d) D; (e) B

33.6

;

bonding is analogous to structure 21.3

33.7 (a) K2Cr2O7, H
þ; (b) K2Cr2O7, H

þ;

(c) KMnO4(aq), heat; (d) LiAlH(OtBu)3 in Et2O,

low temp.; (e) DIBAL in hexane, low temp.;

(f ) K2Cr2O7, H
þ

33.9

33.13 Haloform reaction: (b), (c), (d)

33.14 Decreasing pKa values: (d)> (b)> (c)> (e)> (a)

33.15 A¼ hexan-2-one (or 3-methylpentan-2-one)

33.16 NC�, then hydrolysis in presence of acid or base, or

Grignard reagent, then solid CO2 and Hþ

33.18

33.20 (c) A, ester; B, acetal; C, hemiacetal; D, alcohol

(diol); E, ether; F, acetal

33.21 (a) NC�, hydrolysis; (b) K2Cr2O7, H
þ; (c) PCC in

CH2Cl2; (d) 1-bromopropane; (e) base catalysed

condensation (aldol reaction)

33.27 (a) Condensation; (b) conjugation across aryl rings

and C¼N
33.29 (a) Precursor to active drug, but is not

pharmacologically active; (b) ester; (c) near UV

33.30 (a)Hydrolysis of ester toCO2H; reaction of alcohol

group with acetic anhydride

33.31 (a) Monoalkyl esters of fatty acids; (b) �(C¼O);

(c) 0.957; (d) 0.200 corresponds to 15.5%; fails

quality control

33.32 (a) 1,6-Hexanediamine, hexanedioic acid; (c) inter-

chain C¼O
 
 
H–N hydrogen bonds

33.34 (a) (i) Cl2, h�; (ii) KF; (iii) conc. HNO3/H2SO4;

(iv) Sn/HCl; (v) Me2CHCOCl; (vi) HNO3

Chapter 34

34.1 (a) Furan; (b) pyrrole; (c) thiophene

34.2

34.3

34.4 (a) 6; 2,3-, 2,4-, 2,5-, 2,6-, 3,4-,

3,5-dimethylpyridine;

(b)

34.5 (a) 1 electron from each CH unit; 2 electrons from

O; overlap of 2p orbitals; (b) 1H NMR chemical

shift data; (c) more

34.8 Saturated heterocycle is typical secondary amine;

pyrrole N lone pair used in �-system; pyridinium

ion is weak acid – aromaticity stabilizes conjugate

base
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34.10

34.13 ; H� abstractor; e:g: ½Ph3C�½BF4�

34.14 (a) Pyridinium sulfate; (b) N-ethylpyridinium

iodide; (c) 3-nitropyridine

34.15 Both Diels–Alder cycloadditions; (a) exo-product;

(b) endo-product

34.16 (a) Pyrrole unstable in the presence of Lewis acid

catalyst such as AlCl3
34.19

34.20 A¼ 2,6-Dichloropyridine;

B¼ 3,5-dichloropyridine;C¼ 2,5-dichloropyridine

34.25 Substituted (a) pyrazole; (b) pyrimidine; (c) thiophene

34.26 (a) B dominant at very low pH; (b) 570 nm, purple;

520 nm, red; 610 nm, blue; (c) deprotonation of

phenol

34.27 (b) Pyrazine

34.28 (a) Sildenafil (Viagra)

34.30 (a) Pyrrole, pyrimidine; (b) achiral; (c) NH
 
 
OH2

hydrogen bonding

34.31 (a) BOC¼ amine protecting group; (i) alkene

reduction; (ii) ketone reduction; (iii) formation of

mesylate (good leaving group) and elimination to

alkene; alkene reduction; deprotection; (b) 28%

Chapter 35

35.1 3 stereogenic centres; 23¼ 8 stereoisomers

35.4

35.5 (a) Hexose, aldose; (b) hexose, ketose; (c) pentose,

aldose; (d) hexose, aldose; (e) hexose, aldose;

(f ) tetrose, aldose

35.6 (a) Polysaccharide; (b) disaccharide;

(c) monosaccharide; (d) polysaccharide;

(e) disaccharide; (f ) monosaccharide;

(g) monosaccharide

35.8 (a) 5; (b) diastereoisomers (anomers);

(c) polarimetry; (c) a : b � 38 : 62%;

(e) 1.63; �1.19 kJ mol�1

35.9 (a) Undecanoic acid, 11:0; (b) tetradecanoic acid,

14:0; (c) (Z)-docos-13-enoic acid, 22 : 1(n–9);

(d) (9Z,12Z)-octadeca-9,12-dienoic acid, 18:2(n–6)

35.10 (a) Polyunsaturated (n�3) fatty acid; precursors to

anti-inflammatories

35.13 (a) Sterols

35.14 (a) Enzymes; no, enzymes are specific;

(c) phosphatidic acids; precursors to

glycerophospholipids

35.16 (a) Glycine; (b) L-amino acids; (d) valine; glycine;

aspartic acid; cysteine; glutamic acid; histidine

35.17 (a) Charge-separated species, neutral overall (see

equation 35.6); (b) at pH<2.32, valine is

protonated; isoelectric point is pH5.97; at

pH>5.97, valine is deprotonated

35.21 Protonation; formation of multiply charged ions;

see Box 10.1

35.22 (b) Protein 1; A and B are mixtures, C is pure;

molecular size ofC�marker 5; estimate molecular

sizes of proteins in B and C from standards 2–4

35.26 (a) Deoxyribonucleic acid; ribonucleic acid; (c) 2

35.27 (a) Describe A–T and G–C (not A–U) base pairs

35.28 (a) Codon¼ sequence of 3 nucleotides; (b) mRNA;

(c) single

35.32 (a) Guanine; (c) cytosine

35.33 (a) Food additive to enhance flavours; (b) amino

acid

Chapter 36

36.1 Karl Fischer (coulombic; H2O content¼ 0.0004%)

36.2 Karl Fischer (volumetric; H2O content¼ 17%)

36.5 (a) �15; (b) �12; (c) �3; (d) �6
36.6 Weight loss on drying 6¼ water loss; volatile

organics also lost

36.8 (b) UV–VIS–DAD

36.9 (a) Heroin metabolized to morphine and

6-acetylmorphine

36.10 (a) Perfluoroacid anhydrides; (b) a-C�C bond

cleavage to give [H2NCHCH3]
þ

36.11 (b) UV or UV–DAD
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36.12 (b) 2.44 � 10�3 mol dm�3; (c) UV (Beer-Lambert

Law) measures total concentration of species

absorbing at 272 nm; HPLC shows other

components also absorbing at 272 nm.

36.16 (b) Yes; conjugated diene (see Figure 13.5)

36.17 (a) AAS; (b) ICP-AES; (c) AAS

36.20 (b) p� 3��p
36.23 (a) CaCO3(insoluble) ��" CaCl2(soluble);

(b) 442.7 nm¼ line in atomic absorption

spectrum of C

36.24 (a) Simultaneous detection of all three metals
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Note: (B) indicates material in a Box, (F) a Figure, (N) a footnote, (P) a Problem, (T) a Table, and (WE) a

Worked Example. Greek letters are at beginning of the relevant alphabetic section (e.g. a with A, p with P,

s with S, etc.).

(þ)/(�) notation (for enantiomers), 901,
903, 1287

� notation (for racemic mixtures), 906

1-electron oxidation, 1160
1-electron reduction, 776
1-electron transfers, 913, 914
2c–2e (2-centre 2-electron) bonding,

148, 736
2-coordinate species

carbon compounds, 245
dipole moments, 242, 243(T)
molecular shapes, 214(T), 242,

243(T), 245
see also bent molecules; linear molecules

3c–2e (3-centre 2-electron) bonding, 701,
704, 705

3-coordinate species
boron compounds, 220, 220(F)
carbon compounds, 245–6
dipole moments, 243–4, 243(T)
group 17 compounds and ions, 224
ions, 299, 300(F)
molecular shapes, 214(T), 243–4,

243(T), 245
nitrogen compounds, 221, 221(F), 251
oxygen compounds, 221, 221(F),

250–1
see also T-shaped molecules; trigonal

planar molecules; trigonal
pyramidal molecules

4-coordinate species
boron compounds/ions, 220, 221(F)
carbon compounds, 246
dipole moments, 243(T), 244
group 15 ions, 223, 223(T)
group 16 compounds and ions, 224
ions, 292, 294(F), 298, 299(F), 301,

301(F), 302, 302(F)
molecular shapes, 214(T), 243(T),

244, 246

nitrogen compounds/ions, 221,
221(F), 251

see also disphenoidal molecules; square
planar molecules; tetrahedral
molecules

5-coordinate species
d-block metal compounds and ions, 234
dipole moments, 243(T), 244
group 17 compounds and ions, 224
molecular shapes, 214(T), 240,

243(T), 244
in nucleophilic substitution reactions,

1026
p-block metal compounds and ions, 223,

223(T), 224
see also square-based pyramidalmolecules;

trigonal bipyramidal molecules
6-coordinate species
dipole moments, 244
ions, 292, 294, 294(F), 295(F), 299,

300(F), 325, 327
molecular shapes, 214(T)
see also octahedral molecules

7-coordinate geometry, 232
8-coordinate species, ions, 298, 298(F),

299(F), 326, 327
12-coordinate geometry, in close-packed

arrangements, 320, 321(F), 325,
326, 327

18-electron rule, 120, 872–3, 873(WE)

a-carbon atom, 1196, 1313
a-helices of proteins, 1324–5, 1327, 1328,

1329(F), 1330(F)
a-hydrogen atom, 1216, 1219
a-particles, 501
a,b-unsaturated aldehydes and ketones,

1234
p-conjugation in, 437

abbreviations/symbols
alcohols, 1068

alkyl groups, 887, 895
amino acids, 1314–15(B)
elements, inside front cover
ligands (in coordination complexes),

828–9(T)
nucleobases, 1335
photolysis, 934
quantities and units, 3(T), 4(T), 5(T),

1385–9(T)
abrasives, 749
absolute alcohol, 1071
absolute configuration of molecule, 902,

1287
assigning, 902, 903(WE)
and rotation of polarized light, 901,

903, 1287
absorbance, 380

dependence on concentration of
solution, 381, 381(WE), 382(WE)

relationship to transmittance, 380,
380(F)

absorbed water (in foodstuffs), 1349
absorption-maximum wavelength, 428

and crystal field stabilization energy
(Doct), 865

listed for conjugated polyenes, 436(T)
listed for various compounds, 437(T)
range of values, 429

absorption spectra, 106(B), 376, 378(F),
427–8, 428(F)

factors affecting absorption, 377–8
absorption spectrophotometer, 376–7,

377(F)
absorption spectroscopy, 377(T)

see also microwave spectroscopy;
photoelectron spectroscopy;
UV–VIS spectroscopy

abundance of isotopes, 13, 15(WE)
listed for various elements, 356, 357,

358, 359(WE), 360, 363, 364, 368,
412, 450(T), 1392–5(T)



 

[acac]� (ligand) see acetylacetonate anion
accelerator mass spectrometry (AMS),

502(B)
acceptor ligand, carbon monoxide, 871
acetaldehyde, 54(T), 886(F)

NMR spectroscopy, 456, 457(F), 1195
physical and thermodynamic

properties, 67(T), 1191(T),
1192(T), 1409(T)

reactions, 1227
systematic (IUPAC) name, 1181

acetals, 1090, 1230–2
of monosaccharides, 1295
as protecting groups, 1090, 1231–2
see also glycosides

acetamide, 54(T), 886(F), 1187, 1191(T),
1409(T)

acetanilide, 1167
acetate ion, 552(T), 554, 1185

conductivity properties, 665(T),
670(T)

acetic acid, 54(T), 886(F), 1183, 1186(B)
in buffer solutions, 564–5, 565(WE)
conjugate base, 552(T), 1185
dimer, 460
dissociation in aqueous solution, 548,

548–9(WE), 554, 666, 668–9(WE)
effect of buffer solution, 564–5,
565(WE)

1H NMR spectrum, 460, 463(F)
hydrogen bonding in, 460
industrial synthesis, 511
molar conductivity, 664(F)
as monobasic acid, 551
pH of aqueous solution, 557(F)
physical and thermodynamic

properties, 549, 552(T), 664(F),
1191(T), 1192, 1193(T), 1409(T)

pKa value, 549, 552(T), 1006, 1006(T),
1077, 1112, 1212(T)

reactions, 539, 550
systematic (IUPAC) name, 1184
titrations, 573–5, 671, 672(F)

acetic anhydride, reactions, 1141, 1209
acetone, 54(T), 883, 886(F)

bromination of, 496–8(WE), 1219–20,
1221

IR spectrum, 405(F)
mass spectrum, 362(WE)
molecular structure, 405(F), 880
NMR spectra, 455, 456(F), 472, 474(F)
physical and thermodynamic

properties, 67(T), 79(T), 80(WE),
1409(T)

reactions with Grignard reagents, 1227
relative molecular mass, 33(WE)
as solvent, 67(T), 430, 452, 883, 1029
structure, 1182
systematic (IUPAC) name, 1182
UV–VIS spectrum, 429(F), 430
vaporization and condensation of,

80(WE)
acetonitrile, 54(T), 885, 886(F)

13C NMR spectrum, 456, 457(F)
as ligand, 828(T)
molecular shape, 218–19, 218(F)
physical and thermodynamic

properties, 67(T)
as solvent, 67(T), 429–30, 885, 1029
UV–VIS transparency, 429, 429(F)

acetophenone, 1181, 1182
acetyl chloride, 54(T), 885, 886(F), 1187,

1191(T), 1409(T)
acetyl group (MeCO), in aromatic

compounds, 1143(T), 1199
acetyl nitrate, 1263, 1264
acetylacetonate anion
bonding in, 1216
as ligand ([acac]�), 373(P), 827, 829(T),

830(F), 1182
acetylacetone, 1182, 1216
acetylcholine, 1208
acetylene, 886(F)
cyclization of, 960
see also ethyne

acetylides, 993–4
achiral drugs, 909(F)
achiral molecules, 839, 845, 897, 899,

900(WE)
acid see Brønsted acid; Lewis acid; strong

acid; weak acid
acid anhydrides, 781, 809
general formula, 1140
reactions

with alcohols, 1209
Friedel–Crafts acylation, 1141

acid–base equilibria, 547–55
acid–base indicators, 438(F), 579–81,

1150(B), 1169
choosing, 581
colour changes, 579–81

acid–base titrations, 572–9
end-point determination

by conductometry, 669–72
by indicators, 579–81
by pH meter, 572, 579

equivalence points, 573, 574, 575, 576,
578, 579

pH monitoring during, 572, 579
polybasic acids, 576–9
strong acid–strong base titration,

572–3, 669, 671, 672(F)
strong acid–weak base titration, 575–6,

671, 672(F)
weak acid–strong base titration, 573–5,

671, 672(F)
acid-catalysed isomerization, 985, 986
acid-catalysed reactions
acetal/hemiacetal formation, 1230–1
addition of H2O to alkenes, 970–1,

1071, 1074(F)
dehydration of alcohols, 957, 971
halogenation of aldehydes and ketones,

1221–2
hydrolysis of amides, 1225–6
hydrolysis of carbohydrates, 1297
hydrolysis of esters, 1206
hydrolysis of glycosides, 1295
hydrolysis of nitriles, 1202
imine formation, 1227

acid chlorides, 1187
electronic spectroscopic data, 437(T)
functional group in, 54(T), 404, 885
IR spectra, 405(T)
reduction of, 706(T)
see also acyl chlorides

acid dissociation constant (Ka), 548
determination for weak acids,

668–9(WE)
negative logarithm (pKa), 549

polybasic acids, 551–2
see also pKa

acid drainage from mines, 558–9(B)
acid fuchsin (stain), 441(B)
acid rain, 772(B), 777, 783(B), 797(B)
acidic amino acids, 1314(T), 1316
acidic salts (in titrations), 576
acids and bases in aqueous solutions

pH, 555–60
speciation, 561–3

acrylamide, 1185, 1187, 1205(F)
acrylic acid, 1205(F)
acrylic fibres, 410(B), 885, 1205(F)
acrylonitrile, 885, 1205(F)

polymerization of, 984–5
actinoids (Ac–Lr), 27(F), 28

ground state electronic configuration,
679(T), 1404(T)

nomenclature, 28
physical and thermodynamic

properties, 681(F), 1404(T)
activated carbon catalyst, 795
activating groups/substituents, 1142,

1143(T), 1144, 1146, 1149,
1154(B), 1156, 1166

activation of aromatic ring, 1142, 1144
activation energy, 480, 505

calculation of, 506–7(WE)
effect of catalysts, 506, 507(T), 509
for fluxional process, 241
typical values, 507(T)

activity, 541
for dilute solutions, 541–2, 609
for gases, 542, 609

acyclic alkanes
bond angles, 926
general formula, 922
isomers, 894
physical and thermodynamic

properties, 79(T), 927(T), 931(F),
932(F), 932(T), 1413(T)

see also alkanes
acyclic alkenes

synthesis, 957
see also alkenes

acyclic ethers
cleavage of, 1056
IR spectra, 1055(F)
nomenclature, 1042–3
physical properties, 1051, 1052(T)
synthesis, 1036, 1046–7

acyclic forms of monosaccharides,
1286–7, 1289, 1290(F), 1291(F)

representation of structures, 1288(B)
acyclic hydrocarbons, 881

see also alkanes
acyl cation, 1141
acyl chlorides, 1187

general formula, 1114, 1179
hydrolysis of, 1224, 1225(F)
nomenclature, 1187
reactions
with alcohols, 1088, 1208–9
with amines, 1114, 1167
with ammonia, 1114, 1210,

1228, 1230
with aromatic compounds,

1135, 1167
with Lewis acid catalysts, 1140–1
with phenols, 1159, 1208–9
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acyl chlorides (continued )
reduction of, 1198
structure, 1179
synthesis, 1211
see also acid chlorides

acylation
amines, 1114–15
aromatic compounds, 1135, 1140–1,

1157, 1198–9
aromatic heterocyclic compounds,

1262–3
AdBlue1 injection system, 775(B)
addition polymerization

of alkenes, 977–81, 984–5
anionic polymerization, 984–5, 1062
cationic polymerization, 984, 1059
copolymerization, 978(B)
of epoxides, 1059, 1062
radical addition polymerization,

980–1, 984
typical monomers, 978(B)

addition reactions, alkenes, 961, 970–3
adducts, 704
adenine, 712(B), 1333

in nucleic acids, 713(B)
nucleotides, 1334(F)

adenine–thymine base pairing (in DNA),
713(B), 1335, 1337(B)

adenine–uracil base pairing (in RNA),
1339

adenosine diphosphate/monophosphate/
triphosphate see ADP; AMP; ATP

adhesives, 791, 1048(B), 1299
adiabatic, 588, 589
ADP (adenosine diphosphate),

653(B), 1246
adrenaline, 1099(B), 1151(B)
adsorption, 510
advertising signs, 812
aerosol propellants, 943(B)
Agent Orange, 1200–1
air

liquefaction and fractional distillation
of, 770–1, 794, 812

see also Earth’s atmosphere
air conditioners, 943(B)
air pollution, 399(B), 734(B), 774, 774(F),

797(B), 1044, 1046
air-quality monitoring, 399(B)
aircraft components, 731, 732
-al ending (on compound’s name), 1181
L-alanine, 1314(T)

protection of amine group, 1317, 1318
alanylvaline, 1318
albumins, 1328, 1330(F)
alcohol group (OH)

in aromatic compounds, 1143(T), 1144
protection of, 1089–91

alcoholic drinks, 882, 1071, 1071(F)
alcohols (aliphatic), 882–3, 1068–96

acidity and basicity, 1077, 1080
boiling points, 1076, 1078(T)
classification of, 882–3
combustion of, 1082
common/trivial names, 1069(T)
compared with ethers, 1051
dehydration of, 957, 971, 1046,

1082, 1084–5
enthalpies of vaporization, 1076, 1078(T)
esterification reactions, 539

formation of, 970–1
functional group in, 52, 54(T), 882,

1068
general formulae, 883
hydrogen bonding in, 460, 1051,

1076–7
industrial manufacture, 1071–2
IR spectroscopy, 408, 408(F),

411–12(WE), 1080
mass spectrometry, 1081–2
miscibility with water, 1077
NMR spectroscopy, 460, 461(T),

467–8, 468(F), 1081
nomenclature, 1068–9
oxidation of, 1086–8, 1197–8
physical and thermodynamic

properties, 67(T), 79(T), 1076–7,
1078(T), 1080, 1414(T)

effect of hydrogen bonding, 1076–7
protection of OH groups, 1089–91
protonation of, 1080
reactions

with acyl chlorides, 1088, 1208–9
with aldehydes, 1230–1
with alkali metals, 730, 1086
with carboxylic acids, 539, 1088, 1203
by heating, 1046
with hydrogen halides, 1012, 1086
with monosaccharides, 1295
with p-block halides, 1085
ring closure, 1050

reactivity, 1082–8
relative reactivity, 1086
spectroscopic characterization of,

1080–2
structures, 1068–9
synthesis, 970, 988, 1014(F), 1072,

1074–6, 1226–7
see also diols; primary. . .; secondary. . .;

tertiary alcohols
alcohols (aromatic)
oxidation of, 498–9(WE), 1200
reactions, with acyl chlorides, 1209
see also benzyl alcohol; phenol

aldehyde functional group (CHO), 54(T),
1143(T), 1181

aldehydes, 1180–1
as acids, 1216, 1217(T)
common/trivial names, 886(F)
electronic spectroscopic data, 437(T)
functional group in, 54(T), 404,

883, 1181
general formula, 1179
halogenation of, 1219–22
industrial manufacture, 511, 1180
IR spectroscopy, 404, 405(F), 405(T)
NMR spectroscopy, 454(T), 455(F),

456, 461(T), 1195
nomenclature, 1181
oxidation of, 1200
reactions

with alcohols, 1230–1
with amines, 1104–5, 1256–7
with ammonia, 1104, 1227, 1256
with cyanide ions, 1226
with Grignard reagents, 1014(F),
1075, 1226–7

reduction of, 706(T), 1072, 1075
reductive amination of, 1104–5, 1227–8
structures, 1180

synthesis, 1087–8, 1197–8
a,b-unsaturated aldehydes, conjugation

in, 437
Alder, Kurt, 959
aldol reactions, 1223, 1224, 1232–4

b-eliminations and, 1234
complications arising, 1234

aldoses (monosaccharides), 1180, 1287,
1290(F)

aldrin (insecticide), 960
aliphatic alcohols see alcohols (aliphatic)
aliphatic amines see amines (aliphatic)
aliphatic compounds, 878–1119, 1120

NMR spectroscopy, 454(T), 455(F)
aliphatic group, abbreviation for, 882
aliphatic hydrocarbons, 881

nomenclature, 886–92
see also alkanes; alkenes; alkynes;

cycloalkanes; cycloalkenes
aliquot, 35–6(WE)
alkali metal acetylides, 993
alkali metal fullerides, 336–7(B)
alkali metal halides, 729
alkali metal hydroxides, 726–7
alkali metal ions, coordination with

crown ethers, 1054(B)
alkali metal oxides/peroxides/superoxides,

727–9
alkali metals, 28(T), 724–30

in liquid ammonia, 708, 730, 984,
989, 1134

reaction with water, 727
as reducing agents, 729–30
see also group 1

alkalides, 684
alkaline earth metals, 28(T), 730–7

see also group 2
alkaloids, 374(P), 906, 1244–5(B)
alkanes, 881

aza derivatives, 1098
bond angles, 926
combustion of, 24, 36, 39(WE), 71–2,

72(WE), 479, 524, 593, 938,
938–9(WE)

constitutional isomers, 894, 895(F)
densities, 932, 932(F)
enthalpies of combustion, 927(T)
in extended conformation, 912,

931(F)
general formula, 922
halogenation of, 939–48
immiscibility with water, 932
industrial processes, 933–4
IR spectra, 409(WE), 411(WE),

411–12(WE), 1080(F)
isomers, 894, 895(F), 932(T)
mass spectrometry, 360, 360(T)
melting and boiling points, 929, 931–2,

931(F), 932(F)
molecular formula determination,

49(WE), 938–9
molecular structure, 245(F), 246
NMR spectra, 923, 923(F)
nomenclature, 52, 53(T), 886–90
physical and thermodynamic

properties, 79(T), 927(T), 929,
931–2, 1411(T), 1413(T), 1414(T),
1415(T), 1416(T)

reactions, 938–48
sources, 933
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synthesis, 1014(F), 1015(F)
see also branched-chain alkanes;

cycloalkanes; methane; straight-
chain alkanes

alkenes, 881
addition reactions, 961–74

with H2, 961–2
with H2O, 970–1, 1071, 1074(F)
with H2O and halogens, 971,
1074(F)

with halogens, 499–501(WE), 962,
966–8, 976–7, 1123

with hydrogen halides, 962–3, 964–6,
968–9, 972–3

bonding in, 430–2, 952, 953
cleavage by ozone, 974–5
combustion of, 961
cyclic ethers synthesized from, 1049
cycloalkanes synthesized from, 934,

936–7
double bond (C¼¼ ) migration in, 985–7
as electrophiles, 984
electrophilic addition reactions, 963–75
halogenation reactions

bromination, 962, 966–8, 975–6
chlorination, 962, 966
iodation, 499–501(WE)

hydroboration of, 987–8
hydrogenation of, 613–14(WE),

961–2, 1134
industrial uses, 933–4
IR spectroscopy, 406(T)
isomerization of, 954, 955(B), 985–7
molecular shape, 245
NMR spectroscopy, 454(T), 455(F),

455(WE), 461(T), 468
nomenclature, 238, 890–2
as nucleophiles, 964
oxidation of, 973–4, 1049, 1071,

1074(F)
photolysis of, 954
polymerization of, 752, 977–81, 984–5
radical addition reactions, 976–7
radical substitution reactions, 975–6
stereoisomers, 238–9
symmetrical alkenes, addition of

hydrogen halides, 963, 964–5
synthesis, 957, 1016, 1084, 1113–14
test for C¼¼C bond, 805, 962, 963(F),

1122–3
unsymmetrical alkenes, addition of

hydrogen halides, 963, 965–6
see also cycloalkenes

alkoxide ions/salts, 730, 1077
reaction with halogenoalkanes, 1036,

1046–7
alkoxy group, 1043
alkyl coupling reactions, 1015(F)
alkyl groups/substituents

abbreviations for, 887
as electron-releasing groups, 946
and isomers, 894–5
see also butyl group; ethyl group; methyl

group; propyl group
alkyl halides see halogenoalkanes
alkyl radical formation, competitive

pathways, 946, 947
alkylating (re)agents, 1014, 1015, 1037
alkylation

amines, 1114, 1167

aromatic compounds, 1135, 1139–40,
1147, 1157, 1167

carbonyl compounds, 1222–3
alkylbenzene derivatives, oxidation

of, 1200
alkyllithium compounds, 1015
alkynes, 881
as acids, 992–4
addition reactions

with H2, 989
with H2O, 990–1
with halogens, 989
with hydrogen halides, 989–90

bonding in, 952, 953
chain lengthening reactions, 1037
combustion of, 989
conjugation in, 437
halogenation of, 989
hydrogenation of, 989
internal alkynes, 988

reactions, 989, 990, 992
in interstellar clouds, 417(B)
IR spectroscopy, 406(T)
molecular shape, 219, 245
multi-functional alkynes, 994
NMR spectroscopy, 454(T), 455(F),

461(T), 463
nomenclature, 892
oxidation of, 992
reactions, 988–94, 1037
synthesis, 988
terminal alkynes, 988

acidity, 992–3
protection of CH group, 995–6, 1089
reactions, 989, 992, 993, 994

allenes, 245 & N, 882, 892
bonding in, 952, 953

allicin, 1067(P)
allotropes, 7–9
boron, 337–8
carbon, 7–9, 246, 333, 339
compared with isotopes, 13
oxygen, 128, 129(F), 175–6(WE)
phosphorus, 68, 333, 341–2
sulfur, 129(F), 176(WE), 331–3
tin, 11(T), 344

allotropy, 7
alloys, 731, 732, 749, 766, 789, 791
Allred–Rochow electronegativity

values, 196
allyl carbanion, 986
bonding in, 431(F), 432

allyl carbenium ion, 1022
nucleophilic substitution mechanism

favoured by, 1025
allyl halides, reactions, 1022, 1025–6
allyl radical, 975–6
allylic bromination, 975–6, 1011
allylic hydrogen atom, 975, 986, 992
alternating copolymer, 978(B)
alum, 440(B), 752, 842
alumina, 748, 749–50
surface area, 511
see also aluminium oxide

alumina catalyst, 795
aluminium, 748–52
American/US spelling, 7, 748
diagonal relationship with beryllium, 750
electrochemical properties, 642(T), 1430(T)
extraction of, 655, 748

ground state electronic configuration,
119(T), 120, 287, 287(F), 679(T),
1401(T)

ionization energies, 285(F), 287,
287(F), 683(F), 1401(T)

metal oxides reduced by, 608
and octet rule, 120
Pauling electronegativity value, 192(T),

700(T), 1400(T)
physical and thermodynamic

properties, 11(T), 67(T), 79(T),
135(T), 192(T), 285(F), 287, 287(F),
305(T), 344, 681(F), 683(F), 686(F),
749, 1396(T), 1400(T), 1401(T),
1407(T), 1418(T)

reactions, 608, 698(B)
solid-state structure, 344
uses, 748
see also organoaluminium compounds

aluminium alkyls, 752
aluminium(III) chloride, 221, 223(T),

751, 1418(T)
as catalyst, 763–4, 1134, 1135, 1138,

1139, 1140, 1141, 1167, 1198–9
aluminium halides, 751–2
aluminium hexafluorido complex ion,

222, 223(T)
aluminium hydroxide, 750–1

minerals, 558(B)
reactions, 40–1(WE)

aluminium(III) ion, 625(T)
aluminium oxide, 749–50

formation of, 606
physical and thermodynamic

properties, 607(F), 1418(T)
polymorphs, 749–50

aluminium sulfate, 752, 1418(T)
aluminium tetrahydridoborate, 705, 705(F)
aluminium trihalides, 221, 223(T), 751–2

molecular structure, 221, 223(T)
physical and thermodynamic

properties, 1418(T)
aluminium trihydride, 705
aluminosilicates, 511, 761–2

weathering of, 758(B)
see also zeolites

aluminum, see aluminium
Alzheimer’s disease treatment, 1208
amatol (explosive), 771
-amide ending (on compound’s name),

1187
amide functionality, 1185
amide group, 54(T)

in aromatic compounds, 1167
amide ion, 730, 984, 1113
amides, 1185, 1187

as acids, 1214–15
alkylation of, 1167
bonding in, 1195
common/trivial names, 886(F), 1187
functional group in, 54(T), 884, 1185
general formula, 884, 1179
hydrolysis of, 1225–6
NMR spectroscopy, 454(T), 455(F),

461(T), 1195
nomenclature, 1187
odours, 1191
reduction of, 706(T), 1115
structures, 1113, 1185
synthesis, 1114, 1167, 1210
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amido black 10B (stain), 441(B)
amido functional group see amide group
amine group (NH2), 54(T), 884, 1097

in amino acids, 1109
in aromatic compounds, 1143(T), 1144,

1166
N–H stretching frequencies, 408(T)
protection during synthesis, 1091, 1317
and proton transfer, 1109

amines (aliphatic), 1097–119
acylation of, 1114–15
alkylation of, 1114
as bases, 1107–9
in biology, 1099(B)
boiling points, 1105, 1106(T)

effect of hydrogen bonding, 1106–7
compared with aromatic amines, 1161–2
elimination reactions, 1113
enthalpies of vaporization, 1105,

1106(T)
functional group in, 54(T), 884, 1097
general formulae, 884
hydrogen bonding in, 1106–7

compared with alcohols, 1106, 1109
inversion at N atom, 1100
IR spectroscopy, 1109–10
mass spectrometry, 1110–11
NMR spectroscopy, 457, 461(T), 1110
nomenclature, 1097–8, 1100
odours/smells, 884, 1099(B), 1105
physical properties, 1105–9
pKa values for conjugate acids, 1108(T),

1259(T)
pKb values, 1108–9, 1108(T)
reactions, 1111–15

with aldehydes and ketones, 1104–5,
1227–8, 1256–7

solubility in water, 1107
spectroscopic characterization of,

1109–11
structures, 1097–8, 1100
synthesis, 1037, 1101–5, 1227–8
as weak acids, 1112–13
as weak bases, 1111–12

amines (aromatic)
compared with aliphatic amines,

1161–2
see also aniline

amino acids, 1313–16
abbreviations, 1314–15(T)
acidic amino acids, 1314(T), 1316
basic amino acids, 1314(T), 1315(T),

1316
classification of, 1316
condensation reaction between, 1316
intramolecular proton transfer in, 1109
listed, 1314–15(T)
neutral amino acids, 1314(T), 1315(T),

1316
as neutral zwitterions, 1109, 1313
structure, 1313
zwitterionic character, 1313, 1316

amino functional group see amine group
1-aminopropan-2-ol, enantiomer,

903(WE)
amitriptyline, 1099(B)
amlodipine (drug), 1103, 1268–9
ammine complexes, 842–3

displacement reactions, 845
ammine ligand, 826, 828(T), 842

ammonia, 708
as aminating agent, 1104
aqueous solution, 553–4(WE), 708

in buffer solution, 568(WE)
pH, 557(F)
titrations, 575–6, 671, 672(F)

bonding in, 180, 180(F), 251, 251(F),
266, 266(F)

combustion of, 708
decomposition of, 70(WE), 507(T)
dipole moment, 242(F), 243(T), 244
formation of, 144–5, 540–1, 546(T),

605–6
industrial synthesis, 510–11, 541, 605,

696, 697(B), 708
as leaving group, 1225
as ligand, 826, 828(T)
liquid ammonia, 708, 715

alkali metals in, 708, 730, 984, 1134
lone pairs of electrons in, 226(F),

227(F), 1097
molecular structure, 144, 180(F),

220(T), 221, 221(F), 226–7, 226(F),
227(F), 251(F), 266, 266(F), 599(F),
601(F), 708(F), 1097

as nucleophile, 1101
physical and thermodynamic

properties, 71(WE), 81(T), 601(F),
602(T), 618(F), 711(F), 1106(T),
1421(T), 1425(T)

pKb value, 1108, 1108(T)
reactions, 26, 71(WE), 708, 722, 775(B)

with carbonyl compounds, 1104,
1114, 1210, 1227, 1228, 1230, 1256

solid state ammonia, hydrogen
bonding in, 714

standard enthalpy of decomposition,
70(WE)

standard enthalpy of formation, 144
uses, 697(B), 708

ammonification, 772(B)
ammonium chloride
dissolution in water, 587
formation of, 71(WE)
physical and thermodynamic

properties, 603(T), 1425(T)
solubility data, 603(T)

ammonium hydrogenphosphate fertilizer,
697(B)

‘ammonium hydroxide’, 708
see also ammonia, aqueous solution

ammonium ion
bonding in, 251, 251(F)
Lewis structure, 229
molar conductivity, 665(T)
molecular shape, 220(T), 221, 221(F),

229, 251(F)
nomenclature, 56
pKa value, 1108, 1108(T)

ammonium nitrate
dissolution in water, 66(WE), 603–4
explosive reaction, 771
as fertilizer, 697(B)
as oxidizing agent, 771
physical and thermodynamic

properties, 603(T), 1425(T)
solubility data, 603(T)

ammonium nitrite, 771, 1425(T)
ammonium perchlorate, 698(B), 811
ammonium sulfate, 1425(T)

amorphous solids, 327
amount of substance, SI unit, 3(T)
AMP (adenosine monophosphate),

785(B)
amphetamine, 1099(B), 1105, 1358,

1359(F)
amphiboles (minerals), 754, 760
amphiphilic molecules, 1206, 1207(F), 1309
amphoteric compounds, 735, 750,

766, 791
ampicillin, 1368
amylase (enzyme), 1299, 1332
amylopectin, 1297
amylose, 809, 1297

degradation of, 1332
anabolic agents, 1359(F)
anaerobic bacteria, 772(B)
anaerobic decomposition of organic

material, 930(B)
anaesthetics, 59–60(P), 277(F), 773, 940,

940(F), 1012
analgesic drugs, 60(P), 1115, 1209, 1210,

1228, 1228(F)
analysis

carbon monoxide, 808–9
chlorine content of swimming pools,

389(P)
dioxins, 1355–8
drugs testing, 1358–61
electrical component materials, 1373–5
Fe2þ ions, 383–4
food additives, 1362–6
glucose, 384–5
heavy metals in drinking water, 1372–3
melamine and cyanuric acid in pet

food, 1351–4
melamine in milk powder, 1354–5
petroleum ‘ether’, 896(B)
pharmaceuticals, 1366–72
phosphates in water, 389(P)
protein characterization, 1321–3
water in foodstuffs, 1349–51
see also tests; laboratory practical

techniques
analyte, 1349
anatase (mineral), 300(B)
-ane ending (on compound’s name), 886
angina treatment, 909(T), 1072
angle strain in cycloalkanes, 928, 929
ångström (unit), 5
angular momentum, 97(B)

of electron in orbital, 96, 97(B)
angular velocity, 97(B)
anharmonic oscillator, 393

potential energy curves, 392(F), 393
anhydrides (of acids), 781, 809
aniline, 886(F)

basicity, 1161–3
and Friedel–Crafts reactions, 1167
IR spectrum, 1165, 1165(F)
NMR spectrum, 1165
orientation effects in reactions, 1143–4
physical and thermodynamic

properties, 1161, 1259(T), 1409(T)
reactions
with alkyl halides, 1168
to form amides, 1167
to form diazonium salts, 1168

reactivity, 1166–7
resonance structures, 1143, 1163
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spectroscopy, 1165
structure, 1131
synthesis, 1160–1

aniline dyes, 1160, 1161(F)
anilinium ion, 1161, 1163
anion, 30, 280

formation of, 30, 31(WE), 280
enthalpy change associated with,
288, 289–91, 289(WE)

nomenclature, 55–6, 55(T)
anionic polymerization

of alkenes, 984–5
of epoxides, 1062

anisole, 1131
[18]-annulene, 1126(T), 1129(B)
anode, reactions in electrolysis, 654
anomers, 1291
ant pheromones, 1249(B)
anthocyanidins, glycosides, 1247
anthocyanins, 1247, 1283(P), 1362(T)
anthracene, 1120, 1130(T)
anthraquinone derivative(s), reactions,

717, 717(B)
anti addition, 967, 968–9, 990
anti elimination, 1033, 1034(F)
anti-aromatic compounds, 1124
antibiotics, 1321, 1368
antibonding molecular orbitals, 153,

154(F), 155, 155(F), 204, 209, 871
anti-cancer drugs, 236, 846(B),

920(P), 1091
anticlinial conformation, 912, 912(F)
antidepressants, 920(T), 1012, 1047, 1072,

1075, 1099(B), 1102, 1368
antidiuretics, 1321
antiferromagnetism, 866(B)
anti-freeze additives, 974, 1049, 1056, 1071
anti-histamine drugs, 920(P), 1112
antihypertensive drugs, 1095(P), 1103,

1184, 1208, 1210
anti-inflammatory drugs, 1141, 1182

see also non-steroidal anti-inflammatory
drugs

anti-inflammatory mediators, 1301
anti-knocking agents (for engines), 934
anti-malaria drugs, 1045(B), 1244(B)

analysis of, 1368–9
anti-Markovnikov addition products,

977, 987, 988, 1011
antimonite salts, 792
antimony, 789

ground state electronic configuration,
679(T), 1403(T)

Pauling electronegativity value, 192(T),
700(T), 1400(T)

physical and thermodynamic
properties, 135(T), 136(F), 174(F),
192(T), 700(T), 1397(T), 1400(T),
1403(T), 1405(T), 1407(T)

solid-state structure, 342
standard stat, 175
test for, 710, 710(F)
tetratomic molecule, 174(F), 175

antimony halides, 792–3
Lewis acidity, 793

antimony hydride, 710
antimony oxides, 791
antimony pentafluoride

as fluorinating agent, 1011
structure of anion, 223, 223(T)

anti-nausea drug, 908
antioxidants, 435(B), 1150(B), 1151(B)
E-numbers for, 1362(T)

antiperiplanar conformation, 912,
912(F), 1033

see also staggered conformation
antiseptics, 717, 745, 1153, 1157
anti-ulcer drugs, 1050, 1248, 1280
antiviral drugs, 1049, 1208
apatites, 771, 784
applications
abrasives, 749
acid–base indicators, 438(F), 579–81,

1150(B), 1169
adhesives, 791, 1048(B), 1299
advertising signs, 812
aerosols, 943(B)
air conditioners, 943(B)
air-quality monitoring, 399(B)
aircraft components, 731, 732
alcoholic drinks, 882
anti-freeze additives, 974, 1049,

1056, 1071
anti-knocking agents, 934
antioxidants, 1150(B), 1151(B)
balloons, 696, 811
batteries, 728(B), 768(B), 789, 800, 1255
biological stains, 440–1(B)
bleaching agents, 76, 717, 801, 805, 809
breathing masks, 729
building mortars, 733
bullet-proof vests, 1326(B)
ceramics, 791
chemical warfare agents, 755, 787, 788(B)
chromatography, 896(B), 907(B)
cigarette filters, 1206
cleaning fluids, 883
confectionery wrappers, 749
contact lenses, 1079(B)
cooking foil, 749
coolants, 329(B), 771, 812
cosmetics, 791
dehydrating agents, 781, 799–800
descaling of iron and steel, 781
detergents, 759, 763, 781, 783, 1064
detonators, 774
dry-cleaning solvents, 943(B), 1013
drying agents, 701, 733, 736, 759,

763, 781
dyes, 438(F), 805, 1150(B), 1169–70,

1201, 1202(F)
electric discharge tubes, 812
electrical insulators, 735, 756(B)
electrolysis, 655, 656, 726, 726(F),

727, 748
emergency (‘space’) blankets, 749
explosives, 771, 885, 1073(B), 1299
fertilizers, 697(B), 726, 773, 781, 800,

1210, 1246
fingerprint detection, 441(B), 645(B)
fire-resistant material, 760
fireworks, 731, 734(B), 811
fixation of dinitrogen, 696, 697(B)
flame proofing/retardants, 744, 787,

791, 805
fluorescent lighting tubes, 812
food additives, 781, 1150(B), 1169–70,

1204(B), 1313, 1316
food flavours, 1180, 1181–2, 1187,

1188(F)

food products, 773, 1064
fruit essences, 1187, 1188(F)
fuel additives, 696, 787
fullerenes, 334(B), 335(B)
fungicides, 800, 1158(B)
furnishing foams, 943(B)
geodesic domes, 334(B)
‘getter’ (in vacuum tubes), 732
glass production, 744, 766, 768, 791
herbicides, 1150(B), 1200–1, 1271
insect attractants, 1060(B)
insect repellants, 884
insecticides, 787, 885, 929, 960, 1046,

1150(B), 1254, 1255(F)
IR fingerprinting, 410(B)
leather preservatives, 744–5
lubricants, 339, 744, 763, 1064
magnets, 791
meat curing, 777–8
mordants (dye fixants), 440(B), 751, 752
nerve agents, 788(B)
NMR spectrometers, 329(B), 812
nuclear energy industry, 805, 806(B)
paints, 300(B), 791, 883
paper industry, 805, 1299, 1300(F)
personal care products, 765(B)
pest control, 753, 1060(B)
pesticides, 1041(P)
phenols, 1150–1(B)
photoelectric cells, 803
photography (non-digital), 731, 801,

805, 1151(B)
pigments, 300(B), 768
plastics/polymers, 791, 883, 978–9(B),

984, 1064, 1154(B), 1255, 1299
plumbing, 767(B)
pollution control, 717
polyethylene glycols, 1063(B), 1064
pond liners, 984
refractory materials, 735
refrigerants, 763, 943(B)
resins, 1048(B), 1071, 1150(B), 1153,

1154(B)
rocket fuels/propellants, 696, 698(B),

709, 776, 811, 1073(B)
rotational spectroscopy, 417(B)
safety matches, 811
safety shields, 1206
semiconductor industry, 637(B), 753,

766, 789, 791, 803
soaps, 783, 1072, 1206, 1207(F),

1218(B), 1303
solar cells, 637(B)
steel production, 773
superconductors, 329(B), 791
sweeteners, 1072, 1091
textile fibres, 883, 984, 1071, 1205,

1206, 1299, 1300(F)
tyre inner tubes, 984
washing powders, 759, 763, 781, 783
water treatment, 752, 763, 773, 783, 805
wine analysis, 473(B)
wood preservatives, 744–5, 1063(B),

1157, 1158(B)
X-ray tubes, 731
see also medical applications

aprotic solvents, 1029
aqua complexes, 840–2
aqua ions see hexaaqua metal ions
aqua regia, 779
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aqueous solutions
abbreviation for, 10
acids

equilibrium constant for, 548
pH, 555, 555–6(WE)

bases
equilibrium constant for, 553
pH, 557(WE)

see also water
D-arabinose, 1289, 1290(F)
arachidonic acid, 1302, 1303(T)
aragonate, in biomineralization, 629(B)
AralditeTM, 1048(B)
area under curve, 619(B)
L-arginine, 208(B), 1314(T), 1316
argon, 692(F), 812

in Earth’s atmosphere, 692(F), 812
ground state electronic configuration,

119(T), 121, 121(T), 134, 679(T),
1402(T)

ionization energies, 122(T), 285(F),
683(F), 1402(T)

physical and thermodynamic
properties, 81(T), 122(T), 124(F),
285(F), 681(F), 683(F), 684(F),
1397(T), 1402(T)

potential energy curves, 123(F), 124(F)
argyrodite (mineral), 766
Aricept (drug), 1208
aromatic compounds, 1120–78

alkylation of, 1140
molecular shape, 245, 245(F)
NMR spectroscopy, 454(T), 455(F)
nomenclature, 1130–2
nucleophilic substitution in, 1171–2
orientation effects, 1142
output data (Europe), 1133(F)
oxidation of, 529–30(WE), 1152, 1200–1
ring activation, 1142, 1144
ring deactivation, 1141, 1142, 1145
see also aniline; nitrobenzene; phenol;

toluene
aromatic heterocyclic compounds,

1242–85
bonding in, 1251–4
with more than one heteroatom, 1278–80
nomenclature, 1250–1
physical properties, 1254–6
reactions, 1258–65, 1270–8
ring numbering, 1250–1
structures, 1251–4
syntheses, 1256–8, 1265–70
see also furan; imidazole; pyridine;

pyrimidine; pyrrole; thiophene
aromatic hydrocarbons, 881(F), 1120–47

sources, 1120–1
structures, 1120
see also benzene

aromatic protons, deshielding of, 1129(B)
aromaticity, 1124, 1126–7

heterocyclic compounds, 1253–4
substitution vs addition reactions, 1138

Arrhenius, Svante, 506
Arrhenius equation, 506

applications, 506–7(WE), 508, 508(WE)
limitations, 508

arsane/arsine, 710, 711(F), 1421(T)
arsenic, 789

ground state electronic configuration,
679(T), 1402(T)

Pauling electronegativity value, 192(T),
700(T), 1400(T)

physical and thermodynamic
properties, 135(T), 136(F), 140(T),
142(T), 174(F), 192(T), 700(T),
1397(T), 1400(T), 1402(T),
1405(T), 1407(T), 1418(T)

solid-state structure, 342
standard state, 175
sublimation of, 680, 1418(T)
test for, 710, 710(F)
tetratomic molecule, 174(F), 175

arsenic acid, 791
arsenic halides, 792, 1418(T)
Lewis acidity, 793

arsenic hydride, 710
arsenic oxides, 791, 1418(T)
arsenite salts, 792
arsenopyrite (mineral), 789
artemether, 1045(B)
artemisinin, 1045(B)
arthritis, treatment of, 1215(B)
artifical radionuclides, 13, 14(B), 501
abundance, 1392–5(T)
half-lives, 501, 503, 503–4(WE),

504(T)
artificially produced elements, 28
aryl halides, coupling to alkynes, 994
aryl ketones, synthesis, 1198–9
aryl substituent, 1130
abbreviation for, 882, 1130

aryloxy nucleophiles, 1047
asbestos, 760
ascorbic acid (vitamin C), E-number for,

1362(T)
L-asparagine, 1185, 1187, 1314(T)
aspartame, 538(P), 1091, 1298(B),

1362(T)
L-aspartic acid, 1314(T), 1316
aspirin, 60(P), 424(P), 1183, 1189, 1209,

1240(P)
assimilation in nitrogen cycle, 772(B)
astatine
ground state electronic configuration,

679(T), 1404(T)
Pauling electronegativity value, 192(T),

700(T), 1400(T)
physical and thermodynamic

properties, 192(T), 682(F), 700(T),
1400(T), 1404(T), 1407(T)

astaxanthin, 435(B), 436(B)
astronomy, spectroscopy applications,

417(B)
asymmetric carbon atoms, 897(F),

905(F), 906
in amino acids, 1313
in monosaccharides, 1287, 1289, 1290–1
as test for chirality, 897
see also stereoisomerism

asymmetric cleavage (of diborane or
digallane), 707

asymmetric stretching of molecule
(vibrational mode), 398, 398(F),
400, 400(F), 403(F), 407(WE)

atactic polymers, 979(B)
atmosphere see Earth’s atmosphere
atmosphere (unit of pressure), 4, 18(N),

and facing inside back cover
atmospheric pressure ionization (API)

technique, 1351–2

atom, 12–13, 86
Bohr’s model, 87–9, 88(B)
Rutherford’s model, 87, 88(B)

atomic absorption spectroscopy (AAS),
377(T), 1372–3

applications, 1372–3, 1375
atomic charge, 197(B)
atomic emission spectroscopy (AES),

1374–5
applications, 1374–5
with inductively coupled plasma

(ICP-AES), 1374–5
atomic mass unit, 13, and facing inside

back cover
atomic nucleus, 12–13, 86, 88(B)
atomic number, 13

atomic orbital energy affected by, 107–8
listed, inside front cover

atomic orbitals, 92, 98–101
combination of, 151–2, 153, 158–9,

164–5
see also molecular orbital theory

combined with ligand group orbitals,
272–3

degenerate orbitals, 99, 100, 101, 105,
106, 115, 821, 860, 861(F)

directional properties, 261, 821
and electron movements in organic

reactions, 914–15
energy levels
changes with atomic number, 107–8
for hydrogen atom, 105, 105(F)
for many-electron atom, 108(F)

energy matching of, 153, 184–5,
187, 279

hybridization (mixing) of, 262–7
in-phase combination of, 152, 153,

154(F), 158, 159(F), 262,
262(F), 272

labelling of, 98–9
‘left-over’ orbitals, 269–70
linear combination of, 151, 154(F),

164, 202, 203(F), 346, 822(B)
lobes in, 99
nodal planes in, 99, 99(F), 821
nomenclature, 98–9
numbers and shapes of each type,

99–101
out-of-phase combination of, 152, 153,

154(F), 158, 159(F), 262, 262(F)
overlap of, 158–9
quantum numbers for, 95–6
radial node(s), 103
number as function of orbital type,

103(T)
shapes, 99, 100(F), 261(F)
sizes, 101
surface boundaries in, 99
types, 98–9
relationship to principal quantum

number, 101–2
unhybridized orbitals, 269–71
usual order of occupying, 117, 118
virtual orbitals, 106
see also d orbitals; f orbitals; p orbitals; s

orbitals
atomic spectrum, of hydrogen, 109–14, 378
atomic structure, 86–127

Bohr’s model, 87–9, 88(B)
classical approach, 87
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history of theories, 88(B)
Rutherford’s model, 87, 88(B)

atomic volumes, noble gases, 124(F)
atomic wavefunction, 93
Atomium (EXPO ’58, Brussels), 343(F)
atomization see standard enthalpy of

atomization
ATP (adenosine triphosphate), 653(B),

784, 1246
in bioluminescence, 785(B)
conversion to ADP, 653(B)
hydrolysis of, 772(B), 784
synthesis from ADP, 653(B)

atropine, 374(F)
attraction between atoms and ions, 87,

123, 291–2, 292(WE)
aufbau principle, 115–16

applications, 116–17(WE), 154,
162–3, 169, 170, 186, 188,
209, 273, 824

autocatalysis, 511–12
automobile. . . see motor. . .
auxin, 1200
auxin mimics, 1200–1
Avogadro constant/number, 16, 292, 315,

and facing inside back cover
determination of, 3, 59(P), 314–15
and mole, 16(WE)

Avogadro Project, 3, 59(P)
axes of rotation, 898(B)
axial positions in molecules, 230, 235,

787, 925(F), 926, 926(F), 1291
axial sp3d hybrid orbitals, 263, 265(F),

268(F)
aza nomenclature (for amines), 1098
azide anion

as nucleophile, 1103
structure, 216(F), 220(T)

azides
reduction of, 706(T)
synthesis, 773–4

azimuthal quantum number see orbital
quantum number

azo compounds, 437(T), 1169
azo dyes, 438–9, 1169–70, 1178(P)
azo group, 1168
azo (–N¼¼N–) chromophore, 438–9, 1169
azobenzene, 1166
azure B (stain), 441(B)

b-blockers (drugs), 1159, 1210
b-eliminations, 1030

and aldol reactions, 1234
b-sheets of proteins, 1325, 1326(B), 1327,

1332(F)
b-strands in proteins, 1325, 1332(F)
b-particles, 501
bacitracin, 1321
back reactions, 512, 539
bacteriological staining, 440–1(B)
bacteriorhodopsin, 1310, 1311(F)
Baekeland, Leo, 1154(B)
Bakelite, 1150(B), 1153, 1154(B)
balanced equations, 36
balancing of equations, 39, 39–43(WE)
ball-and-stick models, 51, 878, 880
balloons, 696, 811
Balmer series (emission spectrum of

atomic hydrogen), 109(F), 110(F),
111, 111(T)

band gap, 347, 348(F), 637(B)
band theory, 346–7, 637(B)
bar (unit of pressure), 18
barium, 732
flame colour, 734(B)
ground state electronic configuration,

679(T), 1403(T)
Pauling electronegativity value, 192(T),

1400(T)
physical and thermodynamic

properties, 192(T), 343(T), 345(T),
684(F), 731(T), 1396(T), 1400(T),
1403(T), 1407(T), 1418(T)

barium chromate, IR spectrum, 410(B)
barium halides, 299(T), 736, 1418(T)
barium hydride, 702
barium hydroxide, 735, 1418(T)
barium nitrate, 1418(T)
barium oxide, 295(T), 608, 733, 1418(T)
barium peroxide, 733
barium sulfate, 628(T), 733, 1418(T)
Bartlett, Neil, 812, 816
base see Brønsted base; Lewis base; strong

base; weak base
base-catalysed isomerization, 985, 986–7
base-catalysed reactions
elimination of HX, 957, 1032–3, 1114
halogenation of aldehydes and ketones,

1219–21
hydrolysis of esters, 1206–7
hydrolysis of nitriles, 1202

base dissociation constant, 553
negative logarithm (pKb), 553
relationship with Ka for conjugate

acid–base pairs, 554–5
base-pairings in nucleic acids, 713(B),

1335–6, 1337(B), 1339, 1340(F)
basic amino acids, 1314(T), 1315(T), 1316
Basic Blue 7 (pigment), 374(P), 375(F)
basic salts (in titrations), 575
Basic Violet 3 (pigment), 374(P), 375(F)
basicity
alcohols, 1077
aliphatic amines, 1107–9, 1259
aniline, 1161–3, 1258–9
and nucleophilicity, 1026
pyridine, 1270–1
pyrrole, 1259

bathochromic effect/shift, 436, 440(B)
batrachotoxin, 1245(B)
bats, effect of fungicides, 1158(B)
batteries, 728(B), 768(B), 789, 800, 1255
bauxite (mineral), 748, 749
Bayer process (alumina), 748
beer, analysis of, 1364, 1365(F)
Beer–Lambert Law, 380–1
applications, 381(WE), 382, 382(WE),

383(F), 428, 487(WE), 491(WE),
1373

bending mode of molecule (vibrational
mode), 398(F), 400

Benedict’s solution, 1295
bent molecules/geometry, 214(T), 219(F)
asymmetrical molecules, 218(F)
bond angle(s), 214(T), 715, 720
coordination number, 214(T)
dipole moments, 242, 242(F), 243(T)
examples, 129(F), 216, 217(F), 218(F),

219, 220, 220(T), 221, 222, 223(T),
224, 229, 230, 242, 242(F), 243(T),

250(F), 251, 259(WE), 715, 718,
720, 776(F), 794(F), 796

vibrational modes, 400, 400(F), 402
benzaldehyde, 1131, 1180, 1181, 1198,

1410(T)
benzamide, 1210
benzene

acylation of, 1135, 1140–1, 1198–9
alkylation of, 763, 1135, 1139–40, 1147
bonding in, 1025(B), 1123–4, 1124(F)
chlorosulfonation of, 1136
combustion of, 1133
electronic spectroscopy, 1129–30,

1130(T)
halogenation of, 1123, 1134–5, 1138–9
heterocyclic analogues, 1250
and Hückel rule, 1124, 1126(T)
hydrogenation of, 1122, 1133–4
industrial manufacture, 1132
industrial output (Europe), 1133(F)
ipso-atom, 1129
IR spectroscopy, 408–9, 409(F),

422(F), 1127, 1128(F)
nitration of, 1136, 1141
NMR spectroscopy, 1128–9
physical and thermodynamic

properties, 1133, 1410(T)
reactivity, 1133–42
resonance structures, 1121
as solvent, 1133
spectroscopic characteristics, 1127–30
structure, 245, 245(F), 246, 1120,

1121–4, 1250
chemical evidence, 1122–3
delocalized bonding model, 1123–4
early models, 1121
experimental determination, 1121–2
thermochemical evidence, 1122

substitution reactions, 1134–42
sulfonation of, 1136, 1142
toxicity, 1133

benzene derivatives
nomenclature, 1130–2
ortho-, meta- and para-substituents,

1132
see also aniline; benzonitrile;

halobenzene derivatives;
nitrobenzene; phenol; toluene

benzenedicarboxylic acid isomers, 1201
see also phthalic acid; terephthalic acid

benzenesulfonate salt, reactions, 1153
benzenesulfonic acid, 1131, 1136, 1142
benzimidazole, 1246
benzofuran, 1251
benzoic acid

derivatives as herbicides, 1200–1
as food preservative, 1362(T)
physical and thermodynamic

properties, 1410(T)
pKa value, 1212(T)
structure, 1131, 1185
synthesis, 1152, 1200

benzonitrile and derivatives, 1168,
1171–2

benzopyrylium cation, 1247
p-benzoquinone, 1150(B), 1159, 1160
benzoyl chloride, 1131, 1187, 1198, 1199
benzoyl peroxide, thermal decomposition

of, 487–9(WE)
benzyl alcohol, reactions, 498–9(WE), 1200
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benzyl carbenium ion, 1022
bonding in, 1024(B)
nucleophilic substitution mechanism

favoured by, 1023, 1025
benzyl chloride, 1090, 1132
benzyl ethers, 1090
benzyl group (Bn), 1132

compared with phenyl group, 1132
as protecting group, 1090, 1091, 1228

benzyl halides, 1132
mass spectrum, 1024(B)
reactions, 1022, 1023, 1025–6

Berry pseudo-rotation, 240–1, 380
beryl (mineral), 731
beryllium, 731

anomalous behaviour, 736–7
{Be4O}6þ unit, 736, 737(F)
diagonal relationship with aluminium,

750
extraction of, 655, 731
ground state electronic configuration,

119(T), 283, 679(T), 1401(T)
hydrated cation, 736
Pauling electronegativity value, 192(T),

1400(T)
physical and thermodynamic

properties, 192(T), 343(T), 345(T),
686(F), 731(T), 1396(T), 1400(T),
1401(T), 1407(T), 1418(T)

reactions, 733
uses, 731
see also diberyllium

beryllium chloride, 735–6, 1418(T)
beryllium hydride, 701
beryllium hydroxide, 735
beryllium nitrate, 1418(T)
beryllium oxide, 733, 1419(T)
beta-blockers (drugs), 1159, 1210
BHA (butylated hydroxyanisole), 1150(B)
BHT (butylated hydroxytoluene), 1150(B)
bicyclic alkanes

nomenclature, 924
structures, 923–4

bicyclic alkenes, 959
bicyclic compounds

bridged structures, 924, 958(B), 959
nomenclature, 958(B)

bidentate ligands, 826–7, 828–9(T), 830,
845, 847

displacement of monodentate ligands
by, 845

bimolecular exchange mechanism, 1018
bimolecular reactions, 516

in elimination reactions, 1032–4
in nucleophilic substitution reactions,

1017, 1018–19
rate equations for, 517, 1017
see also E2 mechanism; SN2

mechanism
binary compounds, nomenclature, 53, 56
binary hydrides, 700–10, 715–24

see also main entry: hydrides
binding energy of electron, 169(B)
bioaccumulation, 1372
biocompatible polymers, 1079(B)
biodegradable polymers, 1299, 1300(F)
biodiesel fuels, 85(P), 1218–19(B),

1240(P), 1303
bioethanol, 970, 1083(B)
biogenic isoprene rule, 982(B)

biogenic silica, 757, 758(B)
biological buffers (in buffer solutions),

571(T)
biological importance
diiodine, 807
dioxygen, 794
metallic elements, 725, 732, 852
phosphates, 784

biological stains, 438(F), 440–1(B), 1169
biological systems see medical

applications; nature; plants
biology, and chemistry, 1–2
bioluminescence, 785(B), 1246
biomass, as energy source, 1082, 1083(B)
biomineralization, 629(B), 758(B)
biotin (vitamin B7), 1243, 1243(F)
biphenyl, 1130(T)
2,2’-bipyridine
as ligand (bpy), 829(T), 830, 831(F),

833(B)
reactions, 385

4,4’-bipyridine, as ligand, 833(B)
Birch reduction, 1134
bismite (mineral), 789, 791
bismuth, 789, 791
ground state electronic configuration,

679(T), 1404(T)
Pauling electronegativity value, 192(T),

700(T), 1400(T)
physical and thermodynamic

properties, 135(T), 136(F),
174(F), 192(T), 682(F), 686(F),
700(T), 1397(T), 1400(T),
1404(T), 1405(T), 1407(T),
1419(T)

solid-state structure, 342
standard state, 175
tetratomic molecule, 174(F), 175

bismuth-based catalysts, 791
bismuth(III) chloride, 1419(T)
bismuth hydride, 710
bismuth(III) hydroxide, 1419(T)
bismuth oxides, 791, 1419(T)
bismuthane/bismuthine, 710
bismuthate salts, 792
bismuthinite (mineral), 789
bisphenol A, 1048(B), 1153, 1178(P)
black-body radiation, 88(B), 89(B)
black phosphorus, 68, 333, 342, 342(F),

1426(T)
blattellaquinone, 1176(P)
bleaching agents, 76, 717, 801, 805, 809
block copolymer, 978(B)
blocks (in periodic table), 27(F), 28
blood, buffering of, 566–7(B)
blood glucose testing, 384–5
blood pressure treatment drugs, 909(T),

1159, 1268
see also antihypertensive drugs

blood-sucking insects, 208(B)
blue shift, 436
BlueTec1 selective catalytic reduction

technology, 775(B)
boat conformation, 331, 925, 925(F)
body-centred cubic (bcc) arrangement,

326, 327
metallic elements, 343, 343(T)
unit cell, 298(F), 326(F)

Bohr, Christian, 567(B)
Bohr, Niels, 87

Bohr effect, 567(B)
Bohr magneton (non-SI unit), 867, and

facing inside back cover
Bohr model of atom, 87–9, 88(B)
Bohr radius of hydrogen atom, 114, and

facing inside back cover
Bohr’s theory of atomic hydrogen

spectrum, 114
boiling point(s), 10, 12(WE)

alcohols, 1078(T)
alkanes, 929, 931(F), 932(T), 1051(T)
amines, 1105, 1106–7, 1106(T)
ammonia, 708, 711(F), 1106(T)
aromatic compounds, 1133, 1147, 1161
aromatic heterocyclic compounds,

1254, 1255, 1256
carbonyl compounds, 1191(T)
cycloalkanes, 931(F)
ethers, 1051(T), 1052(T)
halogenoalkanes, 1012, 1013(F)
hydrides, 708, 709, 711(F)
listed
group 1 metals, 688(T)
group 2 metals, 731(T)
various compounds, 1409–29(T)
various elements, 11(T), 681(F),

688(T), 731(T), 1418–29(T)
noble gases, 122(T), 681(F)
periodicity, 680–1, 681(F)
relationship with enthalpy and entropy

of vaporization, 621, 621(WE),
711

water, 77, 79(T), 711(F), 715
Boltzmann constant, 21, 391, and facing

inside back cover
Boltzmann’s definition of entropy, 616
Boltzmann distribution, 391, 447, 456,

505, 505(F)
bomb calorimeter, 72, 595–6, 596–7(WE)
bond angles, 213, 215

for acyclic alkanes, 926
for carbonyl compounds, 1192
for cycloalkanes, 926–7, 927(T)
determination by trigonometry,

132(WE)
listed for various molecular geometries,

214(T)
bond cleavage, 913–14
bond dipole moments

calculation from electronegativity
values, 242, 1002

molecular dipole moments affected by,
241–4, 1004–5

for organic compounds, 929, 1003–5
SI convention on, 242(F), 1002

bond dissociation enthalpies
average values, 139(B), 140
and bond dissociation energies, 138–9
C�D vs C�H bond, 693–4
calculations, 143–4(WE)
carbon–halogen bonds, 140(T)
carbon–oxygen compared with

silicon–oxygen bonds, 759
H�H bond, 140(T), 191(T), 694
halogenoalkanes, 1012, 1013(T)
halogens, 140(T), 191(T)
heteronuclear diatomic molecules, 190
listed for various molecules and ions,

140(T), 191(T), 202(T), 209(T),
394(F), 771
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homonuclear diatomic molecules, 138
listed for various molecules and ions,
140(T), 161(F), 169(T), 171(F),
171(T), 173(F), 173(T), 174(F),
191(T), 202(T), 209(T)

hydrogen halides, 140(T), 191(T),
394(F), 722(F)

individual values, 139(B)
ions, 209(T)
in keto–enol tautomerism, 1196
molecular aggregation affected by, 174
and radical stability, 945–6
relationships with bond distance and

bond order, 161, 161(F), 171
and standard enthalpy of atomization

for diatomic molecules, 143,
143–4(WE), 190

transferrability between molecules, 145
bond distances/lengths

C�C bonds, 1122
covalent bonds, 128
determination of, 129–33, 419(WE)
H�H covalent bond, 137
halogenoalkanes, 419(WE)
heteronuclear diatomic molecules and

ions, 202(T), 207, 209(T)
homonuclear diatomic molecules and

ions, 161(F), 169(T), 171(F),
171(T), 173(T), 207, 209(T)

relationships with bond enthalpy and
bond order, 161, 161(F), 171

units, 5
bond energy, 134–7

and bond enthalpy, 137–40
bond enthalpy see bond dissociation

enthalpy
bond force constants, 394

carbon monoxide, 395–6(WE)
hydrogen halides, 394(F)

bond formation, 31–2
bond order, 160

electronegativity dependent on,
194, 992

fractional bond order, 172, 209, 1121
in heteronuclear molecules and ions,

186, 188, 207, 209
in homonuclear diatomic molecules,

160, 163, 166, 168, 169
relationships with bond enthalpy and

bond length, 161, 161(F), 171
bond polarity, determination of, 699–700,

1002
bond rotation

multiple bonds, effect of p-character,
953–4

and steric energy barriers, 911–12, 954
bond strength, hydrogen bonding, 82(T)
bonding electron density, 280, 281(F)
bonding molecular orbitals, 153, 154(F),

155, 155(F)
bone, 784
borane adducts (THF�BH3), 703(F), 704
boranes, 703, 704

cluster compounds, 703(B)
see also diborane

borate anions, 220(T), 221, 744, 744(F),
745

organic derivatives, 745
borazine, 1419(T)
boric acid, 704, 744–5, 1362(T), 1419(T)

Born exponent, 309–10
values for various ions, 309(T)

Born forces, 309–10
Born–Haber cycle, 311–12
lattice energy compared with Born–

Landé equation values, 312–13
Born–Landé equation, 310
lattice energy compared with Born–

Haber cycle values, 312–13
borohydride. . . see tetrahydridoborate(�). . .
boron, 743–8
allotropes, 337–8
ground state electronic configuration,

119(T), 166, 252, 283, 679(T),
1401(T)

and octet rule, 252, 252(WE)
Pauling electronegativity value, 192(T),

700(T), 1400(T)
physical and thermodynamic

properties, 135(T), 192(T), 283(F),
338, 683(F), 700(T), 1396(T),
1400(T), 1401(T), 1407(T),
1419(T)

solid-state structures, 337–8
standard state, 337
uses, 806(B)
see also diboron

boron compounds, molecular shape, 215,
215(F), 220, 220(F), 221(F),
252(WE), 703(F)

boron halides, 746–8, 1419(T)
Lewis base adducts with pyridine,

747, 914
see also boron trichloride; boron

trifluoride
boron hydrides, 703–4
molecular shape(s), 226, 226(F),

703(B), 703(F)
see also boranes; boron trihydride;

tetrahydridoborates
boron oxide, 744
boron–oxygen compounds, 744–6
boron–oxygen cyclic trimers, 745–6, 746(F)
boron tribromide, physical and

thermodynamic properties, 1419(T)
boron trichloride
bonding in, 132(F), 132(WE)
dipole moment, 242(F), 243–4, 243(T)
molecular shape, 215(F), 220, 220(T),

242(F), 243, 243(T), 746
physical and thermodynamic

properties, 1419(T)
boron trifluoride, 746, 747
bonding in, 180, 180(F), 261, 261(F),

270, 270(F)
molecular shape, 180(F), 215, 215(F),

216, 220, 220(F), 220(T)
physical and thermodynamic

properties, 1419(T)
resonance structures, 255, 255(F)
valence bond theory in, 270, 270(F)

boron trihydride, 704
bonding in, 269, 269(F), 704
as Lewis acid, 704
Lewis base adducts, 703(F), 704

hydroboration of alkenes by, 987–8
reduction of carbonyl compounds

by, 1075
molecular shape, 226, 226(F), 703(F)
see also diborane

boronic acids, dehydration of, 745–6
borosilicate glass, 744
bound water (in foodstuffs), 1349
Boyle’s Law, 18
Brackett series (emission spectrum of

atomic hydrogen), 111(T)
bradykinin, 374(P)
branched chain alkanes

boiling points, 932(T)
nomenclature, 886–9, 889–90(WE)
structural formulae, 888(F), 889(T)

branched chain processes, 524, 524(F),
699

brass, lead in, 935(B)
breathing masks, 729
Bremen ‘Cog’ (medieval ship), 1063(B)
bridged bicyclic compounds, 924
bridging cyanido ligands, 844, 866(B)
bridging halides, 735–6, 751, 792, 793, 803
bridging hydrogens, 701, 701(F), 704
bridging hydroxido ligands, 841
bridging oxygens, 760, 761(F), 764, 765(B)
bromic acid, 810
bromide anion

conductivity properties, 665(T), 670(T)
as ligand, 828(T)

bromination
of aldehydes and ketones, 1219–20,

1221
of alkenes, 962, 966–8, 975–6
of alkynes, 989
of aromatic compounds, 1135, 1157,

1165–6
of aromatic heterocyclic compounds,

1262
bromine

electron affinity, 684(F), 1406(T)
ground state electronic configuration,

679(T), 1402(T)
isotope abundance, 358, 363, 1392(T)
mass spectrum, 358(F), 363
Pauling electronegativity value, 192(T),

700(T), 1400(T)
physical and thermodynamic

properties, 11(T), 79(T), 135(T),
136(F), 140(T), 142(T), 191(T),
192(T), 305(T), 682(F), 684(F),
700(T), 1397(T), 1400(T), 1402(T),
1406(T), 1407(T), 1419(T)

standard state, 68
see also dibromine

bromine monochloride, 191(T), 198(T),
602(T), 615

bromine pentafluoride, 807
‘bromine water’, 805, 962, 963(F), 1122–3
bromo groups, in aromatic compounds,

1143(T)
bromoalkanes, physical and

thermodynamic properties,
1410(T)

bromobenzene, 1131, 1139, 1168, 1410(T)
1-bromobutane, reaction with cyanide,

1017
2-bromobutane

elimination of HBr, 1032–3
formation of, 962, 963

bromocresol green (indicator), 579(T),
581, 1150(B)

bromocresol purple (indicator),
579(T), 581
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bromoethane, 54(T)
formation of, 964
mass spectrum, 367, 367(F)
physical and thermodynamic

properties, 1410(T)
reaction(s), 507(T), 508(WE), 516

3-bromo-3-ethylhexane, 1010(F)
bromohydrin, 972
bromonium ion intermediate, 966–7,

967(F)
1-bromopentane, 1009, 1010(F)
2-bromopentane, 1009, 1010(F)
bromopyridines, 1277
N-bromosuccinimide, alkenes brominated

using, 976, 1011
bronchiodilator drug, 920(P)
Brønsted acid, 547

examples, 547, 551, 1077, 1141, 1211,
1313

Brønsted base, 547
examples, 547, 551, 735, 779, 1077,

1107, 1141, 1162, 1313
brookite (mineral), 300(B)
brown ring test (for nitrate ion), 779–80,

780(F)
browning of fruit and salads, prevention

of, 1213(T)
buckminsterfullerene, see fullerenes, C60

buffer solutions, 564–71
biological buffers used, 571(T)
determining pH of solution, 564–5,

565(WE), 568(WE)
in electrophoresis, 1321
make up of specified pH, 570,

570(WE)
maximum buffering capacity, 564, 570
pH on addition of acid or base, 568–70

buffering effect, 564
building mortars, 733
bullet-proof vests, 1326(B)
buta-1,2-diene, 1410(T)
buta-1,3-diene

absorption-maximum wavelength, 430(F)
bonding in, 432–3, 433(F)
cycloaddition reactions, 958, 960
physical and thermodynamic

properties, 1410(T)
p-molecular orbitals, 433(F), 959

butanal, 1087, 1181, 1198, 1411(T)
butanamide, 1210, 1230
butane, 72, 887(T)

combustion of, 71–2
physical and thermodynamic

properties, 72, 1411(T)
butanedial, reactions, 1257, 1258
1,4-butanediamine, 1099(B)
butane-2,3-dione, 1181, 1182

determination in beer and wine, 1364,
1365(F)

butanoic acid, 1184, 1185
esters, 1189
physical and thermodynamic

properties, 1411(T)
pKa value, 1006(T), 1212(T)
synthesis, 1087, 1202

butan-1-ol, 1003, 1068
dehydration of, 1084–5
oxidation of, 1087
physical and thermodynamic

properties, 1078(T), 1411(T)

ring-closure reactions, 1050
synthesis, 1226

butan-2-ol, 1068
oxidation of, 1087
physical properties, 1078(T)

butanone
NMR spectrum, 1194–5, 1195(F)
physical and thermodynamic

properties, 1411(T)
synthesis, 1086

butan-2-one, 463
but-1-ene
isomerization of, 985
oxidation of, 973
reaction with HBr, 977

but-2-ene
stereoisomers, 893(F), 894

physical and thermodynamic
properties, 1410(T)

synthesis, 957, 1085
butobarbital, 1359(F)
tert-butoxide ion, 1036(F), 1047
tert-butoxycarbonyl (BOC) protecting

group, 1317, 1318, 1319(F)
tert-butyl alcohol, 1078(T), 1415(T)
see also 2-methylpropan-2-ol

tert-butyl ester protecting group, 1317, 1318
butyl group, 895
sec-butyl group, 895
tert-butyl group, 895
butyl rubber, 984
1-butylamine, 1097, 1106(T), 1108(T),

1110(F), 1411(T)
2-butylamine, 1097, 1106(T)
tert-butylamine see 2-methyl-2-

propylamine
butylated hydroxyanisole (BHA),

1150(B), 1362(T)
butylated hydroxytoluene (BHT),

1150(B), 1362(T)
tert-butyldimethylsilyl (TBDMS) group,

as protecting group, 1089
n-butyllithium, 1015, 1016, 1113, 1277
but-1-yne, 892
butyric acid, 1186(B)

13C NMR spectroscopy
assigning spectra, 456–7, 458–60(WE)
13C–13C coupling, 471
chemical shifts, 452, 453, 454(T),

455(F), 455(WE)
1H–13C coupling, 472
interpreting spectra, 457–8(WE)
proton-coupled spectra, 474(F)
proton-decoupled spectra, 456(F),

459(WE), 474
aromatic compounds, 1128(F),
1129, 1148, 1148(F), 1155,
1156(F), 1164, 1164(F)

carbonyl compounds,
1194–5, 1195(F)

pentane compared with
cyclopentane, 923(F)

reference compound, 450(T), 451
resonance frequency, 450(T)

C-terminus (of peptide chain), 1318
cadaverine, 1099(B)
cadmium
ground state electronic configuration,

679(T), 825(T), 1403(T)

physical and thermodynamic
properties, 343(T), 345(T), 682(F),
683(F), 1402(T), 1407(T)

cadmium(II) pentacyanido anion
([Cd(CN)5]

3–), 234
cadmium telluride (CdTe), 637(B)
caesium

American/US spelling, 688(T)(N), 725
electron affinity, 684(F), 1405(T)
ground state electronic configuration,

173(T), 679(T), 688(T), 1403(T)
ionization energies, 286(F), 683(F),

688(T), 1403(T)
Pauling electronegativity value, 192(T),

1400(T)
physical and thermodynamic

properties, 192(T), 286(F), 305(T),
343, 343(T), 345(T), 350(T),
682(F), 683(F), 684(F), 686(F),
688(T), 725, 1396(T), 1400(T),
1403(T), 1405(T), 1407(T), 1419(T)

see also dicaesium
caesium chloride structure type, 298

Madelung constant for, 308(T)
unit cell, 298(F), 303(F)
space-filling diagram, 303(F)

caesium halides, 1419(T)
caesium hydride, 702
caesium hydroxide, 727
caesium ion, 625(T), 665(T)
caesium oxide, 1419(T)
caffeic acid, 1213(B)
caffeine, 402–3, 404(F), 1244(B)
Cahn–Ingold–Prelog notation (for

absolute configuration), 902,
903(WE)

calaverite (mineral), 803
calcareous phytoplankton, 629(B)
calcite, in biomineralization, 629(B)
calcium, 732

electrochemical properties, 642(T),
1430(T)

extraction of, 655, 732
flame colour, 734(B)
ground state electronic configuration,

119(T), 679(T), 1402(T)
Pauling electronegativity value, 192(T),

1400(T)
physical and thermodynamic

properties, 11(T), 192(T), 305(T),
343(T), 345(T), 684(F), 731(T),
1396(T), 1400(T), 1402(T),
1407(T), 1419(T)

reactions, 695(F), 735
sources, 732

calcium antagonists (calcium-channel
blockers), 1268–9

calcium carbide, 735
calcium carbonate, 732

formation of, 879(B)
physical and thermodynamic

properties, 1420(T)
polymorphs, 629(B)
reactions, 483, 483(F), 558(B), 732(F),

879(B)
solubility/precipitation, 628(T), 733

calcium chloride, 736, 1420(T)
calcium fluoride, 298, 299(T), 627, 736,

1420(T)
see also fluorite
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calcium halides, physical and
thermodynamic properties,
1419(T), 1420(T)

calcium hydride, 701, 1422(T)
calcium hydroxide

formation of, 731, 732(F), 733
physical and thermodynamic

properties, 1420(T)
solubility in water, 628(T), 628(WE),

630(WE)
uses, 733

calcium ion, 625(T), 665(T)
calcium nitrate, 1420(T)
calcium oxide, 53, 733

formation of, 606, 732(F)
physical and thermodynamic

properties, 607(F), 1420(T)
solid-state structure, 293, 295(T)
uses, 735

calcium phosphate, 627, 628(T), 1420(T)
calcium sulfate, 628(T), 800, 1420(T)
calcium-specific dyes, 1247
calomel (reference) electrode, 651
calories (unit of energy), 4, 72(B)
calorific value of foods, 72(B)
calorimeter, 63, 64(F)
calorimetry

enthalpy changes measured by, 63–4,
72, 595–6

specific heat capacity determined by,
66, 67–8(WE)

cancer-causing agents see carcinogenic
compounds

cancer-treatment drugs, 236, 846(B)
capacitance, unit, 4(T)
capillary chromatography columns, 1356,

1357(F)
capillary electrophoresis (CE), 1366
capillary zone electrophoresis (CZE),

1367–8
applications, 1368–71

anti-malaria drugs, 1368–9
chiral drugs, 1369–71

electroosmotic flow in, 1367–8
with indirect UV detection, 1371

caproic, caprylic and capric acids, 1186(B)
capsaicin, 1215(B)
Capsicum (pepper) family, 1215
captopril, 1095(P), 1184, 1184(F)
-carbaldehyde ending (on compound’s

name), 1181
carbanion, 986
carbenes, 882, 934, 936
carbenium ion(s), 964

compared with transition states, 1028
in electrophilic addition reactions, 964,

965, 969, 971, 972, 990
in electrophilic substitution reactions,

1137, 1145, 1166
in elimination reactions, 1031, 1084
Hþ abstraction from, 1030, 1031, 1035,

1084, 1138
in isomerization reactions, 986
in nucleophilic substitution reactions,

1018, 1020, 1022–5, 1058
rearrangement of, 1029–30, 1084–5,

1140
relative stabilities, 965, 972, 1022, 1023,

1084, 1086, 1139
stabilization of, 965, 972, 990, 1022

see also allyl carbenium ion; benzyl
carbenium ion

carbocation see carbenium ion(s)
carbohydrates, 73(B), 1286–300
disaccharides, 73(B), 1296–7
monosaccharides, 73(B), 1286–96
polysaccharides, 73(B), 1297, 1299–300

‘carbolic acid’, 1153
carbon
allotropes, 7–9, 246, 333, 339
combustion of, 37(WE)
ground state electronic configuration,

117, 117(F), 119(T), 131(B), 168,
198, 252, 283, 283(F), 339, 679(T),
1401(T)

isotopes, 356(T)
abundance, 15(WE), 358, 359(WE),

360, 450(T), 471, 1393(T)
mass spectra, 357(F), 358
molecular geometry, 245–6, 335, 882
and octet rule, 120, 252
Pauling electronegativity value, 192(T),

700(T), 1400(T)
physical and thermodynamic

properties, 67(T), 135(T), 140(T),
142(T), 192(T), 341(T), 617(T),
681(F), 682(F), 684(F), 700(T),
1397(T), 1400(T), 1401(T),
1407(T)

as reducing agent, 46–7(WE), 607,
607–8(WE), 755

solid-state structures, 333–5, 337,
339–40

standard state, 68, 339
see also diamond; dicarbon; graphite

carbon atom, a-carbon atom
carbon–carbon bonds
bond distances/lengths, 5, 161(F), 1122,

1126, 1127
bond enthalpies, 140(T), 161, 161(F)
trends in bond order/length/enthalpy,

161, 161(F)
carbon–carbon composites, 698(B)
carbon–carbon double bonds
bond enthalpies, 140(T), 161, 161(F), 759
IR stretching frequencies, 406(T)
and isomers, 238–9, 890
migration in alkenes, 985–7
reduction of, 696
test for, 805, 962, 963(F), 1122–3
typical lengths, 1122
see also alkenes

carbon–carbon single bonds, typical
lengths, 1122

carbon–carbon triple bonds
bond enthalpies, 140(T), 161,

161(F), 759
IR stretching frequencies, 406(T)
molecular shape affected by, 245
see also alkynes

carbon centres, relative
electronegativities, 985

carbon chain lengthening reactions, 994,
1036–7, 1103, 1201, 1202

carbon compounds
bonding in, 245, 252
general formulae representation, 882,

883, 884
introduction, 878–921
mass spectrometry, 357(F), 360

molecular shape, 220, 220(T), 221(F),
245–6, 252, 335, 882

structural formulae representation,
878–9

types, 880–5
carbon cycle, 879(B)
carbon dioxide, 755

aqueous solutions, 552(T), 561(T),
566(B), 755, 757

bonding in, 31
compared with silicon dioxide, 217,

222, 759
degrees of vibrational freedom, 402
dipole moment, 242, 242(F),

243(T), 398
in Earth’s atmosphere, 692(F), 755,

879(B)
effusion rate, 26(T)
emissions offset schemes, 756(B)
formation of, 48, 483(F), 540, 566(B),

588, 593, 593–4(WE), 615, 694
as ‘greenhouse gas’, 755, 756(B)
hydration in aqueous media, 566(B)
isoelectronic species, 198
Lewis structure, 229
molecular orbitals, 276(F)
molecular shape, 31, 216(F), 220,

220(T), 230
physical and thermodynamic

properties, 81(T), 602(T), 618(F),
755, 759, 1411(T)

relative molecular mass, 32
solid CO2 (‘dry ice’), 755
in Grignard reactions, 1201
in low-temperature baths,

757, 757(T)
solid phase form with quartz-like

structure, 217, 759
solubility in water, 552(T), 561(T),

566(B), 755, 757
sources, 755, 756(B)
supercritical, 12
test for, 733
transport in blood, 566–7(B)
valence bond theory in, 270–1, 271(F)
vibrational modes of molecule, 398,

398(F), 400, 402
carbon disulfide

isoelectronic species, 198
physical and thermodynamic

properties, 1411(T)
carbon fibre based composite materials,

1048(B)
‘carbon footprint’, 756(B)
carbon halides, 763–4
carbon–halogen bonds, (IR) stretching

frequencies, 406(F), 406(T)
‘carbon hydrides’ see alkanes;

hydrocarbons
carbon–hydrogen bonds

C–H stretching frequencies, 408–9,
408(T), 409(F)

internuclear distance, 131(B)
carbon monoxide, 755

analysis of, 808–9
bond dissociation enthalpy, 202(T), 759
bond distance/length, 202(T)
bonding in, 31, 32, 185(WE), 200, 202–5
force constant of bond, 395–6(WE)
formation of, 69, 694, 755, 938
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carbon monoxide (continued )
isoelectronic species, 198, 199(WE),

200, 206–7, 209
Lewis basicity, 755, 870
as ligand, 870–1
molecular orbitals, 204(F), 205(F),

870, 870(F)
monitoring in air, 399(B)
physical and thermodynamic

properties, 69, 202(T), 599(F),
601(F), 602(T), 607(F), 755, 1411(T)

as p-acceptor ligand, 870–1
properties compared with N2, 202(T)
reactions, 540, 694, 696, 755
relative molecular mass, 32
standard enthalpy of formation,

69, 601(F)
standard Gibbs energy of formation,

variation with temperature, 607(F)
toxicity, 201(B), 755, 870, 938

carbon nanotubes, 9, 333
structure, 8(F), 334(B)

carbon–nitrogen double bonds, IR
stretching frequencies, 406(T)

carbon–nitrogen triple bonds, IR
stretching frequencies, 406(T)

carbon oxides, 52
see also carbon dioxide; carbon

monoxide
carbon–oxygen double bond, 1189–91

nucleophilic attack at, 1189, 1224–32
physical properties affected by, 1189–91
polarity, 1189, 1190(F)

carbon–sulfur double bonds, IR
stretching frequencies, 406(T)

carbon tetrachloride see
tetrachloromethane

carbon tetrafluoride see
tetrafluoromethane

carbonate anion ([CO3]
2�), 215, 216, 220,

220(T), 755, 757
‘carbonic acid’, 755, 757, 879(B)

conjugate base, 552(T)
ionization in aqueous solution,

566(B), 755, 757
pKa values, 552(T), 561(T),

566(B), 757
carbonic anhydrase, 566(B)
carbonyl compounds, 1179–241

as acids, 1211–17
alkylation of, 1222–3
bonding in, 1192

see also carbon–oxygen double bond
functional group, 1179
general formulae, 1179
halogenation of, 1219–22
hydrogen bonding in, 1190, 1191
IR spectroscopy, 1193, 1194(F)
MO diagram, 1189, 1190(F)
NMR spectroscopy, 1194–5
nomenclature, 1181, 1182, 1184–5,

1187, 1189
odours/smells, 883, 1088, 1181,

1186(B), 1187, 1188(F), 1191
physical and thermodynamic

properties, 67(T), 79(T), 80(WE),
1191(T), 1193(T), 1409(T)

reactivity, 1189
reduction of, 1072, 1075
structures, 1179

synthesis, 1086–8
see also acyl chlorides; aldehydes;

amides; carboxylic acids; esters;
ketones; metal carbonyl
compounds

carbonyl dichloride, 755
carbonyl group, 404, 1179
in acid chlorides, 885
IR spectra, 404–5
see also carbon–oxygen double bond

carbonyl sulfide (OCS), dipole moment,
242, 242(F), 243(T)

carboplatin, 846(B)
carboxyl group (CO2H)
in aromatic compounds, 1143(T)
protection in peptides, 1317, 1318

carboxylates, 1185, 1214
functional group in, 404
IR spectra, 405(T)
resonance stabilization of, 1211

carboxylic acids, 1183–5
acidity/pKa values, 1006, 1006(T), 1211,

1212(T), 1214
effect of electron-withdrawing
substituents, 1006, 1214

common/trivial names, 886(F),
1183, 1186(B)

dimerization of, 1192–3
dissociation in aqueous solutions, 548,

548–9(WE)
effect of electron-withdrawing

substituents, 1006
electronic spectroscopic data, 437(T)
esterification reactions, 539
formation of, 992
functional group in, 54(T), 404, 883
general formula, 1179
hydrogen bonding in, 460
IR spectroscopy, 405(T), 1193,

1194(F)
NMR spectroscopy, 454(T), 455(F),

460, 461(T), 463(F), 1195
nomenclature, 1184–5
odours, 1186(B), 1191
reactions

with alcohols, 539, 1088, 1203, 1205
to form acyl chloride, 1211

reduction of, 706(T)
structures, 1179
synthesis, 1014, 1087, 1197–8,

1199–202, 1224
carcinogenic compounds
acrylamide, 1185
aromatic compounds, 1150(B), 1157
asbestos, 760
dioxins, 1046, 1355
halogenoalkanes, 763, 1013, 1037
see also toxic compounds

cardiac glycosides, 1294(B)
carmosine (dye), 1170(F)
L-carnosine, 1280
carotenes, 434–6(B), 955(B), 1362(T)
carotenoids, 955(B), 982(B)
Cartesian coordinates, 92, 93(F)
cassiterite (mineral), 766
catalysis, 509–12
negative, 509
see also autocatalysis

catalysts
alumina, 511, 795

aluminium(III) chloride, 751, 763–4,
1134, 1135, 1138, 1139, 1140,
1141, 1167, 1198–9

in ammonia synthesis (Haber process),
510–11

bismuth-based catalysts, 791
cobalt-based catalysts, 511
copper(I) salts, 1168–9
in decomposition of hydrogen

peroxide, 507(T), 717, 718
effect on activation energy, 506, 507(T)
enzymes as, 512, 526, 1071, 1297,

1331–2
in fuel cells, 696
in Haber process, 510, 511, 697(B)
heterogeneous catalysts, 510–11
homogeneous catalysts, 510, 511
in hydrogen peroxide synthesis, 717(B)
in hydrogenation reactions, 961, 962
iron(III) halides, 1123, 1134, 1135,

1138, 1149
Lewis acid catalysts, 751, 763, 1134,

1135, 1138, 1139, 1140, 1141, 1149
Lindlar’s catalyst, 989, 994
nickel-based catalysts, 717(B), 960,

1050, 1103, 1104, 1105
organoaluminium compounds, 752
palladium-based catalysts, 510, 717(B),

775(B), 961, 962, 989, 994, 1115,
1134, 1228(F)

platinum-based catalysts, 510, 696,
775(B), 1132, 1134

rhodium-based catalysts, 510, 511, 775(B)
silica, 759, 940–1
sulfuric acid (conc.), 957, 970, 1046,

1071, 1082, 1084
vanadium(V) oxide, 775(B), 796
zeolites, 510, 511, 763, 934
Ziegler–Natta catalysts, 752
see also enzymes; Lewis acid catalysts

catalytic converters (in motor vehicles),
510, 774, 775(B)

effect of lead compounds, 934
catalytic cracking (of hydrocarbons),

510, 934
catalytic cycles, 511, 717(B)
catechins, 1151(B), 1213(B)
catechol, 1150(B), 1151(B)
catena, meaning of term, 332
cathode, reactions in electrolysis, 654
cation, 30, 280

formation of, 30, 30–1(WE), 280
enthalpy change associated

with, 282
nomenclature, 56

cationic polymerization
of alkenes, 984
of epoxides, 1059

cats, 1229(B)
cell diagrams, 638(F), 639, 641, 644, 646

notation for, 639, 641, 644
cell potentials

calculation of, 644, 646
see also standard cell potential

cellular RNA, 1338
cellulose, 1206, 1286, 1299

E-number for, 1362(T)
esterification of, 1205(F), 1206
see also lyocell

cellulose acetate, 1205(F), 1206, 1299
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cellulose nitrate, 1299
central nervous system depressants, 1115,

1228, 1228(F), 1248, 1359(F)
central nervous system stimulants,

1099(B), 1105, 1112, 1244(B),
1358, 1359(F)

centred-dot in molecular formulae, 51
ceramics, 791
ceramides, 1312
cerium(IV) cation

Ce4þ/Ce3þ couple, 642(T), 643,
644, 1433(T)

electrochemical properties,
642(T), 1433(T)

as oxidizing agent, 537(P), 644, 699,
1159, 1160, 1266, 1267

cesium see caesium
cetirizine dihydrochloride, 1112
CFCs (chlorofluorocarbons), 763,

884, 943(B)
chain lengthening reactions (organic

compounds), 994, 1036–7, 1103,
1201, 1202

chain molecules, sulfur, 133(T), 332–3
chain reactions, 523–6, 806(B), 941–8

see also radical chain reactions
chair conformation, 331, 331(F), 342,

342(F), 925, 925(F), 926(F)
chalcogens, 794–804

see also group 16
Challenger space shuttle, 698(B)
charge carriers, 637(B)
charge density of ion, 313–14

of group 2 metals, 736
hard and soft metal ions, 854

charge localization, as formalism in octet
rule, 253

charge-separated species, 257, 742
charge-to-radius ratio, 737
Charles’s Law, 19
chelate effect, 847
chelate rings, 448(B), 827, 847
chelating ligands, 827, 847

medical and nutritional applications,
448(B), 852–3

chemical initiators (for radical chain
reaction), 941

chemical shifts (in NMR spectroscopy),
450–1, 451–2(WE)

in 13C NMR spectra, 452, 453, 454(T),
455(F), 455(WE)

in 1H NMR spectra, 452, 461(T), 463
in 31P NMR spectra, 452, 453
ranges, 452

chemical warfare agents, 755, 787, 788(B)
chemisorption, 510
chemistry, importance of, 1–2
Chichibabin reaction, 1276
chilli peppers, 1215(B)
chiral centre, 897
chiral compounds/molecules, 839, 897,

898(B), 900(WE), 1100,
1287, 1313

chiral drugs, 908, 909(F), 909(T), 920(P),
1049–50, 1183–4

analysis of, 1369–71
chiral resolving agents, 906
chiral stationary phase (in

chromatography), 907(B), 908,
1370–1

chirality
in nature, 904(B), 1287, 1313
tests for, 839, 839(F), 840(F),

897, 899
chitin, 719(B)
chloralkali process, 655, 726–7,

805, 818(P)
chlorate ion, 224, 665(T), 810, 1431(T)
chlorates, 734(B), 810–11
disproportionation, 810–11

chloric acid, 810
chloride acceptors, 804
chloride anion
conductivity properties, 665(T),

670(T)
enthalpy of formation, 289(WE)
enthalpy of hydration, 625(T)
as leaving group, 1275, 1276
as ligand, 828(T)
test for, 723

chloride donors, 804
chlorido complexes, 843–4
chlorination reactions
alkanes, 939–40, 941–2
alkenes, 962, 966
aromatic compounds, 1134,

1138–9, 1157
chlorine
covalent radius, 134, 1397(T)
electron affinity, 684(F), 1406(T)
ground state electronic configuration,

119(T), 679(T), 1402(T)
isotope abundance, 356, 359(WE),

364, 1393(T)
mass spectra, 14(F)
Pauling electronegativity value, 192(T),

700(T), 1400(T)
physical and thermodynamic

properties, 11(T), 79(T), 81(T),
134, 135(T), 136(F), 140(T),
142(T), 191(T), 192(T), 305(T),
682(F), 684(F), 700(T), 1397(T),
1400(T), 1402(T), 1406(T),
1407(T), 1420(T)

see also dichlorine
chlorine-bridged compounds, 735–6, 751
chlorine dioxide, 69, 801, 1420(T)
chlorine monofluoride, 56, 191(T),

198(T), 622(WE), 623, 807
chlorine trifluoride, 56, 223(T), 224,

231–2, 807
chloro groups, in aromatic compounds,

1143(T), 1163
chloroacetic acid, pKa value,

1006, 1212(T)
chloroalkanes
elimination of HX from, 957
formation of, 939
physical properties, 1013(T)
see also methyl halides

o-chloroaniline, 1162(T), 1163
chlorobenzene
formation of, 1134, 1139, 1168
NMR spectrum, 1128(F)
physical and thermodynamic

properties, 1411(T)
structure, 1130, 1132, 1132(F)

chlorobenzoic acids, 1212(T)
chlorocarboxylic acids, pKa values,

1006(T)

3-chloro-3,4-dimethylhexane
elimination of HCl from, 1033–4,

1034(F)
stereoisomers, 903, 905, 905(F)

chloroethane
inductive effect in, 1005
physical and thermodynamic

properties, 1412(T)
chloroethene, 884, 978(B)
chlorofluorocarbons (CFCs), 763, 884,

943(B)
chloroform, 1013

deuterium-labelled (in NMR
spectroscopy), 452

physical and thermodynamic
properties, 67(T), 1417(T)

UV–VIS transparency, 429(F), 430
chlorogenic acid, 1213(B)
chlorohydrin, 972
3-chloro-3-methylhexane, stereochemistry

of hydrolysis, 1020–1
2-chloro-2-methylpropane

reactions
with H2O, 1016–17, 1017(F), 1019(F),

1030–2
with methoxide ion, 1047

chlorophyll, 732, 834(B), 1362(T)
1-chloropropane, 944, 1003

reaction with benzene, 1135, 1139–40
2-chloropropane, 945
2-chloropropanoic acid, NMR spectrum,

469, 469(F)
chloropyridines, 1274–5, 1276–7, 1277(F)
chlorosulfonation, aromatic compounds,

1136
cholesterol, 1070(B), 1304–5

factors affecting levels in blood, 1302
functions, 1305, 1310–11

cholesterol-lowering drugs, 921(P)
cholic acid, 1070(B)
choline, 1208
cholinesterases, 1208
chromate ion and salts, 815
chromatography

stationary phase in, 759, 896(B)
see also column. . .; gas chromatography

chrome alum, 752
chromium

Cr3þ/Cr2þ couple, 642(T),
644, 1431(T)

electrochemical properties, 642(T),
856(T), 1430(T)

ground state electronic configuration,
679(T), 824, 825(T), 1402(T)

oxidation states, 743(F), 815
physical and thermodynamic

properties, 11(T), 67(T), 305(T),
343(T), 345(T), 1398(T), 1402(T),
1407(T), 1420(T)

chromium(III) complexes, 239, 239(F),
830(F), 837, 840(F)

chromium(II) cyanido complex ion, 844
chromium halides, 1420(T)
chromium hexacarbonyl, 870,

872–3, 872(F)
chromium(II) hydrated (hexaaqua)

cation, 439(T), 841
chromium(III) hydrated (hexaaqua)

cation, 439(T), 841–2
chromium hydroxido complexes, 841–2
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chromium ions, electrochemical
properties, 642(T), 1431(T)

chromium(III) oxide, 49–50(WE),
1420(T)

chromium(VI) oxide, 815, 1087,
1088, 1197

chromone, 1247
chromophores, 433, 438–9, 955(B), 1169
cigarette filters, 1206
cimetidine (drug), 1248, 1280
cinnabar (mineral), 795
cinnamaldehyde, 883, 983(B), 1180, 1181
cis-isomers, 236 & N, 786, 820, 837, 1069
cisplatin, 236, 846(B)
citric acid, 883, 1183, 1213(B), 1362(T)
citronellol, 883
L-citrulline, 208(B)
civetone, 1181, 1182
Claisen condensation, 1222, 1224, 1235
cleaning fluids, 883
cleavage planes (of crystals), 327
clenbuterol, 1359(F)
clofarabine (drug), 1091
clopidogrel (drug), analysis of, 1370–1
close-packing of spheres, 319–25

compared with non-close-packing
arrangements, 326–7

cubic close-packing, 319–22, 322(F), 327
fullerene C60 molecules, 335, 337
hexagonal close-packing, 319–22,

322(F), 326
interstitial holes in, 322–5

closed systems, 588
cluster compounds, 703(B)
coal tar, 1120–1
cobalamin (vitamin B12), 1243, 1243(F)
cobalt

electrochemical properties, 642(T),
856(T), 1430(T), 1431(T), 1433(T)

ground state electronic configuration,
679(T), 825(T), 1402(T)

origin of name, 8(B)
oxidation states, 743(F), 816, 821
physical and thermodynamic

properties, 11(T), 305(T), 343(T),
345(T), 1398(T), 1402(T), 1407(T),
1420(T)

cobalt(III) ammine cation, 843
cobalt-based catalysts, 511
cobalt carbonyl compounds, 511
cobalt(II) chloride, 1420(T)
cobalt(III) complexes and ions, 537(P),

820, 827(F), 835–6, 835(F), 837,
838, 839(F), 848(F)

cobalt(II) hydrated (hexaaqua) cation,
234, 235, 236, 439(T), 840–1,
840(F), 842

ligand displacement reactions, 843, 845
cobalt(II) nitrate, 1420(T)
cobalt(II) oxide, 1420(T)
cobalt(II) sulfate, 1420(T)
cobalt(II) tetrachloride anion ([CoCl4]

2�),
234, 235, 843–4

cocaine, 423(P), 881(F), 1244(B), 1358
cockroach attractants, 1176(P)
codon, 713(B), 1338
cofactors, 652(B)
cold compress packs, 84(P), 604, 604(F),

634(P)
collagen, 1328, 1329(F)

colorimeter, 380(F), 383
colorimetry, 382–6
case studies, 383–6

copper reacting with potassium
dichromate(VI), 384

glucose oxidase method for glucose
analysis, 384–5

iron(II), 383–4
Job’s method, 385–6
oxidation of oxalate ions by
permanganate ions, 384, 385(F)

colour wheel, 383(T)
colouring agents
as food additives, 438–9
in plants, 434–6(B)

colours, 382, 383(T)
acid–base indicators, 579–81
complementary colours, 382, 383(T)
coordination complexes, 858–9
and d–d transitions, 439
d-block complexes and ions, 439(T),

842, 858–9
factors affecting, 382

column chromatography, 907(B)
enantiomers separated by, 908

combustion
of alcohols, 1082
of alkanes, 24, 36, 39(WE), 71–2,

72(WE), 479, 524, 593, 938,
938–9(WE)

of alkenes, 961
of alkynes, 989
of ammonia, 708
of benzene, 1133
of fuels, 71–2, 696
of metals, 733
stoichiometric equations for,

36, 37(WE)
see also enthalpy change of combustion

commercial applications see applications
common names see trivial names
complementary bases (in nucleic acids),

713(B), 1335–6, 1337(B),
1339, 1340(F)

complementary colours, 382, 383(T)
complementary sequences (of amino acids

in proteins), 1327(B)
complex ions, 736
complexes, d-block metals, 819–77
as MRI contrasting agents, 448(B)

compounds, distinguished from
molecules, 32

concentration
change during reaction, 481–2,

481(F), 482(F)
rate of reaction affected by, 482,

483–6, 526–7
concentration of solutions, 33
calculations, 34–6(WE)
reduction potentials affected by, 648–9,

649(WE), 650
concerted processes, 1019, 1033
condensation reactions, 1203
Claisen condensation, 1222, 1224, 1235
plastics/polymers/resins, 1154(B),

1205–6, 1326(B)
polypeptides and proteins, 1316,

1326(B)
self-condensation, 1235

condensation of vapour, 78

conductance, 663
conduction band, 637(B)
conductivity of ions in solution, 663–76

changes during reactions, 669–73
definitions, 663–4
strong electrolytes, 664–5, 666(F)
units, 663
weak electrolytes, 666–7

conductometric titrations
acid–base reactions, 669–72
precipitation reactions, 672, 672(F)

conductors, electrical, 339, 345, 346(WE)
confectionery wrappers, 749
configuration

absolute configuration, 902, 903(WE)
endo-/exo- configuration, 958(B)
inversion of, 1020, 1021, 1074(F), 1100
retention of, 1020, 1021, 1074(F)

conformation, 331, 910–12
of alkanes, 910–12
on rotation of C�C bond, 911–12,

912(F)
antiperiplanar conformation, 912,

912(F), 1033
of coordination complexes, 847–8
of cycloalkanes, 924–6
of cycloalkenes, 956
eclipsed conformation, 910, 910(F),

911(F), 912(F), 924, 924(F),
1033, 1034(F)

extended conformation, 847, 848(F),
912, 931(F)

gauche conformation, 709, 710, 786,
787(F), 912, 912(F)

representation of, 709, 910–11
of ring molecules
boat conformation, 331, 925, 925(F)
chair conformation, 331, 342,

342(F), 925, 925(F), 926(F)
crown conformation, 332(F)
envelope conformation, 924
folded conformation, 924, 925(F)
planar conformation, 925(F)
puckered conformation, 342(F), 924
twist-boat conformation, 925, 925(F)

s-cis conformation, 958
skew conformation, 716(F), 717, 910
staggered conformation, 748, 748(F),

786, 787(F), 910, 910(F), 911(F),
912(F), 968(F), 969, 973, 974,
1033, 1034(F)

synperiplanar conformation, 912,
912(F), 1033

conformers
steric energy change on bond rotation,

911–12
ways of representing, 709, 910–11

Congo red (dye/stain), 438(F), 1169
conjugate acids and bases, 551

examples listed, 552(T), 777, 1185
pKa values of conjugate acids, 552(T)
and nucleophilicity, 1026

relationship between Ka and Kb, 554–5
conjugated alkynes, 437
1,3-conjugated dienes, 432–3

cycloaddition reactions, 957–8
conjugated polyenes

absorption-maximum wavelengths
listed, 436(T)

in plants, 434–6(B)
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conjugation, 430–7
effect on p*3��p transition, 433–7
and p-bonding system of aromatic

ring, 1143, 1145, 1146
see also p-conjugation

conproportionation reactions, 769,
773, 810

see also disproportionation
constipation treatment, 732, 800
constitutional isomerism, 474–5(WE),

890, 893, 893(F), 894–5
alkanes, 894, 895(F)

constructive interference, 152, 152(F), 262
contact lenses, 1079(B)
Contact process (sulfuric acid), 798
cooking foil, 749
coolants, 329(B), 771, 812
Coomassie Brilliant Blue dye, 1323
coordinate bonds, 704, 820, 835(F)
coordination complexes

ammine complexes, 842–3
aqua complexes, 840–2
bonding in, 820
chlorido complexes, 843–4
colours, 858–9
crystal field theory, 859–64
cyanido complexes, 844–5
of d-block metals, 819–77
donor atoms, 826, 827

notation, 835
electroneutrality principle applied to,

835–6, 836–7(WE)
electronic spectroscopy, 439, 858, 864–5
Gibbs energy changes on formation,

851
hard and soft metal ions and donor

atoms, 853–5
hexaaqua metal ions, 840–1

colours, 439(T), 842, 858(T)
ligand displacement reactions, 842,
843, 849, 850–1, 850(WE),
851–2(WE)

reduction potentials, 855–6
thermodynamic stability, 855–7

high-spin electronic configurations,
863, 864(F)

hydroxido complexes, 841–2
isomerism, 837–9
ligand displacement reactions, 842,

843, 845
stability constants, 849, 850–1,
850(WE), 851–2(WE)

low-spin electronic configurations, 863,
864(F)

magnetism, 865–9
spin-only formula, 867–9

meaning of term, 820
nomenclature, 823
nuclearity, 841
prediction of formation, 854
representations, 820
stoichiometry of formation, 385–6
structural types, 822
thermodynamics of formation,

851–2(WE)
coordination isomerism, 838
coordination number(s)

close-packed spheres, 320, 321(F)
in coordination complexes, 820, 821
group 15 elements, 342

in ionic lattices, 293–4, 294, 295(F),
298, 298(F), 299, 299(F), 300(F),
301, 301(F), 302, 302(F)

listed for ions, 1396–9(T)
listed for polyatomic molecular

geometries, 214(T)
meaning of term, 215, 294
p-block compounds, 215–16, 256

copolymers, 978(B), 984, 1079(B)
copper
electrochemical properties, 642(T),

856(T), 1431(T)
in galvanic cell, 638, 639, 640(WE)
ground state electronic configuration,

679(T), 824, 825(T), 1402(T)
melting of, 79(WE)
physical and thermodynamic

properties, 11(T), 67(T), 79(WE),
142(T), 305(T), 343(T), 345(T),
1399(T), 1402(T), 1407(T),
1420(T)

purification by electrolysis, 655, 656,
656(F), 657(WE)

reaction with potassium
dichromate(VI), 384

reactions, 695(F)
specific heat capacity, 67(T), 67–8(WE)
standard state, 68

copper(I) carbonate, reactions, 593
copper chlorides, 628(T), 1420(T),

1421(T)
copper(I) complexes, 833(B)
copper(I) cyanide anion, 233, 233(F)
copper(II) hydrated (hexaaqua) ion
colour, 439(T), 842
ligand displacement reactions, 439,

842, 851–2
copper(II) oxide, reduction of, 699
copper oxides, 1421(T)
copper poisoning, treatment of, 909(T)
copper(I) salts, as catalysts, 1168–9
copper(II) sulfate
dependence of absorbance on

concentration of solution,
382(WE)

electrolysis of aqueous solution,
656(F), 657(WE)

pentahydrate, 51
physical and thermodynamic

properties, 1421(T)
uses, 800

copper(I) sulfide, solubility in
water, 628(T)

copper(II) sulfide, solubility in
water, 628(T)

copper(II), pentachlorido ion, 268(F)
copper(II) phthalocyanine, 444(P)
core electrons, 118, 119(WE)
removal of, ionization energy and, 282
X-rays scattered by, 130

corticosterone, 1182
corundum, 749, 750(F)
cosine rule, 132(WE)
cosmetics, 791
COSY (COrrelated SpectroscopY),

462(B)
coulomb, 656
Coulombic forces in ionic lattice, 307
internal-energy change associated

with, 307

Coulombic interactions between ions,
291–2, 307

attraction, 291–2, 292(WE)
internal-energy changes associated

with, 291
repulsion, 292

Coulombic (potential) energy, 107
coumarin, 1247, 1365, 1366
coupling constant (NMR spectroscopy),

464, 465, 465–6(WE)
coupling reactions, with alkynes, 994
covalent bonding, 30, 31

compared with intermolecular
interactions, 80

compared with ionic bonding, 31–2, 280
covalent bonds

homonuclear, 128–79
bond dissociation energy/enthalpy,

138
bond energy, 134–7
bond length, 128–33
bond order, 160

covalent model for coordination
complexes, 835

covalent radii, 134
compared with van der Waals radii,

134, 135(T), 136(F), 1396–7(T)
listed for p-block elements, 135(T),

136(F), 686(F), 807(F), 1396–7(T)
trends, 136(F), 686, 686(F)

cracking of hydrocarbons, 933–4, 957
cresols, 1150(B)
cresylic acids, 1150(B)
Crick, Francis, 1337(B)
cristobalite, 757
critical micelle concentration, 1206, 1309
critical temperature, 9, 10(F)
cross-linked polymers/resins, 1048(B),

1154(B)
crown ethers, 1042

15-crown-5, 832
18-crown-6, 831, 886(F), 1054(F)
as ligands, 831–2, 832(F), 1054(B)

crown ring structures, 332(F), 357
crude oil, fractional distillation of, 933,

933(F), 1120
cryolite (mineral), 751, 805
cryptand, 684, 685(F)
crystal field splitting, 859–60

ligands ordered by, 862–3
crystal field stabilization energy (Doct),

860, 862
relationship with absorption-maximum

wavelength, 865
crystal field theory, 859–64
crystal lattice defects, 702
crystal violet (dye), 440(B), 441(B)
crystalline solids, 327
crystallization, solvent of, 50–1
cubic close-packing (ccp), 319–22, 322(F),

327, 328
metallic elements, 344
see also face-centred cubic (fcc)

cubic framework, and tetrahedral
geometry, 271

cubic packing
body-centred, 326, 326(F), 327
face-centred, 299(F), 301(F), 320,

324(B), 325, 327
simple, 325–6, 325(F), 327
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cubic structure type, 294, 295(F)
cubic unit cells, 295(F)

sharing of ions between, 296, 296(F)
cumene, 1135

oxidation of, 1152–3
Curie law, 866(B)
Curie temperature, 866(B)
curing agents (for epoxy resins), 1048(B)
Curl, Robert, 335(B)
curly arrows, 913–14
curve see area under curve; tangents to

curve
cyanate anion ([NCO]�), molecular shape,

216, 216(F), 220, 220(T)
cyanide anion ([CN]�)

bond distance/length, 207
bonding in, 206–7, 209
isoelectronic species, 199(WE), 206–7,

209
as nucleophile, 1103, 1226
reaction with aldehydes and ketones,

1226
cyanido complexes, 844–5
cyanido ligand, 828(T), 844, 863
cyano functional group see nitrile

functional group
cyanocobalamin, 1243
cyanogen chloride (ClC�N), 372(F)
cyanohydrin, 1226
cyanuric acid, 1351

analytical determination of, 1351–4
co-crystallization with melamine, 1351,

1351(F)
cyclamic acid and salts, 1298(B)
cyclic ethers

compared with acyclic ethers, 1046
IR spectra, 1055(F)
as ligands, 828(T), 831, 832, 832(F),

853
nomenclature, 1043–4
physical properties, 1051–2, 1052(T)
reactivity, 1056–9
synthesis, 1049–50
see also oxirane; tetrahydrofuran

cyclic forms of monosaccharides, 1289–93
representation of structures, 1288–9(B)

cyclic hemiacetals of monosaccharides,
1292–3

cyclic hexyne, 994
cyclic hydrocarbons, 881

relationship to heterocyclic
compounds, 1248, 1250

see also benzene; cycloalkanes;
cycloalkenes; cyclopentadiene

cyclic silicate anions, 759, 759(F)
cyclic thioethers, as ligands, 831, 832,

832(F), 853
cyclization reactions, 957–60
cycloaddition reactions, 936, 957–60

[2 þ 2] cycloaddition, 936, 957
[4 þ 2] cycloaddition, 957–60, 1265
cycloalkanes synthesized by, 934, 936–7
cycloalkenes synthesized by, 957–60

cycloalkanes
amine derivatives, 1097
bicyclics, structures, 923–4
bond angles, 926–7, 927(T)
enthalpies of combustion, 927, 927(T)
general formula, 922
melting and boiling points, 931(F)

monocyclics
nomenclature, 922–3
structures, 922

NMR spectra, 923, 923(F)
nomenclature, 922–3
reactions, 948
ring conformation, 924–6
ring inversion (‘flipping’), 925, 925(F),

926(F)
ring-opening reactions, 948
ring strain in, 926–9
strain energy, 928, 928(F)
structures, 922, 923–4
substitution reactions, 948
synthesis of, 934, 936–8, 1122, 1134

cycloalkenes
bonding in, 1126(F)
general formula, 954
hydrogenation of, 962
nomenclature, 954, 956
ring conformation, 956
structures, 954, 956, 1126(F)
substituted cycloalkenes, nomenclature,

922–3
synthesis, 957–60

cyclobutadiene, 956, 1124
cyclobutane
bond angle, 927(T), 928(F)
conformations, 924, 925(F)
ring strain in, 928
synthesis, 936

cyclobutene, 954
cyclodecanol, hydrogen bonding in, 1076,

1077
cyclodextrins, 1369–70
cyclohexadienes, 956, 1122, 1134
cyclohexane, 922
bond angle, 927(T), 929
catalytic dehydrogenation of, 1132
conformers, 925–6
formation of, 1122
IR spectrum, 422(F)
physical and thermodynamic

properties, 925, 1412(T)
UV–VIS spectrum, 429(F)

cyclohexane-1,4-diol, stereoisomers, 1069
cyclohexene and compounds
bromination of, 967
hydrogenation of, 1122
molecular shape, 215
physical and thermodynamic

properties, 1412(T)
structural formula, 954
synthesis, 957

cyclooctatetraene, structure, 1126(F),
1126(T)

cyclopentadiene, 956, 956(F), 1126
heterocyclic analogues, 1250

cyclopentadienyl anion, 1127
cyclopentane
bond angle, 927(T)
chlorination of, 948
conformations, 925(F)
NMR spectrum, 923(F)
physical and thermodynamic

properties, 1412(T)
cyclopentene, 956(F), 1412(T)
cyclopropane, 922, 924
bond angle, 927(T), 928, 928(F)
ring-opening reactions, 948

ring strain in, 928, 929
structure, 924(F)
synthesis, 934, 936, 937

L-cysteine, 1313, 1314(T)
disulfide bridges in proteins, 1323

cytisine, 1244(B)
cytochromes, 652(B), 653(B)
cytosine, 712(B), 1333

in nucleic acids, 713(B)
nucleotides, 1334(F)

cytotoxicity, nitrogen monoxide, 208(B)
Czochralski process (silicon

manufacture), 754, 755(F)

Doct, 860, 862
see also crystal field stabilization energy

2,4-D (herbicide), 1200, 1201
d-block elements, 27(F), 677, 678(F),

741(F), 742, 814–16
boiling and melting points, 343(T),

681(F)
as catalysts, 510–11, 697(B), 717(B),

775(B), 796, 960, 961, 962
coordination complexes, 819–77
electronic configurations for ions, 826,

862
first row, coordination complexes,

840–8
ground state electronic configurations,

679(T), 824, 825(T), 1402(T),
1402–3(T), 1403–4(T)

hydrides, 702
ionic radii, 305(T), 306, 1398–9(T)
ionization energies, 285–6, 286(F), 683,

683(F), 1402(T)
IUPAC nomenclature, 814, 814(F)
metallic radii, 345(T), 685, 686(F),

1389–99(T)
nomenclature, 28
oxidation states, 743, 743(F), 814, 815,

816, 821, 823
solid-state structures, 343–4, 343(T)
see also group 3; group 4; group 5;

group 6; group 7; group 8;
group 9; group 10; group 11;
group 12

d-block metal ions
aqua ions
colours, 439, 439(T)
electronic configurations, 826
hybridization schemes, 268, 268(F)

d/l notation (for enantiomers), 901
D/L notation (for enantiomers), 1287, 1289
d–d transitions, 439, 858
d orbitals, 98, 821(F)

contraction in metal ions, 826
directionality, 821, 860, 861(F)
eg set, 860, 861(F), 862(B)
five-fold degenerate set, 101, 821,

821(F), 861(F)
in hybrid orbitals, 263, 265(F), 266,

268
nodal planes, in, 821, 822(F)
numbers, 100–1
radial distribution function plots,

103(F)
shapes, 821(F), 822(B)
t2g set, 860, 861(F), 862(B)

Dalton’s Law of Partial Pressures,
23, 24(B)
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Daniell cell, 638–9
Gibbs energy change in, 639, 640(WE)

dative bonds, 704
daughter nuclide, 501
DDT, 885, 1158(B)
de Broglie, Louis-Victor, 88(B), 90
de Broglie relationship, 90
deactivating groups/substituents, 1142,

1143(T), 1145, 1146, 1156, 1165,
1171, 1199

deactivation of aromatic ring, 1141, 1142,
1145, 1199

Debye, Peter, 196
debye (unit), 196
decane, 887(T)
decompression chamber, 24(B)
decompression sickness (in deep-sea

diving), 24(B)
deep-sea diving, 24(B)
defects in crystal lattice, 702
degenerate orbitals, 99, 100, 101, 105,

106, 115, 821, 821(F), 860, 861(F)
degenerate vibrational modes, 400, 407(N)
degree of dissociation

weak acids, 549(WE), 667
weak bases, 560(WE)

degrees of freedom, 401
dehydrating agents, 781, 799–800
dehydration

of alcohols, 957, 971, 1046, 1082,
1084–5

of aldehydes, 1257
of sucrose, 799–800

dehydrogenation of alkanes and
cycloalkanes, 957

deliquescent substances, 727, 736, 751,
754, 777, 781, 792

delocalized bonding interactions, 148,
273, 701, 703, 704

in carbonyl compounds, 1211, 1214–15,
1217

delocalized p-bonding
allyl carbanion, 431(F), 432
allyl carbenium ion, 1022
aromatic compounds, 1024(B), 1123–4,

1124(F), 1125(B)
aromatic heterocyclic compounds,

1251, 1252, 1252(F), 1253
benzyl carbenium ion, 1024(B)
a,b-unsaturated aldehydes and ketones,

437
denitrification by soil bacteria, 772(B)
density, SI unit, 5(WE), 6(WE)
denticity of ligands, 826
deoxyribonucleic acid see DNA
deoxyribonucleotides, 1333, 1334(F)

in DNA, 1336
2-deoxyribose, 1333
deprotonating agents, 1015
derivatization

GC-MS samples, 1358–9
HPLC samples, 1364

descaling of iron and steel, 781
desflurane (anaesthetic), 940, 940(F),

1012
deshielding of aromatic protons, 1129(B)
desorption ESI-MS, applications, 373(P),

1073(B)
destructive interference, 152, 152(F), 262
desulfurization of emissions, 797(B)

detergents, 759, 763, 781, 783, 1064
detonators (explosives), 774
deuterated solvents (for NMR

spectroscopy), 452, 693
deuteration, IR spectra affected by,

412–13, 413(WE), 693
deuterium, 13

2H:1H ratio, 473(B)
see also 2H NMR spectroscopy

deuterium exchange reaction, 693, 1081,
1195

deuterium labelling, 693–4
Dewar–Chatt–Duncanson model, 871
Dewar structure for benzene, 1121
dextro-notation (for enantiomers), 901
DGEBA, 1048(B)
diagonal line in periodic table (between

p-block metals and non-metals),
342, 342(F), 344, 677, 678(F)

diagonal relationships (in periodic table)
aluminium and beryllium, 750
lithium and magnesium, 725, 737

diamagnetic compounds/species, 162,
167, 168, 169(T), 171(T),
172, 173, 202(T), 207, 273,
729, 754, 768

meaning of term, 162
diamines
nomenclature, 1098
pKa values of conjugate acid, 1108–9
uses, 884

diamond, 8
conversion into graphite, 77
as insulator, 339, 341(T), 348
physical and thermodynamic

properties, 339, 341(T), 617(T)
stability, 77
structure, 8(F), 246, 339(F), 340(B)

compared with zinc blende, 340(B)
diamond-type structure, 339(F), 344, 714
dianion, 30
diastereoisomers, 903, 905–6, 1289
difference in physical properties, 906
examples without asymmetric carbon

atoms, 906
diatomic molecules, 31
fundamental absorption in vibrational

spectrum, 395
heteronuclear molecules, 31, 180–212

bond dissociation enthalpies, 140(T),
190, 191(T)

dipole moments, 196–8
force constant of bond, 394(F),

395–6(WE)
IR spectra, 397
Lewis approach to bonding, 181, 200
molecular orbital approach to

bonding, 183–90, 202–5, 203(F),
204(F), 205(F), 207, 209

molecular orbital diagrams, 184(F),
186(F), 187(F), 189(F)

polar molecules, 196–8
stretching modes, 391, 391(F)
valence bond approach to bonding,

181–3, 200, 202, 206–7
vibrational mode(s), 397

homonuclear molecules, 31
bond dissociation enthalpies, 140(T),

161(F), 169(T), 171(F), 173(F),
173(T), 174(F), 191(T)

bond dissociation in, 138
bond order in, 160
examples, 129(F)
group trends, 172–6
Lewis approach to bonding, 146–7,

156, 163, 164
molecular orbital approach to

bonding, 148, 150–6, 162–3
molecular orbital diagrams, 154(F),

157(F), 162(F), 163(F), 167(F)
p-block first row elements, 161–4, 166–70
periodic trends, 170–1
relationship between atomization

and bond dissociation enthalpies,
143–4(WE)

s-block first row elements, 56–8
solid-state structures, 328, 330–1
valence bond approach to bonding,

148, 149–50, 156, 162, 164
vibrational mode(s), 397

IR spectra, 396–7
moments of inertia, 414–15, 415(B)
principal axes of rotation, 414, 414(F)
reduced mass, 394–5
vibration of
anharmonic oscillator, 392(F), 393
frequency, 395
molecule–spring analogy, 391
simple harmonic oscillator, 392–3,

392(F), 393–4
diazepam (drug), 1248, 1359(F)
diazines, 1280

see also pyrazine; pyridazine; pyrimidine
diazomethane, photolysis of, 934
diazonium cation, 1168
diazonium salts

formation of, 777, 1168
reactions, 1153, 1168–9

dibasic acids, 551–3
examples, 551, 784, 799(T), 803
pH, 561
pKa values, 552(T), 561, 561(T), 576
speciation in aqueous solution, 562–3
titrations, 578–9
equivalence points in, 576, 578

diberyllium
bonding in, 157
electronic configuration, 157

diborane
bonding in, 704
as hydroborating agent, 704
physical and thermodynamic

properties, 1422(T)
reactions, 704, 707
as reducing agent, 704, 1072, 1075
structure, 703(F)

diboron
bond dissociation enthalpy, 169(T),

171(F)
bond distance/length, 169(T), 171(F)
bonding in, 166–7
electronic configuration, 166
Lewis structures, 167
molecular orbital diagram for

formation, 166, 167(F)
diboron tetrahalides, 748, 748(F)
dibromine, 805

aqueous solution, 805, 962, 963(F),
1122–3

see also ‘bromine water’
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dibromine (continued )
bond dissociation enthalpy, 140(T),

173(F), 173(T), 191(T)
bond distance/length, 173(T), 330(T)
bonding in, 147, 173–4
decomposition of, 516
electrochemical properties, 642(T),

807(T), 1432(T)
half-cell equation, 642(T), 643, 1432(T)
Lewis structure, 147
mass spectrum, 363, 364(F)
as oxidizing agent, 792
physical and thermodynamic

properties, 11(T), 79(T), 140(T),
173(T), 191(T), 330(T), 805,
1419(T)

reactions
with alkenes, 962, 966–8, 975–6,
1123

with dihydrogen, 524, 525(B)
solid-state structure, 330(F), 331
uses, 805

dibromobenzene, isomers, 1131, 1132
1,2-dibromoethane

bond enthalpies, 190
physical and thermodynamic

properties, 1412(T)
1,2-dibromoethene, 898(B)
1,3-dibromopropane, cyclization

reactions, 937
dibutyl ether

IR spectrum, 1055(F)
physical and thermodynamic

properties, 1051(T)
dicaesium

bonding in, 172–3
physical properties, 173(T)

dicamba (herbicide), 1200
dicarbon

bond dissociation enthalpy, 169(T),
171(F)

bond distance/length, 169(T), 171(F)
bonding in, 167–8, 200
electronic configuration, 168
Lewis structure, 168
molecular orbital diagram for

formation, 167(F), 168
dicarbonyl compounds

alkylation of, 1223
pKa values, 1217(T)
in synthesis of aromatic heterocyclic

compounds, 1266, 1267
dicarboxylic acids, 562–3, 883, 1192,

1201, 1214
condensation with diols, 1205

dication, 30
dichlorine, 805

bond dissociation enthalpy, 140(T),
173(F), 173(T), 191(T)

bond distance/length, 134, 173(T),
330(T)

bonding in, 32, 147, 173–4
decomposition of, 517
effusion rate, 26(T)
electrochemical properties, 642(T),

807(T), 1432(T)
industrial synthesis, 636, 726, 727, 805
laboratory preparation, 805
Lewis structure, 147
mass spectra, 14(F)

physical and thermodynamic
properties, 10(T), 79(T), 81(T),
140(T), 173(F), 173(T), 191(T),
330(T), 805, 1420(T)

reactions
with alkanes, 939–40, 941–2, 944–8
with alkenes, 962, 966, 972
with difluorine, 622(WE)
with dihydrogen, 546(T), 611(WE)
with methyl radical, 523

solid-state structure, 330–1, 330(F)
synthesis, 723
uses, 805, 807(F)

dichlorine heptaoxide, 808, 808(F), 809
dichlorine hexaoxide, 808, 808(F)
dichloroacetic acid, pKa value, 1212(T)
1,2-dichlorobenzene, 1121
bromination of, 515, 515(F)

1,3-dichlorobenzene, 1131
3,5-dichlorocyclohexene, 956
1,2-dichloroethane
formation of, 70–1(WE)
physical and thermodynamic

properties, 70(WE), 1412(T)
1,1-dichloroethene, physical and

thermodynamic properties, 1413(T)
1,2-dichloroethene
stereoisomers, 238–9, 906

physical and thermodynamic
properties, 1412(T)

dichloromethane, 67(T), 81(T), 1013,
1413(T)

1,2-dichloropropane, IR spectrum, 406(F)
dichromate(VI) ions and salts
electrochemical properties, 642(T), 815,

856(T), 1432(T)
as oxidizing agents, 815, 1087, 1152,

1197, 1198, 1200
reactions, 384, 540

dieldrin (insecticide), 960
Diels–Alder cyclization, 957–60, 1265
Diels, Otto, 959
dien (ligand) see 1,4,7-triazaheptane
diene, nomenclature, 892
dieneophiles, 958
dienes, polymerization of, 981
diesters, alkylation of, 1223
diethyl ether, 54(T), 1003, 1042
common/trivial name, 1043(T)
physical and thermodynamic

properties, 67(T), 1051(T),
1052(T), 1413(T)

as solvent, 67(T), 1014
structure, 1052(F)
synthesis, 1046, 1082

diethylamine, 1098
13C NMR spectrum, 457, 457(F)
physical and thermodynamic

properties, 1106(T), 1108(T),
1259(T), 1413(T)

diethyltoluamide, 884
differential-absorption LIDAR, 399(B)
differential equations, rate equations

as, 483–4
differentiation, 91(B)
partial, 91(B), 598(B)

diffraction methods
comparison of methods, 129–30
internuclear distances measured by,

129–33

see also electron. . .; neutron. . .; X-ray
diffraction

diffusion of gases, 9, 9(F)
difluorine

bond dissociation enthalpy, 140(T),
143–4(WE), 169(T), 171(F),
173(F), 173(T), 191(T)

bond distance/length, 169(T), 171(F)
bonding in, 31, 32, 162–3, 173–4
Lewis approach, 146, 162
molecular orbital approach, 162–3
valence bond approach, 162

electrochemical properties, 642(T),
807(T), 1433(T)

electronic configuration, 163
formation of, 121(WE), 162–3
industrial synthesis, 805
Lewis structure, 162
molecular orbital diagram, 162(F)
and octet rule, 121(WE)
as oxidizing agent, 792, 807, 808
physical and thermodynamic

properties, 11(T), 79(T), 140(T),
143–4(WE), 169(T), 171(F),
173(F), 173(T), 191(T), 328, 330,
805, 1421(T)

reactions, 602, 622(WE), 721, 806(B),
1011

solid-state structure, 328, 330
uses, 179(P), 805, 806(B)

digallane, 705
reactions, 707

digitalin, 1294(B)
diglycerides, 1303, 1304(F), 1307, 1308,

1362(T)
diglyme, 886(F), 1043(T)
dihexyl ether, IR spectrum, 1055(F)
dihydrocapsaicin, 1215(B)
dihydrogen, 31

bond dissociation enthalpy, 138,
140(T), 143, 149, 150, 191(T)

bond order, 160
bonding in, 31, 80, 134–7, 146–56
Lewis structures, 146–7, 156
molecular orbital approach, 148,

150–6
valence bond approach, 148, 149–50,

156, 181
combustion of, 696, 699
in electrochemical series, 642(T),

695(T), 1431(T)
electronic configuration, 156
formation of diatomic molecule, 134–7
as fuel, 696
industrial synthesis, 694
internuclear distance, 137, 149, 150
laboratory-scale synthesis, 694–5
liquid N2, 696, 698(B)
molecular orbital diagram, 154(F)
molecular orbitals for, 155–6
labelling of, 155–6
schematic representations, 155(F)

molecular shape, 129(F)
ortho- and para-dihydrogen, 694
oxidation of, 546–7, 546(T), 547(F),

602, 640, 699
physical and thermodynamic

properties, 11(T), 81(T), 138,
140(T), 143, 191(T), 328, 617(T),
681(F), 694, 1421(T)
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reactions
with alkanes and alkenes, 939, 1011
with carbon monoxide, 696
with dibromine, 524, 525(B)
with dichlorine, 546(T), 611(WE)
with difluorine, 602, 722
with diiodine, 544–5(WE), 605
with dinitrogen, 144–5, 510–11,
540–1, 546(T), 602, 605–6,
696, 697(B)

with dioxygen, 546–7, 546(T),
547(F), 602, 699

as reducing agent, 696, 699
resonance structures, 150, 181
solid-state structure, 328, 330
sources, 694–5, 705
storage of, 696, 701, 702
test for, 699
uses, 696–9

dihydrogenphosphate(1�) ion
([H2PO4]

�), 552(T), 570
dihydro-g-linolenic acid, 1302, 1303(T)
1,4-dihydropyridine and derivatives,

1265, 1268, 1269
diiodine, 805, 807

analysis, 801, 808–9
bond distance/length, 173(T), 330(T)
bond enthalpy, 140(T), 173(F), 173(T),

191(T)
bonding in, 147, 173–4
electrochemical properties, 642(T),

807(T), 1431(T)
molecular shape, 129(F)
physical and thermodynamic

properties, 11(T), 79(T), 140(T),
173(T), 191(T), 330(T), 617(T),
805, 1423(T)

reactions, 499–501(WE), 544–5(WE),
605

solid-state structure, 330(F), 331
test for, 809

diiodine pentaoxide, 808
1,2-diiodohexane, 499(WE)
diisobutylaluminium hydride (DIBAL),

1198
diisopropylamide ion, 1113, 1113(F)
b-diketo esters, 1235
b-diketonate anion, 1216
diketones, see also acetylacetone
b-diketones, 1182, 1216

alkylation of, 1223
dilithium

bond dissociation enthalpy, 169(T),
171(F), 173(T)

bond distance/length, 169(T), 171(F),
173(T)

bonding in, 156–7, 160, 172–3, 280
electron density map, 280, 281(F)
electronic configuration, 156

dilute solutions, activity for, 541–2, 609
dilution of solutions, 34–5(WE)
dimerization of carboxylic acids, 1192–3
dimethyl ether

compared with ethanol, 1051
physical and thermodynamic

properties, 1051(T), 1052(T),
1191(T)

structure, 1052(F)
dimethyl sulfide, 218(F), 219, 975

see also thiourea

dimethylamine
physical and thermodynamic

properties, 1106(T), 1413(T)
reactions, 511, 512(F)

N,N-dimethylaniline, 1162(T)
2,2-dimethylbutane, 895(F), 932(T)
2,3-dimethylbutane, 895(F), 932(T)
1,2-dimethylcyclohexane, 923
1,3-dimethylcyclohexane, 925, 926(F)
dimethylethyne, 219
N,N-dimethylformamide (DMF), 886(F),

1029, 1187
2,4-dimethylhexane, 889(T)
3,4-dimethylnonane, 889(T)
2,2-dimethylpentane, 889(T)
N,N-dimethylpropylamine, 1098
dimethylsulfoxide (DMSO), 975, 1029
2,3-dimyristoyl-D-glycero-1-phosphate,

1070(B), 1310, 1310(F)
dinitrogen
bond dissociation enthalpy, 140(T),

169(T), 171(F), 174(F), 202(T), 771
bond distance/length, 169(T), 171(F),

178(T), 202(T), 207
bonding in, 31, 168–9, 174, 200
in Earth’s atmosphere, 692(F), 770
effusion rate, 26(T)
electronic configuration, 169
fixation of, 652(B), 696, 697(B), 772(B)
isoelectronic species, 198, 199(WE),

200
laboratory synthesis, 771
Lewis structure, 168
liquefaction of gaseous N2, 329(B)
liquid, 329(B), 771
molecular orbital diagram for

formation, 167(F), 169
physical and thermodynamic

properties, 11(T), 79(T), 81(T),
140(T), 169(T), 174(F), 202(T),
771, 1425(T)

production of, 770–1
reactions

with dihydrogen, 144–5, 510–11,
540–1, 546(T), 602, 605–6, 696,
697(B)

with dioxygen, 546(T), 774, 774(F)
dinitrogen difluoride, 239, 371(F),

786–7, 906
dinitrogen dioxide, as reaction

intermediate, 522
dinitrogen oxide, 243(T), 756(B), 773–4,

776(F), 1425(T)
dinitrogen pentaoxide, 776(F), 777
dinitrogen tetrafluoride, 786, 787(F)
dinitrogen tetraoxide, 776–7
dissociation of, 543–4(WE), 610–11(WE)
formation of, 75–6(WE), 516, 517
liquid, as non-aqueous solvent, 715,

776
molecular structure, 776(F)
physical and thermodynamic

properties, 1425(T)
reactions, 776–7

dinitrogen trioxide, 776(F), 777
dinuclear complexes, 841, 842
diols, 883, 1069
condensation with dicarboxylic acids,

1205
formation of, 973–4, 1074(F), 1088

a-diones, 992
diopside (mineral), 760
2,5-dioxahexane, 1043
1,4-dioxane, 1044
dioxins, 1044, 1046, 1201, 1355

environmental monitoring of, 1355–8
1,3-dioxolane, 1044
dioxygen

bond dissociation enthalpy, 140(T),
169(T), 171(F), 171(T)

bond distance/length, 169(T), 171(F),
171(T), 178(T)

bonding in, 31, 163–4, 200
in Earth’s atmosphere, 692(F), 794
electrochemical properties, 642(T),

856(T), 1431(T), 1432(T)
electronic configuration, 163
formation of, 163–4, 517, 520–2
IR spectrum, 397(WE)
laboratory preparation of, 794
Lewis structure, 164
liquid O2, 698(B), 794
molecular orbital diagram, 163(F)
molecular shape, 129(F)
oxidation of, 172
as oxidizing agent, 43
physical and thermodynamic

properties, 11(T), 79(T), 81(T),
140(T), 169(T), 171(F), 171(T),
599(F), 618(F), 794, 1425(T)

reactions
with dihydrogen, 546–7, 546(T),

547(F), 602, 699
with dinitrogen, 546(T)
with hydrogen radical, 524
with nitrogen monoxide, 522–3

reduction of, 172, 546–7, 546(T),
547(F), 641, 652(B), 699

dioxygen dianion ([O2]
2�), 171(T), 172,

729
dioxygen difluoride, 1421(T)
dioxygen radical anion ([O2]

�), 171(T),
172

dioxygen radical cation ([O2]
þ), 172

compared with nitrogen monoxide, 209
physical properties, 171(T), 209(T)

dipeptides, 1316
formation of, 1316–17
nomenclature, 1318

o-diphenols, oxidation of, 1213(B)
diphenylacetylene, 1130(T)
4,7-diphenyl-1,10-phenanthroline, 383,

830
diphosphane, 710, 1422(T)
diphosphonic acid, 782(T)
diphosphoric acid, 782(T)
diphosphorus tetrahalides, 787
dipole–dipole interactions, 82(T), 123,

715, 1051
dipole moments, 196–8, 197(B)

alcohols, 1191(T)
aromatic heterocyclic compounds,

1254, 1255, 1256
carbonyl compounds, 1191(T)
directionality, 196(F), 197, 198, 1002
ethers, 1051(T), 1052(T)
halogenoalkanes, 1004–5
hydrogen halides, 197(B), 198(T)
interhalogen compounds, 197(B),

198(T)
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dipole moments (continued )
in IR active molecules, 397, 400
listed for various diatomic molecules,

198(T)
polar organic compounds, 1003–4
polyatomic molecules, 241–4
see also bond dipole moments;

molecular dipole moments
dipoles, induction of, 123, 123(F), 966
dipotassium

bonding in, 172–3
physical properties, 173(T)

dipropyl ether, 1051(T)
3,6-di(2-pyridyl)pyridazine, as ligand,

833(B)
diradicals, 164, 517, 521
dirubidium

bonding in, 172–3
physical properties, 173(T)

disaccharides, 73(B), 1296–7
hydrolysis of, 492

disconnection approach to synthesis,
1256

examples, 1257, 1265, 1266
discrete neutral species, molecule as, 32
disinfectants, 805, 807, 809, 1150(B), 1153
disodium

bonding in, 172–3
physical properties, 173(T)

disorder problems, fullerene C60, 335
disphenoidal molecules/geometry, 214(T),

222(F)
bond angle(s), 214(T)
coordination number, 214(T)
dipole moments, 243(T), 244
examples, 223, 223(T), 224, 230,

243(T), 244
disproportionation reactions, 507(T), 718,

777, 809, 810, 811, 813
see also conproportionation

dissolution, enthalpy change
accompanying, 624, 625

distorted octahedral structure, 812,
812(F)

disulfide bridges in proteins, 1323,
1325(T), 1328

disulfur dichloride, 50(WE), 802, 1428(T)
disulfur difluoride, 802
disulfuric acid, 799(F)
diuretics, 909(T)
diving, deep-sea, 24(B)
diynes, 994
d/l notation (for enantiomers), see also

d/D notation; l/L notation
dl notation (for racemic mixtures), 906
DMF see dimethylformamide
DMSO see dimethylsulfoxide
DNA (deoxyribonucleic acid), 712–13(B),

846(B), 1332, 1335–6, 1337(B)
alkylating of, 1037
base-pairings in, 713(B), 1335–6,

1337(B)
complementary bases in, 713(B),

1335–6, 1337(B)
double-helix structure, 712(B), 713(B),

1335–6, 1337(B), 1339(F)
hydrogen bonding in, 712–13(B),

1335, 1341
nucleobases in, 1333
nucleotides in, 1333, 1334(F)

platinum coordination to, 846
templating, 1336

DNOC (4,6-dinitro-o-cresol), 1150(B)
docosahexaenoic acid, 1303(T)
dodecane, IR spectrum, 421(F), 1055(F),

1080(F)
dodecan-1-ol, IR spectrum, 411–12(WE),

1080(F)
dodecylammonium ion, 645(B)
donor atoms (in coordination complex),

826
notation, 835

L-dopa, 909(T), 1151(B)
double bonds
migration in alkenes, 985–7
and stereoisomerism, 238–9

double-headed arrows (in resonance
structures), 150

double-helix structure of DNA, 712(B),
713(B), 1335–6, 1337(B), 1339(F)

double salts, 752
see also alum

doublet of doublets (in NMR spectrum),
471, 471(F)

doublets in NMR spectra, 464, 464(F),
465(B), 466(F)

doubly degenerate d orbitals, 860, 861(F),
862(B)

Downs process (sodium and dichlorine),
636, 655, 725–6, 726(F), 818(P)

drinking water
arsenic in, 790(B)
heavy metals in, 935(B), 1372

analysis, 1372–3
EU permitted levels, 1372(T)

lead in, 935(B)
analysis, 1372–3

nitrates and nitrites in, 778, 1171
WHO standards, 778, 790(B), 935(B),

1171
Drude–Lorentz theory, 346
drugs
chiral drugs, 908, 909(F), 909(T),

920(P)
testing for illicit drugs, 1358–61
see also medical applications;

pharmaceuticals
dry-cleaning solvents, 943(B), 1013
‘dry ice’ see solid CO2

drying agents, 701, 733, 736, 759, 763, 781
ductile metals, 749, 766
dust particles, monitoring in air, 399(B)
dyes, 438(F), 444(P), 805, 1150(B), 1160,

1161(F), 1169–70
as biological stains, 438(F), 440–1(B),

1169
calcium-specific, 1247
fixation of, 440(B), 751, 752
protein-specific, 1323

dynamic systems, equilibria as, 539
dynamite, 1072

E1 mechanism, 1030–2
in competition with SN1 mechanism,

1031, 1035
examples, 1084

E2 mechanism, 1032–4
in competition with SN2 mechanism,

1035–6
examples, 1085, 1113

(E)-alkenes
formation of, 989, 990, 1032, 1033,

1034(F), 1085
syn-addition to, 974

eg set of d orbitals, 860, 861(F), 862(B)
(E)-isomers, 239, 890, 989, 990, 1033,

1034(F)
moth pheromones, 1060(B)
nomenclature, 890–2, 891(F), 892(F)
origin of term (E), 239(N), 891(F)

E-numbers (for food additives), 1150(B),
1169, 1170(F), 1204(B), 1298(B),
1362(T)

(E )–(Z) isomerization, 954
Eadie–Hofstee equation, 530–1
Earth’s atmosphere

composition, 692(F), 755, 770, 794,
812, 879(B)

see also air
eclipsed conformations, 910, 910(F),

911(F), 912(F)
examples, 924, 924(F), 1033, 1034(F)

ecstasy (drug), 1112, 1358, 1359(F)
Eden Project greenhouse, 334(B)
[edta]4– see ethylenediaminetetraacetate

ion
effective magnetic moment

experimental determination of, 865, 867
listed for various octahedral

complexes, 868(T)
relationship to magnetic susceptibility,

867
spin-only formula in calculations,

869(WE)
units, 867

effective nuclear charge (Zeff), 108
calculation of, 108, 196
d-block metal ions, 826
electronegativity based on, 196
in heteronuclear diatomic molecules,

183
and ionization energies, 683(F)

effusion of gas molecules or atoms, 25–6
eicosanoic acid, 267(B)
eicosanoid lipids, 1305, 1307(F)
eicosapentaenoic acid, 1303(T)
eigenfunctions, 92
eigenvalues, 92
eigenvectors, 92
eight-electron (8-electron) rule see octet

rule
eighteen-electron (18-electron) rule, 120,

872–3, 873(WE)
Einstein, Albert, 90
electric charge, unit, 4(T)
electric dipole moment, 196
electric discharge tubes, 812
electrical conductivity, 339, 663
electrical conductors, 339, 345, 346(WE)
electrical current, unit, 3(T)
electrical insulators, 339, 345

applications, 735, 756(B)
electrical resistivity, 340, 663

diamond, 339, 341(T)
graphite, 339
titanium, 346(WE)
values listed for various elements, 339,

341(T), 349(T), 350–1(P)
electrochemical cell potential, 650

see also standard cell potential
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electrochemical cells, 636
applications, 657–9, 768(B)
cell diagrams, 638(F), 639, 641
Gibbs energy change in, 639, 640(WE)
see also electrolytic cells; galvanic cells

electrochemical end-point detection, 1350
electrochemical series, 642(T), 695(T),

1430–3(T)
applications, 646–7, 695, 696, 722, 749,

768, 800, 807(T), 809, 813
electrochemistry, 636–62
electrodes

calomel (reference), 651
ion-selective, 658, 659(F)
silver/silver chloride (reference), 651,

651(F)
standard hydrogen (reference), 640,

641(F), 651
electrolysis, 654

of aqueous NaCl solution, 655, 727
commercial applications, 655, 656, 726,

726(F), 727, 748
copper purification by, 655, 656,

656(F), 657(WE)
Faraday’s Laws, 656–7, 657(WE)
of molten salts, 636, 654, 726, 726(F),

748, 805
of water, 655, 794

electrolyte, 654
electrolytic cells, 636, 654–6
electromagnetic radiation

particle-like behaviour, 88(B), 90
quantization of, 88(B), 90
relationship of frequency and

wavelength, 89(B), 1390
wave properties, 88(B)
see also light; X-rays

electromagnetic spectrum, 379(F),
1391(F)

infrared region, 379(F), 1391(F)
microwave region, 379(F), 1391(F)
radiofrequency region, 379(F),

1391(F)
and spectroscopic techniques, 378–9,

379(F)
ultraviolet–visible region, 379(F),

428(F), 1391(F)
visible region, 383(T), 438–41, 1391(F)

electromotive force (emf), unit, 4(T)
electron, 7

binding energy, 169(B)
in Bohr’s model of atom, 87–9
chemical properties affected by

numbers, 86
in classical model of atom, 87
discovery of, 88(B)
effects on other electrons in atom,

106–7
excited state, 106
location in hydrogen atom, 105–6
lone pair(s), see also lone pair(s) of

electrons; unpaired electrons
in molecular orbital, 154
in non-bonding molecular orbital, 188
orbital angular momentum, 96, 97(B)
penetration in atomic orbitals, 106
physical properties, 7(T), 114
probability density, 93
probability of finding, 91, 94
quantum numbers for, 95–8, 98(WE)

radial distribution functions, 94–5,
95(F), 103(F), 107(F)

‘sea of electrons’, 346
shielding of other electrons, 107, 284
spin angular momentum, 98
wave–particle duality, 90

electron affinities, 195, 288–91
enthalpy changes associated with,

288–91, 683–5
listed for various elements, 290(T),

684(F), 1405–6(T)
and Mulliken electronegativity values,

195
periodicity, 683–5, 684(F)
sign convention, 288

electron attachment energies see electron
affinities

electron binding energy, 169(B)
electron-deficient centres/ molecules, 936,

946, 964, 1018
electron density maps, 280–1
of ionic lattices, 281(F), 304, 304(F)

electron diffraction, 129, 132
compared with other diffraction

methods, 130, 130(T)
electron–electron repulsions, 87, 122, 137
electron impact ionization mass

spectrometry (EI-MS), 352, 353
compared with ESI-MS, 354(B), 355(B)
limitations, 353, 354(B)

electron paramagnetic resonance (EPR)
spectroscopy, 377(T)

electron-releasing groups
alkyl groups as, 946
in aromatic compounds, 1146
carbenium ions stabilized by, 965, 1022
and carbonyl bond polarization, 404
and IR spectra, 404, 405(F)
radicals stabilized by, 946

electron spin resonance (ESR)
spectroscopy, 377(T)

electron transfer
in oxidation, 44, 172
in reduction, 44, 172

electron volt (non-SI unit), 1401(N), and
facing inside back cover

electron affinity units, 288
electronegativity units, 192, 195
ionization energy units, 281

electron-withdrawing groups, 1006
in aromatic compounds, 1145, 1146,

1163, 1171
in dienophiles, 958, 960
in Hantzsch synthesis, 1266
in hydrolysis of aldehydes and ketones,

1220
IR spectra affected by, 404–5
pKa values of carboxylic acids affected

by, 1006, 1214
electronegativity, 191–6
Allred–Rochow values, 196
bond dipole moments calculated from,

1002, 1004
bond dissociation enthalpies calculated

using, 193(WE)
bond polarity determined using,

699–700
dependence on bond order, 194
dependence on oxidation state, 193–4
Mulliken values, 195

Pauling values, 191–3
listed for various elements, 192(T),

700(T), 1400(T)
and polar bonds, 1002, 1004
values for various hydrocarbons,

993(T)
electroneutrality principle, 835–6, 836–

7(WE), 870
electronic components, RoHS analysis,

1373–5
electronic configurations, 117–19

for d-block elements, 824, 825(T), 826
for d-block octahedral complexes, 862
determination of, 118(WE), 119(WE)
see also ground state electronic

configurations
electronic spectroscopy, 377(T), 379,

379(F), 427–45
benzene and other aromatic

compounds, 381(WE), 1129–30
coordination complexes, 439, 858, 864–5

electronic transitions
p*3��p transitions, 430
in benzene UV spectrum, 1130
dependence on number and

arrangement of C¼¼C bonds, 430,
436

effect of conjugation, 433–8
in vacuum-UV region, 429

electroosmotic flow (EOF), 1367–8
electropherograms, 1368(F)
electrophiles, 915, 964

alkenes as, 984
attack on benzene ring, 1141, 1142
attack on enol-tautomer and enolate

ion, 1196–7
halogenalkane carbon atom as, 1016
HSO3

þ ion, 1142
NO2

þ ion, 1141
electrophilic addition mechanisms

addition of H2O
alkenes, 970–1
alkynes, 990–1

addition of H2O þ X2, alkenes, 972
addition of halogens
alkenes, 966–8, 972–3, 1010, 1011
alkynes, 989

addition of hydrogen halides
alkenes, 964–6, 968–9, 972–3, 1010,

1011
alkynes, 989–90

oxidation of alkenes, 973–4
by ozone, 974–5

oxidation of alkynes, 992
by ozone, 992

electrophilic substitution reactions
activation of pyridine towards, 1272–5
in aromatic compounds, 1134–6, 1145–6,

1152, 1166, 1169
in aromatic heterocyclic compounds,

1260–3, 1264, 1271–5
in carbonyl compounds, 1219–24
mechanism, 1137–42, 1260–2

electrophoresis, 1321–3
see also capillary zone electrophoresis

electropositive metals, 694–5
electrospray ionization mass spectrometry

(ESI-MS), 352, 354–5(B), 1354
applications, 373(P), 1073(B)
compared with EI-MS, 354(B), 355(B)
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electrostatic interactions
in atomic structure, 87
attraction, 87, 106, 291–2, 292(WE)
between ions, 291–2
between metal ions and ligands, 859–60
in ionic lattice, 87, 307
repulsion, 87, 106, 292

elementary reactions, 514–16
rate equations for, 517

elementary steps, 515–16
combining into reaction mechanism,

517–20
molecularity, 516

elements, 7–9
classification of, 7
listed, inside front cover
meaning of term, 7
origin of names, 8(B)
solid-state structures, 319–51

elimination reactions
alkenes synthesized by, 957, 1030–4,

1084–5
alkynes synthesized by, 988
in competition with nucleophilic

substitution reactions, 1035–6
E1 mechanism, 1030–2, 1084
E2 mechanism, 1032–4, 1085, 1113
enzymic catalysis of, 1332
halobenzenes synthesized by, 1168–9
of halogenoalkanes, 1030–4, 1046
Hofmann elimination, 1113–14
intermolecular elimination, 1046
intramolecular elimination, 1030–4
Sandmeyer reaction, 1168–9
see also b-eliminations; E1. . .; E2

mechanism
Ellingham diagram, 607(F), 607–8(WE)
emergency (‘space’) blankets, 749
emission spectra, 110(B)

of hydrogen atom, 109(F), 126(P), 378
allowed transitions, 109, 110(F),
111(T)

selection rules for transitions, 109
emission spectrometer, 378
empirical formula, 48, 49(WE), 50(WE)
en (ligand) see ethane-1,2-diamine
enamines, 1257
enantiomers, 838–9, 897–903

characterizing, 900–1
of d-block coordination complexes,

838–9, 839(F), 840(F), 845
drugs, 908, 909(F), 909(T), 920(P),

1049–50, 1183–4
of glyceraldehyde, 901, 901(F), 1287
meaning of term, 838, 839, 897
non-superposability, 838–9, 839(F),

840(F), 897, 897(F), 899, 899(F),
901(F), 904(B)

notation systems, 901–3, 903(WE),
1287, 1289

racemization of, 908
resolution/separation of, 906, 907(B),

908
test for, 839, 839(F), 840(F)

end point of acid–base titration, 573, 574,
575, 576, 578, 579

detection by conductometric titration,
669–72

detection by indicators, 579, 580, 581
detection by pH monitoring, 572, 579

endo-configuration (bicyclic compounds),
958(B)

endoperoxides, 1045(B)
endothermic processes (phase changes),

78, 79(WE), 81
endothermic reactions, 63, 479
dissolution of substance, 63, 66(WE),

587, 603–4, 625
and electron affinities, 290, 685
enthalpy level diagram for, 63(F)
examples, 63, 66(WE), 479, 587, 603–4,

709
temperature effects, 540–1, 546
thermodynamic aspects, 615

-ene ending (on compound’s name), 886
energy
and enthalpy, 138, 505, 506, 588, 590
sources, 1083(B)
unit(s), 4, 4(T)

energy level diagrams see molecular
orbital (MO) diagrams

energy levels, hydrogen atom, 105
enflurane (anaesthetic), 277(F), 940,

940(F), 1012
enhanced greenhouse effect, 756(B)
enol-tautomer, 991, 1196
electrophilic attack on, 1196–7

enolate ion(s), 1196
alkylation of carbonyl compounds via,

1222–3
bonding in, 1196
electrophilic attack on, 1196–7
in electrophilic substitution reactions,

1219–24
formation of, 1113, 1222, 1232
nucleophilic attack by, 1222

enolization, 1113, 1222
enteric fermentation (in animals),

930(B)
enthalpy
and energy, 138, 505, 506, 588, 592
and heat, 62

enthalpy of atomization
and bond dissociation enthalpy, 143,

143–4(WE)
for group 1 elements, 350(T), 681,

682(F), 1407(T)
listed for various elements, 142(T),

350(T), 682(F), 1407(T)
enthalpy of bond dissociation, 138
enthalpy change, 62, 587
compared with Gibbs energy change,

605
and equilibrium constants, 602–4
and internal-energy change, 137–8,

281–2, 288
and ionization energy, 282
measurement of, 63–4, 65–6(WE)
SI units, 62
variation with temperature, 600–1

enthalpy of combustion, 71–3
listed for various alkanes and

cycloalkanes, 927(T)
enthalpy of condensation, 78
enthalpy of dissolution, 63, 624, 625
determination of, 66(WE)

enthalpy of formation, 68
of ions, 289(WE), 311
listed for various compounds,

1409–29(T)

enthalpy of fusion, 78, 79(WE), 621
difluorine, 330
ionic solids compared with covalent

solids, 81–2
methane, 81
noble gases, 122(T), 328
values listed, 79(T), 343, 344, 350(T)

enthalpy of hydration, 624–5
values listed for various ions, 625(T)

enthalpy of hydrogenation, benzene vs
cyclohexane, 1122, 1123(F)

enthalpy of ion formation, 195, 288–91
enthalpy of ionization, 282
enthalpy level diagrams, 63
enthalpy of reaction, 62–3, 479

effect on entropy of surroundings, 623,
623(F)

estimation of, 65(WE)
for pentane, 479

enthalpy of solidification, 78
enthalpy of solution, 624

estimation of, 66(WE)
listed for various compounds, 603(T)

enthalpy of solvation, 624
enthalpy of vaporization, 78, 621

alcohols, 79(T), 1078(T)
alkanes, 79(T), 81, 1051(T)
amines, 1105, 1106(T)
carbonyl compounds, 79(T)
ethers, 1051(T), 1052(T)
hydrides, 711(F)
noble gases (listed), 122(T)
relationship with boiling point, 621,

621(WE), 711
values listed for various elements and

compounds, 79(T), 122(T)
entropy, 614, 616

Boltzmann’s definition, 616
ligand displacement reactions affected

by845, 847
statistical approach, 616
temperature dependence, 617–19,

620(WE)
see also standard molar entropy

entropy change
on dissolution in water, 625–6
and phase change, 620–2

entropy change of fusion, 621, 621(WE)
entropy change for reaction, 622,

622(WE), 623–4
entropy change of vaporization, 621

effect of hydrogen bonding, 622
Trouton’s rule, 621

envelope conformation, 924
environmental concerns

acid drainage from mines, 558–9(B)
acid rain, 772(B), 777, 783(B), 797(B)
air pollution, 399(B), 734(B), 774,

774(F), 797(B), 935(B), 1044, 1046
arsenic in groundwater, 790(B)
biofuels, 85(P), 970, 1083(B), 1218–

19(B), 1240(P), 1303
carbon cycle, 879(B)
dioxins, 1044, 1046, 1355–6
eutrophication of lakes, 783(B)
greenhouse gases/effect, 756(B), 930(B)
nitrates and nitrites in water, 778, 1171
nitrogen cycle, 772(B)
ozone layer depletion, 943(B)
pollution by lead, 767(B), 935(B)
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polychloro-aromatic compounds,
1158(B)

recycling of plastics, 979(B)
environmental monitoring

of air pollutants, 399(B)
of dioxins, 1355–8

enzymes, 73(B), 1331–2
as catalysts, 512, 526, 1071, 1297, 1331–2
kinetics, 526–8, 529–30(WE)
‘lock-and-key’ model, 526
structures, 512(F), 529(F), 566(B),

653(B), 785(B)
substrate specificity, 526

enzymic browning, 1213(T)
enzymic hydrolysis

of carbohydrates, 1297, 1299
of esters, 1207–8

enzymic oxidation, 73(B), 1213
eosin Y (stain), 440(B), 441(B)
epibatidine, 1245(B)
epichlorohydrin, 1048(B), 1153, 1159
epimers, 1287
epoxides, 1044

in nature, 1059, 1060–1(B)
polymerization of, 1059, 1062–4
reactivity, 1056–9
ring-opening reactions, 1048(B), 1056–9
synthesis, 1049
see also oxiranes

epoxy resins, 1048(B), 1153
EPR (electron paramagnetic resonance)

spectroscopy, 377(T)
equations

Born–Landé equation, 310
Eadie–Hofstee equation, 530–1
Gibbs–Helmholtz equation, 607(N)
Henderson–Hasselbalch equation, 565
ideal gas equation, 20, 22(WE), 80, 589
Kirchhoff’s equation, 600–1
Lineweaver–Burk equation, 528, 530
Michaelis–Menten equation, 528
Nernst equation, 648–9
Schrödinger wave equation, 88(B),

91–3, 147
van der Waals equation, 80–1
see also laws and principles

equatorial positions in molecules, 230,
235, 787, 925, 925(F), 926, 926(F),
1291

equatorial sp3d hybrid orbitals, 263,
265(F), 268(F)

equilibria, 61, 539–86
acid–base equilibria, 547–55

equilibrium constants, 539, 541–7, 601–2
for acid dissociation, 548, 548–9(WE),

668–9(WE)
for base dissociation, 553
determination of, 543–4(WE)
and enthalpy change, 602–4
for gaseous equilibria, 546(T)

temperature dependence, 546–7,
546(T), 605–6

listed for formation of various
compounds, 602(T)

for pre-equilibrium, 520
range of values, 545–6
for self-ionization of water, 551
and standard Gibbs energy change,

609–13, 613–14(WE)
temperature dependence, 546–7, 615

thermodynamic equilibrium constants,
541–3, 543–4(WE)

for weak electrolytes, 667
see also acid dissociation constant; base

dissociation constant; self-
ionization constant; solubility
product constant

equilibrium mixture, determining
composition, 544–5(WE)

equilibrium sign, meaning of, 539
equivalence point (in acid–base titration),

573, 574, 575, 576, 578, 578–9
detection of, 581

Ernst, Richard R., 449
erucamide, 1229(B)
erucic acid, 267(B)
erythro-stereoisomers, 970, 970(F)
D-erythrose, 970, 1287, 1290(F)
ESR (electron spin resonance)

spectroscopy, 377(T)
essential fatty acids, 1301
essential oils, 904(B), 982–3(B), 1177(P)
extraction of, 985(B)

esterification
of carboxylic acids, 539, 1088, 1203,

1205
equilibria for, 539
of phenol, 1159
reaction kinetics, 498–9(WE)

esters, 1187–9
acidity, 1217
alkylation of, 1222–3
in biodiesel, 1218(B)
electronic spectroscopic data, 437(T)
and fruit essences, 1187, 1188(F)
functional group in, 54(T), 404, 883
general formula, 1179
hydrolysis of, 1206–8
IR spectroscopy, 405(F), 405(T), 1193,

1194(F)
NMR spectroscopy, 454(T), 455(F)
nomenclature, 1189
odours, 1088, 1187, 1188(F), 1191
reactions with ammonia, 1210
reduction of, 1075, 1198
structures, 1189
synthesis, 539, 1088, 1159

extraction procedure after, 1053
etching of glass, 721, 721(F)
ethanal, 54(T)

13C NMR spectrum, 456, 457(F)
industrial production, 2
IR spectrum, 405(F)
molecular shape, 405(F)
see also acetaldehyde

ethane
acidity/pKa, 993(T)
bond cleavage in, 139, 139(F)
bonding in, 129(F), 180, 180(F)
combustion of, 72(WE)
conformers, 910–11, 910(F)
empirical and molecular formulae, 48,

887(T)
molecular shape, 129(F), 180(F), 215
physical and thermodynamic

properties, 79(T), 993(T), 1078(T),
1413(T)

steric energy changes on bond rotation,
911–12

structural formula, 887(T)

1,2-ethanediamine (ethane-1,2-diamine),
1098

acid–base equilibria, 1109
as ligand (en), 826, 827(F), 828(T),

830(F), 845
physical and thermodynamic

properties, 1413(T)
ethanedioate ion see oxalate ligand
ethane-1,2-diol

common/trivial name, 974, 1069(T)
industrial manufacture, 974, 1049,

1056, 1071
physical and thermodynamic

properties, 1413(T)
uses, 974, 1049, 1056, 1071

ethanethiol, 54(T)
ethanoic acid see acetic acid
ethanol, 54(T), 882

bonding in, 31
combustion of, 605(WE)
compared with dimethyl ether, 1051
dehydration of, 957, 1046
formation of, 508(WE), 970, 988
hydrogen bonding in, 460
industrial manufacture, 970, 1071
intermolecular interactions, 460
IR spectrum, 1095(P)
mass spectrum, 360–1, 361(F), 1081–2
molecular dipole moment, 1004
molecular shape, 31, 468(F)
as motor fuel, 970, 1083(B)
NMR spectra, 467–8, 468(F), 473(B),

1081
physical and thermodynamic

properties, 67(T), 79(T), 1112,
1191(T), 1414(T)

reactions, 539, 605(WE), 1086, 1209
as solvent, 67(T), 882, 1071

ethene
acid-catalysed addition of H2O, 970
bonding in, 430, 431(F), 953, 953(F)
cycloalkanes produced from, 934, 936
electrophilic addition of HBr, 964–5
halogenation of, 70–1(WE), 966–8,

1123
hydrogenation of, 613–14(WE)
industrial output (Europe), 1133(F)
molecular structure, 238, 880, 882
oxidation of, 1049, 1071
photochemical dimerization of, 936
physical and thermodynamic

properties, 70(WE), 1414(T)
p-molecular orbitals, 431(F), 959
polymerization of, 978(B), 980–1
reactions, 934, 936, 964–5
synthesis, 957, 1084
uses, 980(F)

ether extraction technique, 1053, 1112
ethers, 1042–67

cleavage of, 1056, 1074(F)
common/trivial names, 886(F), 1043(T)
compared with alcohols, 1051
functional group in, 54(T), 883–4
general formulae, 883
identification by IR spectroscopy, 1055
IR spectra, 1055(F)
nomenclature, 1042–4
physical properties, 1051–2, 1052(T)
compared with parent alkanes, 1051,

1051(T)
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ethers (continued )
reactivity, 1055–9
as solvents, 883, 1014, 1042, 1052–3
synthesis, 1036, 1046–7, 1049–50, 1082,

1159
see also acyclic ethers; cyclic ethers

ethoxide ion/salts
enolates prepared using, 1223
formation of, 730, 1077, 1086
in halogenoalkane reactions, 1035,

1036
ethoxymethane, 1043

see also diethyl ether
ethyl acetate, 54(T), 405(F), 1414(T)
ethyl group, 894

abbreviation for, 887
orientation effects in aromatic

compounds, 1143(T)
ethylamine, 54(T)

mass spectrum, 1111(F)
physical properties, 1108(T), 1259(T),

1414(T)
ethylbenzene, 1131

industrial output (Europe), 1133(F)
IR spectrum, 409(F)
oxidation of, 1152
physical and thermodynamic

properties, 1414(T)
5-ethylcyclohexa-1,3-diene, 956
ethylcyclopentane, 922
3-ethyl-2,5-dimethylpyrazine, 1249(B)
ethylene glycol, 886(F), 1069(T)

industrial manufacture, 974, 1049, 1056
see also ethane-1,2-diol

ethylene oxide, 974, 1044
see also oxirane

N,N,N’,N’ -ethylenediaminetetraacetate
ion, as ligand ([edta]4–), 829(T),
848, 848(F)

4-ethylheptane, 887, 888(F)
1-ethyl-3-methylcyclohexane, 923
4-ethyl-3-methylheptane, 889(T)
ethyne

acidity/pKa, 993(T)
bonding in, 953, 953(F)
cyclization of, 960
molecular shape, 219, 882
physical and thermodynamic

properties, 993(T), 1414(T)
eugenol, 985(B)
European football, 335(B)
European Union

biodiesel production, 1219(B)
food additive numbering system,

1150(B), 1169, 1170(F), 1204(B),
1298(B), 1362(T)

permitted levels of metals in drinking
water, 1372(T)

RoHS Directive (on electronic
equipment materials), 1373

europium, 679(T), 681(F), 686(F),
1403(T)

eutrophication, 783
exchange energies, 284(N)
exchange processes, protons in 1H NMR

spectra, 460
excited state, 106, 108

electromagnetic radiation emitted by,
110(B), 108–9, 378

exhaust gas recirculation, 775(B)

exo-configuration (bicyclic compounds),
958(B)

exothermic processes (phase changes), 78,
80(WE), 81, 143(WE), 312

exothermic reactions, 62–3
combustion, 63, 72, 479
dissolution of substance, 624
and electron affinities, 685
enthalpy level diagram for, 63(F)
examples, 63, 72, 479, 587, 697(B), 727,

733
temperature effects, 540–1, 547, 697(B)

explosive compounds/reactions, 69, 76,
524, 602, 696, 707, 709, 721, 727,
734(B), 771, 786, 801, 808, 811, 939,
974, 993, 1011, 1103, 1149, 1168

explosives, 373(P), 771, 818(P), 885, 1072,
1073(B), 1299

forensic analysis, 1073(B), 1171
extended conformation, 847, 848(F), 912,

931(F)
extended structures
carbonyl compounds, 1192, 1192(F)
see also infinite covalent structures

eye pigments, 955(B)

f-block elements, 27(F), 28, 677, 678(F),
742

ground state electronic configurations,
1402(T), 1404(T)

nomenclature, 28
physical and thermodynamic

properties, 681(F), 1402(T),
1404(T)

see also actinoids; lanthanoids
19F NMR spectroscopy, 450(T)
f orbitals, 98
fac-isomers, 237(F), 847(F), 848(F)
face-centred cubic (fcc) arrangement,

299(F), 301(F), 320, 324(B), 325,
327

fullerenes and fullerides, 336(B), 337(F)
metallic elements, 343, 343(T), 344,

345(T)
see also cubic close-packing

FAD (flavin adenine dinucleotide), 1320
far-infrared region of electromagnetic

spectrum, 1391(F)
far-infrared spectroscopy, 377(T)
far-UV region of electromagnetic

spectrum, 428(F)
see also vacuum-UV region

Faraday, Michael, 656, 1121
Faraday constant, 639, 649, 657, 670, and

facing inside back cover
Faraday’s Laws of Electrolysis, 656–7,

1350
fats and oils, 1070(B), 1072
composition, 425(P), 1302–3
IR spectra, 424–5(P)
metabolism of, 73(B), 267(B)

fatty acid amide hydrolase (FAAH),
1229(B)

fatty acid amides, 1229(B)
fatty acids, 1183, 1206
nomenclature, 1301
production from plants, 267(B)

Fehling’s solution, 1295–6, 1296(F)
feldspars (minerals), 748, 754
fenbufen, 1183

fenoprofen, 1183
fentanyl (drug), 1115, 1228, 1228(F),

1359(F)
ferrate salts, 815
ferredoxins, 652–3(B)
ferric alum, 752
ferromagnetism, 866(B)
fertilizers, 697(B), 726, 773, 781, 800,

1210, 1246
fibres

forensic analysis, 410(B)
see also synthetic fibres; textile fibres

fibrils (in textile fibres), 1299, 1300(F)
fibrous proteins, 1328, 1329(F)
fibrous sulfur, 333
FID (free induction decay) plots, 449,

449(F)
field effect, 1005
fingerprint detection/imaging, 441(B),

645(B)
fingerprint region (of IR spectrum), 402–3
fire hazard, 1053, 1086
fireflies, 785(B), 1246
fire-resistant material, 760
fireworks, 731, 734(B), 811

air pollution caused by, 734(B)
first ionization energy, 112, 195, 281–2,

286, 287
and enthalpy changes, 282
group 1 elements, 286(F), 683(F), 688,

688(T), 1401(T), 1402(T), 1403(T),
1404(T)

listed for various elements, 122(T),
283(F), 285(F), 286(F), 287(F),
683(F), 688(T), 1401–4(T)

noble gases, 122(T), 683(F), 1401(T),
1402(T), 1403(T), 1404(T)

trends, 283–8, 682–3
across first period, 283–4, 683
across second period, 284–5, 683
across third period, 285–6, 683
down groups, 286, 683

see also ionization energy
First Law of Thermodynamics, 590–1
first-order kinetics, 485, 487(F), 491,

491–2(WE), 495, 520
elimination reactions, 1030
enzyme reactions, 526
nucleophilic substitution reactions,

1017–18
radioactive decay, 501, 503, 503–4(WE)

Fischer, Emil, 1288(B)
Fischer projection (for sugars), 1288(B)
fission

nuclear, 806(B)
see also bond cleavage

five-fold degenerate orbitals, 101, 821
flame proofing/retardants, 744, 787, 791,

805
flame tests, 734(B)
flavin adenine dinucleotide (FAD), 1320
flavin adenine dinucleotide (FAD/

FADH2) couple, 653(B)
flavonoids, 1151(B)
floral scent compounds, 881(F), 883
fluorescence spectroscopy, 377(T)
fluorescent lighting tubes, 812
fluoride acceptors, 786, 792, 802, 804
fluoride anion, 29–30, 182

as ligand, 828(T)
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fluoride cation, 182
fluoride donors, 802, 804
fluoridosilicic acid, 764
fluorinating agents, 786, 812–13, 1011
fluorine

electron affinity, 684(F), 1406(T)
ground state electronic configuration,

119(T), 120, 162, 181(F), 182, 186,
250, 279, 679(T), 1401(T)

and octet rule, 120, 121(WE), 250
Pauling electronegativity value, 192(T),

700(T), 1400(T)
physical and thermodynamic

properties, 11(T), 79(T), 135(T),
136(F), 140(T), 142(T), 191(T),
192(T), 278, 279, 305(T), 682(F),
684(F), 700(T), 1397(T), 1400(T),
1401(T), 1406(T), 1407(T),
1421(T)

in polyatomic molecules, 220 & (N)
see also difluorine

fluorine atom, 29
fluorite (mineral), 298, 732, 736, 805
fluorite (CaF2) structure type, 298

example compounds, 299(T), 736
Madelung constant for, 308(T)
representation as close-packed array,

324(B)
unit cell, 299(F)

fluoroalkanes
molecular dipole moments, 1004
synthesis, 1011–12
see also CFCs

fluoroapatite, 784
3-fluorobenzamide, 1190, 1190(F)
fluorocarbons, 763
fluorosulfuric acid, 798
fluoxetine (Prozac ), 920(T), 1012, 1047,

1072, 1075, 1102, 1368
flutamide (drug), 1241(P)
fluxionality, 40–1
folded conformation, 924, 925(F)
folded rings, 924
folic acid (vitamin B9), 1183
food additives, 781, 1150(B), 1204(B),

1313, 1316, 1362(T)
analysis of, 1363–6
E-numbers for, 1150(B), 1169, 1170(F),

1204(B), 1298(B), 1362(T)
food colours, 1169–70

analysis of, 444(P), 445(P)
E-numbers for, 1169, 1170(F), 1362(T)

food flavours, 1180, 1181, 1187, 1188(F)
food industry, quality control in, 1362–6
food preservatives, E-numbers for, 1362(T)
food products/foodstuffs

furan and derivatives in, 1255
water content in, 1349

foods, calorific values (energy content),
72(B)

fool’s gold, 795
force, unit, 4(T)
force constant

of bond, 394
for carbon monoxide, 395–6(WE)
for hydrogen halides, 394(F)

of spring, 392
forensic science

explosives analysis, 373(P), 1073(B), 1171
fingerprint detection, 441(B)

gunshot residues analysis, 1171, 1375–7
illicit-drugs analysis, 1358–61
ink analysis, 374(P)
IR fingerprinting technique, 410(B)
textile fibre analysis, 410(B), 425(P)

forensic toxicology, 1361
formaldehyde, 886(F)
molecular structure, 220
physical and thermodynamic

properties, 602(T)
reactions, 1014(F), 1075, 1226
in resins and polymers, 1150(B), 1154(B)
systematic (IUPAC) name, 1181

formamide, 886(F), 1187
formic acid, 886(F), 1184, 1186(B)
pH of aqueous solution, 555–6(WE)
physical properties, 1192, 1193(T)
pKa value, 549, 1212(T)
structure, 220, 1184
systematic (IUPAC) name, 1184

forward reactions, 512, 539
Fourier transform, in NMR

spectroscopy, 449
FOX-7 (explosive), 1073(B)
fractional bond order, 172, 209, 1121
fractional distillation
coal tar, 1120
crude oil, 933, 933(F), 1120
liquid air, 771, 794, 812

francium, 679(T), 725, 1404(T)
Franklin, Rosalind, 1337(B)
Frasch (sulfur) process, 795
Fraunhofer lines, 127(P)
free energy see Gibbs energy
free induction decay (FID) plots, 449,

449(F)
free radicals see radicals
free water (in foodstuffs), 1349
freezing of liquid, 78
frequency
electromagnetic radiation, 379(F),

1391(F)
relationship to wavelength, 89(B), 1390
unit, 4(T)

Friedel–Crafts acylation, 1135, 1140–1,
1157, 1198–9, 1262, 1263

Friedel–Crafts alkylation, 1135, 1139–40,
1147, 1157, 1167

polyalkylation in, 1135, 1147
Friedel–Crafts reactions, solvent for, 1166
D-fructose, 1289
formation of, 492
open vs ring forms, 1293
structure, 493(F), 1181, 1290(F), 1292(F)

fruit essences and flavours, 1187, 1188(F)
fruit juices, analysis of, 473(B)
fuel additives, 696, 767(B), 787
fuel cells, 696, 740(P)
fuels, combustion of, 71–2, 696
Fuller, (Richard) Buckminster, 334(B)
fullerenes, 8, 333, 335(B)
C60, 333, 335, 335(B), 335(F), 337

mass spectrum, 357(F), 360
structure, 8(F), 246, 335(F), 337(F),

358
origin of name, 334(B)

fullerides, alkali salts, 336–7(B)
fully occupied orbitals, 121, 812
d-block metals, 824
see also noble gas configuration

functional groups, 52, 54(T), 882–5
in acid chlorides, 54(T), 885
in alcohols, 52, 54(T), 882, 1068
in aldehydes, 54(T), 883
in alkenes, 52, 881
in alkynes, 881
in amides, 54(T), 884
in amines, 54(T), 884, 1097
in carboxylic acids, 54(T), 883
in esters, 54(T), 883
in ethers, 54(T), 883–4
in halogenated compounds, 54(T), 884
and IR spectroscopy, 402, 404–12
in ketones, 54(T), 883
in nitriles, 54(T), 885, 1103
in nitro compounds, 54(T), 885
in thiols, 54(T), 885

fundamental absorption in vibrational
spectrum, 395

fungicides, 800, 1158(B)
furan, 1044

acylation of, 1263
aromaticity, 1253–4, 1265
bonding in, 1253, 1253(F)
as building block in drugs, 1050
catalytic hydrogenation of, 1050
Diels–Alder cyclization, 1265
as diene, 1265
nitration of, 1263–4
NMR spectrum, 471
physical properties, 1255
reactions, with Br2 in MeOH, 1262
structure, 1252–3
sulfonation of, 1264
synthesis, 1050, 1258
uses, 1050

furanose form (of monosaccharides),
1288(B), 1292(F), 1293

Furchgott, Robert, 208(B)
furfural, 1050
furnishing foams, 943(B)
fused bicyclics, 924
fusion see enthalpy change of fusion

g-radiation, 501
g-ray region (of electromagnetic

spectrum), 1391(F)
Gabriel synthesis, 1102
gadolinium, 679(T), 681(F), 683(F),

1403(T)
gadolinium(III) complexes, 448(B), 852
D-galactose, 1070(B), 1290(F)
galena (mineral), 766, 767(B), 795
gall wasp, 904(B)
gallic acid, 1151(B)
gallium, 753

ground state electronic configuration,
679(T), 1402(T)

Pauling electronegativity value, 192(T),
700(T), 1400(T)

physical and thermodynamic
properties, 135(T), 192(T), 344,
681(F), 683(F), 686(F), 700(T),
753, 1396(T), 1400(T), 1402(T),
1407(T), 1421(T)

solid-state structure, 344
gallium arsenide (GaAs), 637(B), 789
gallium halides, 753–4, 1421(T)
gallium hydride, 705
gallium hydroxide, 753, 1421(T)
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galvanic cells, 636, 638–9, 640(WE)
garnets, 327(F)
gas

abbreviation for, 10
meaning of term, 9
see also ideal gas

gas chromatography (GC), 896(B)
high-resolution (HRGC), 1356
with mass spectrometry (GC-MS), 353,

896(B), 1356, 1357(F)
applications, 352, 515, 1356–61

with tandem mass spectrometry
(GC-MS/MS), 1358

gas laws, 16–27
gas-phase equilibrium constant, 543

determination of, 543–4(WE)
and Gibbs energy change, 609–14
listed for various equilibria, 546(T)
temperature dependence, 546–7,

546(T), 605–6, 697(B)
gas pressure, dependence on volume and

temperature, 20(WE)
gas volume

dependence on temperature and
pressure, 19(WE)

determination of, 22(WE)
gaseous diatomic molecules, bond

dissociation enthalpy, 143–4(WE)
gaseous equilibria, 540

equilibrium constants, 543, 546(T)
‘gasohol’, 1083(B)
gastrin, 1320–1
gauche conformation, 709, 710, 786,

787(F)
Gay-Lussac’s Law, 22, 23(WE)
gel permeation chromatography, 1356
gem-dihalides, 989–90
gemstones, 731, 749, 750(F)
general organic group, representation of,

882, 883, 884
gentian violet (dye), 440(B), 441(B)
geodesic domes, 334(B)
germanates, 766
germanes, 222, 223(T), 707, 1422(T)
germanium, 766

ground state electronic configuration,
679(T), 1402(T)

Pauling electronegativity value, 192(T),
700(T), 1400(T)

physical and thermodynamic
properties, 135(T), 140(T), 192(T),
341(T), 681(F), 682(F), 684(F),
700(T), 766, 1397(T), 1400(T),
1402(T), 1407(T), 1421(T)

as semiconductor, 348, 766
solid-state structure, 341, 344

germanium halides, 222, 223(T), 768–9,
1421(T)

reactions, 706(T)
germanium oxides, 766, 1421(T)
‘getter’ (in vacuum tubes), 732
GHB (‘date-rape’ drug), 1360
giant lattices see infinite covalent

structures
Gibbs energy, 604, 614

relationship to enthalpy, 614–15
Gibbs energy change, 61, 480, 588, 604,

614, 615
on dissolution of salts, 626
in electrochemical cell, 639, 640(WE)

and enthalpy change, 605, 614–15
and equilibrium constants, 609–14
on formation

of complexes, 851
listed for various compounds,
602(T), 1409–29(T)

in reaction isotherm, 612, 851
and stability of d-block aqua ions, 857
see also standard Gibbs energy. . .

Gibbs energy change for reaction, 604, 609
determination of, 611–12(WE)

Gibbs–Helmholtz equation, 607(N)
Gillespie, R.J., 225
glass electrode, 658, 659(F)
glass etching, 721, 721(F)
glass production, 744, 766, 768, 791
see also borosilicate. . .; silica glass

glassware cleaning, 779
globular proteins, 1328, 1330(F), 1332(F)
glucocorticoids, 1182
glucosamine, 1099(B)
D-glucose
acyclic form, 1288(B), 1290(F)
analysis, 384–5
anomers, 1291, 1292(F)
commercial production, 1297
cyclic forms, 1288(B), 1292(F)
cyclization of, 1290–2
fermentation of, 1071
formation of, 492
furanose form, 1070(B), 1288(B),

1292(F)
industrial manufacture, 1297
metabolism of, 73(B)
molecular formula, 1286
nomenclature, 1289
open vs ring forms, 1293
pyranose form, 1070(B), 1289(B),

1292(F)
representation of structures, 1070(B),

1288–9(B)
structure, 493(F), 1180, 1290(F),

1292(F)
glucose oxidase method for glucose

analysis, 384–5
glucosidases (enzymes), 1300
glucosides, 1295
hydrolysis of, 1295

glucosinolates, 267(B)
glucosylceramides, 1312, 1312(F)
L-glutamic acid, 1314(T), 1316
sodium salt (MSG), 1313, 1316,

1347(P)
L-glutamine, 1314(T)
glutathione, 1318–19
glutathione disulfide, reduction of,

1319–20
glutathione reductase (enzyme), 1320,

1320(F)
glyceraldehyde, 1180, 1287, 1289
enantiomers, 901, 901(F), 1287

absolute configuration, 902, 1287
glycerol (glycerine), 1069(T), 1070(B),

1072
as by-product, 85(P), 1072, 1207(F)
as food additive, 1362(T)
see also propane-1,2,3-triol

glycerophospholipids, 1305–11
glycinate anion, as ligand, 829(T), 853
glycine, 853, 1314(T)

glycogen, 1299–300
glycoglycerolipids, 1311
glycols, 974
glycoside linkages, 1295, 1296, 1297,

1299–300
cleavage of, 1297, 1332

glycosides
of anthocyanidins, 1247
formation of, 1295
hydrolysis of, 1297
in nature, 1294(B)

glycosphingolipids, 1311–12
glyoxal, determination in beer and wine,

1364, 1365(F)
gold

chlorido and cyanido complexes, 233
ground state electronic configuration,

679(T), 1404(T)
physical and thermodynamic

properties, 11(T), 67(T), 79(T),
343(T), 345(T), 1404(T), 1407(T)

gold nanoparticles, 645(B)
Gouy balance, 865, 867
Graham’s Law of Effusion, 25–6,

806(B)
applications, 27(WE), 806(B)

Gram method for bacteriological
staining, 440–1(B)

graphene sheet, 334(B)
graphical methods, order of reaction

determined using, 486–7,
487–9(WE), 496–9(WE)

graphite, 8, 339
conversion of diamond to, 77
electrical conductivity, 339
electrodes, 654
physical and thermodynamic

properties, 67(T), 339, 617(T)
structure, 8(F), 246, 339, 339(F)

Grätzel cell, 637(B)
Greek letters (listed), 1384(T)
‘greenhouse gases’, 756(B), 930(B)
grey tin, 341

physical and thermodynamic
properties, 341(T), 344, 1428(T)

as semiconductor, 348
transition from white tin, 344

Griess test (for nitrite ion), 1073(B), 1171
Grignard, Victor, 1014
Grignard reagents, 1014–15

alcohols synthesized via, 1014(F),
1075–6, 1226–7

carboxylic acids synthesized via,
1014(F), 1201–2

formation of, 1014
molecular structure, 1015
reactions (in general), 1014(F)
solvents for, 883, 1014
treatment with solid CO2, 1201

ground state electronic configurations,
117–18, 678–80

for d-block elements, 679(T), 824,
825(T), 1402(T), 1402–3(T),
1403–4(T)

determination of, 118(WE)
for group 1 elements, 679(T), 688(T),

1401(T), 1402(T), 1403(T), 1404(T)
for hydrogen atom, 105, 119(T),

131(B), 134, 679(T), 688(T),
1401(T)
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listed for various elements, 119(T),
679(T), 825(T), 1401–4(T)

for noble gases, 117, 118(F), 119(T),
121(T), 679(T)

group 1, 724–30
appearance of elements, 725, 727
boiling and melting points, 343(T), 688(T)
bonding in homonuclear diatomic

molecules, 172–3
electron affinities, 290(T), 684, 684(F),

1405(T)
ground state electronic configurations

of elements, 172, 173(T), 687,
688(T), 1401(T), 1402(T), 1403(T),
1404(T)

halides, 729
lattice energies, 312, 313(T)

hydrides, 700–2
hydroxides, 726–7
ionic radii, 305(T), 306(F), 687,

1396(T)
ionization energies, 283(F), 285(F),

286(F), 683, 683(F), 688(T),
1401(T), 1402(T), 1403(T),
1404(T)

metallic radii, 686(F), 1396(T)
metals in liquid ammonia, 708, 730, 984
oxides, peroxides and superoxides, 727–9
Pauling electronegativity values,

192(T), 1400(T)
periodicity, 286(F), 684(F), 686(F),

687–8
physical and thermodynamic properties

of elements, 173(T), 283(F),
285(F), 286(F), 305(T), 306(F),
350(T), 683(F), 688(T), 1396(T),
1401(T), 1402(T), 1403(T),
1404(T)

reactions, 47(WE), 688, 727, 1086
reducing agents, 729–30
solid-state structures, 342–3, 343(T)
sources of elements, 725
standard enthalpies of atomization,

682(F), 688(T), 1407(T)
superoxides, 729
uses, 725, 726
see also caesium; francium; lithium;

potassium; rubidium; sodium
group 2, 730–7

appearance of elements, 731(T)
electron affinities, 684–5, 684(F)
ground state electronic configurations

of elements, 1401(T), 1402(T),
1403(T), 1404(T)

halides, 735–6
hydrides, 700–2
hydroxides, 735
ionic radii, 305(T), 1396(T)
ionization energies, 283(F), 285(F),

286(F), 683, 683(F), 1401(T),
1402(T), 1403(T), 1404(T)

oxides, 733, 735
Pauling electronegativity values,

192(T), 1400(T)
periodicity in, 286(F), 684(F)
physical and thermodynamic properties

of elements, 283(F), 285(F),
286(F), 305(T), 683(F), 731(T),
1396(T), 1401(T), 1402(T),
1403(T), 1404(T), 1407(T)

solid-state structures, 343, 343(T), 730
sources, 731, 732
see also barium; beryllium; calcium;

magnesium; radium; strontium
group 3
ground state electronic configurations

of elements, 825(T), 1402(T)
oxidation states, 743(F)
physical and thermodynamic properties

of elements, 285(F), 1402(T),
1407(T)

see also actinoids; lanthanoids;
scandium; ytterium

group 4
ground state electronic configurations,

825(T), 1402(T), 1403(T)
oxidation states, 743(F), 814
physical and thermodynamic properties

of elements, 285(F), 305(T),
1402(T), 1403(T), 1407(T)

see also hafnium; titanium; zirconium
group 5
ground state electronic configurations

of elements, 825(T), 1402(T),
1403(T)

oxidation states, 743(F), 814
physical and thermodynamic properties

of elements, 285(F), 1402(T),
1403(T), 1407(T)

see also niobium; tantalum; vanadium
group 6
ground state electronic configurations

of elements, 824, 825(T), 1402(T),
1403(T)

oxidation states, 743(F), 815
physical and thermodynamic

properties of elements, 285(F),
305(T), 1402(T), 1403(T),
1407(T)

see also chromium; molybdenum;
tungsten

group 7
ground state electronic configurations

of elements, 825(T), 1402(T),
1404(T)

oxidation states, 743(F), 815
physical and thermodynamic properties

of elements, 285(F), 305(T),
1402(T), 1404(T), 1407(T)

see also manganese; rhenium;
technetium

group 8
ground state electronic configurations

of elements, 825(T), 1402(T),
1404(T)

oxidation states, 743(F), 815
physical and thermodynamic properties

of elements, 285(F), 305(T),
1402(T), 1404(T), 1407(T)

see also iron; osmium; ruthenium
group 9
ground state electronic configurations

of elements, 825(T), 1402(T),
1403(T), 1404(T)

oxidation states, 743(F), 816
physical and thermodynamic

properties of elements, 285(F),
305(T), 1402(T), 1403(T),
1404(T), 1407(T)

see also cobalt; iridium; rhodium

group 10
ground state electronic configurations

of elements, 825(T), 1402(T),
1403(T), 1404(T)

oxidation states, 743(F), 816
physical and thermodynamic properties

of elements, 285(F), 305(T),
1402(T), 1403(T), 1404(T),
1407(T)

see also nickel; palladium; platinum
group 11

ground state electronic configurations
of elements, 824, 825(T), 1402(T),
1403(T), 1404(T)

oxidation states, 743, 743(F)
physical and thermodynamic properties

of elements, 285(F), 305(T),
1402(T), 1403(T), 1404(T),
1407(T)

see also copper; gold; silver
group 12

ground state electronic configurations
of elements, 825(T), 1402(T),
1403(T), 1404(T)

oxidation states, 743, 743(F)
physical and thermodynamic properties

of elements, 285(F), 305(T),
1402(T), 1403(T), 1404(T), 1407(T)

see also cadmium; mercury; zinc
group 13, 743–54

covalent radii compared with van der
Waals radii, 135(T)

ground state electronic configurations
of elements, 1401(T), 1402(T),
1403(T), 1404(T)

halides, 751–2
hydrides, 703–7
ionization energies, 283(F), 285(F),

683, 683(F)
molecular shapes, 220, 220(F), 220(T),

221–2, 221(F), 223(T)
oxidation states, 742
oxides and hydroxides, 749–51
Pauling electronegativity values,

192(T), 700(T), 1400(T)
physical and thermodynamic

properties, 135(T), 192(T),
283(F), 285(F), 305(T), 344,
700(T), 1396(T), 1400(T),
1401(T), 1402(T), 1403(T),
1404(T), 1407(T)

solid-state structures, 337–8, 344
see also aluminium; boron; gallium;

indium; thallium
group 14, 754–70

band gap trend, 348, 348(F)
covalent radii compared with van der

Waals radii, 135(T)
ground state electronic configurations

of elements, 1401(T), 1402(T),
1403(T), 1404(T)

halides, 763–4, 768–70
hydrides, 707
molecular shapes, 220, 220(T), 221(F),

222, 223(T)
oxidation states, 742
oxides and hydroxides, 755–63,

766–8
Pauling electronegativity values,

192(T), 700(T), 1400(T)
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group 14 (continued )
physical and thermodynamic

properties, 135(T), 283(F),
285(F), 341(T), 344, 681(F),
684(F), 700(T), 1397(T), 1401(T),
1402(T), 1403(T), 1404(T),
1407(T)

solid-state structures, 333–7, 339–41,
344

standard enthalpies of atomization,
682(F), 1407(T)

see also carbon; germanium; lead;
silicon; tin

group 15, 770–93
bonding in homonuclear diatomic

molecules, 174–5
covalent radii compared with van der

Waals radii, 135(T), 136(F)
electron affinities, 1405(T)
ground state electronic configurations

of elements, 1401(T), 1402(T),
1403(T), 1404(T)

halides, 786–7, 792–3
Lewis acidity, 793

hydrides, 708–10, 711(F)
ionization energies, 283(F), 285(F),

286(F), 683, 683(F), 1401(T),
1402(T), 1403(T), 1404(T)

molecular shapes, 220–1, 220(T),
221(F), 222–3, 223(T)

oxidation states, 742
oxides, 773–7, 780–1, 791
oxoacids and salts, 777–8, 781–4, 786,

791–2
Pauling electronegativity values,

192(T), 700(T), 1400(T)
periodicity in, 286(F)
physical and thermodynamic

properties, 135(T), 136(F), 305(T),
700(T), 1397(T), 1407(T)

solid-state structures, 333, 341–2
see also antimony; arsenic; bismuth;

nitrogen; phosphorus
group 16, 794–804

covalent radii compared with van der
Waals radii, 135(T), 136(F)

electron affinities, 1405–6(T)
ground state electronic configurations

of elements, 1401(T), 1402(T),
1403(T), 1404(T)

halides, 801–2, 803–4
hydrides, 700, 711(F), 715–21
ionic radii, 305(T), 306(F), 687,

1397(T)
molecular shapes, 221, 221(F), 223–4,

223(T)
oxidation states, 742
oxides, 795–8, 803
oxoacids and salts, 798–801, 803
Pauling electronegativity values,

192(T), 700(T), 1400(T)
physical and thermodynamic

properties, 135(T), 136(F), 192(T),
283(F), 285(F), 305(T), 306(F),
700(T), 1397(T), 1400(T), 1401(T),
1402(T), 1403(T), 1404(T),
1407(T)

solid-state structures, 331–3
see also oxygen; polonium; selenium;

sulfur; tellurium

group 17, 804–11
bond dissociation enthalpies, 140(T),

173(T), 191(T)
bonding in homonuclear diatomic

molecules, 173–4
covalent radii compared with van der

Waals radii, 135(T), 136(F)
electrochemical properties, 642(T)
electron affinities, 290(T), 684, 684(F),

1406(T)
ground state electronic configurations

of elements, 173(T), 1401(T),
1402(T), 1403(T), 1404(T)

hydrogen halides, 700, 711(F), 721–4
ionic radii, 305(T), 306(F), 687,

1397(T)
ionization energies, 283(F), 285,

286(F), 683, 1401(T), 1402(T),
1403(T), 1404(T)

Lewis structures, 146–7
molecular shapes, 223(T), 224
oxidation states, 743, 807, 811
oxides, 801–2, 808–9
oxoacids and oxoanions, 809–11
Pauling electronegativity values,

192(T), 700(T), 1400(T)
periodicity in, 286(F)
physical and thermodynamic properties

of elements, 135(T), 136(F),
140(T), 173(T), 191(T), 192(T),
283(F), 285, 286(F), 305(T),
306(F), 700(T), 1397(T), 1400(T),
1401(T), 1402(T), 1403(T),
1404(T)

solid-state structures, 328, 330–1
standard enthalpies of atomization,

682(F), 1407(T)
see also astatine; bromine; chlorine;

fluorine; iodine
group 18, 811–13
boiling and melting points, 122(T),

681(F)
compounds, 687
electron affinities, 684(F)
fluorides, 812–13
ground state electronic configurations

of elements, 117, 118(F), 119(T),
121–2, 121(T), 679(T), 687,
1401(T), 1402(T), 1403(T),
1404(T)

ionization energies, 122(T), 283(F),
285(F), 683, 683(F), 1401(T),
1402(T), 1403(T), 1404(T)

oxidation states, 743
oxides, 813
periodicity, 687
physical and thermodynamic properties

of elements, 122(T), 681(F),
683(F), 684(F), 1397(T), 1407(T)

solid-state structures, 122, 328
uses, 811–12
see also argon; helium; krypton; neon;

radon; xenon
groups (in periodic table), 27–8, 27(F)
nomenclature, 28(T), 121(N)

Grove, William, 696
see also fuel cells

guanine, 712(B), 1333
in nucleic acids, 713(B)
nucleotides, 1334(F)

guanine–cytosine base pairing (in nucleic
acids), 713(B), 1335, 1337(B), 1339

gunshot residues, forensic analysis of,
1171, 1375–7

1H NMR spectroscopy
applications
alcohols, 460, 461(T), 463(F), 1081,

1081(F)
amines, 461(T), 1110
aromatic compounds, 1128–9, 1128(F),

1129(B), 1148, 1148(F), 1155, 1164
aromatic heterocyclic compounds,

1253
carbonyl compounds, 461(T), 463,

1195
reaction kinetics, 498–9(WE)

chemical environments, 460–3
chemical shift ranges, 452, 461(T)
chemical/magnetic equivalence/

inequivalence of 1H nuclei, 471
deshielding of aromatic protons, 1129(B)
1H–13C coupling, 472–5
1H–1H coupling, 463–71
interpretation of spectra, 469, 471,

474–5(WE)
reference compound, 450(T), 451
resonance frequency, 450(T)
spin–spin coupling in, 463–75
vicinal coupling in alkenes, 468–9

2H NMR spectroscopy, 473(B)
Haber, Fritz, 697(B)
Haber process, 510–11, 541, 605–6, 696,

697(B), 708
haem–iron proteins, 1328, 1330–1
haem unit, 201(B), 355(B), 529(F), 1328
haemoglobin, 201(B), 355(B), 566–7(B),

719(B), 1328
deoxygenated form, 367(B), 1327(F),

1330–1
reactions, 201(B), 755, 787, 870

hafnium
ground state electronic configuration,

679(T), 825(T), 1403(T)
physical and thermodynamic

properties, 343(T), 345(T), 682(F),
683(F), 686(F), 1403(T), 1407(T)

hafnium dihydride, 702
hairpins (secondary structure of RNA),

1340, 1341
half-cells, 638

standard reduction potentials listed,
642(T), 856(T), 1430–3(T)

half-filled orbitals, 824, 825(T)
half-life

determination of, 503, 503–4(WE)
radionuclides, 501, 502(B), 503,

503–4(WE)
of reaction, 490–1

half-life method, order of reaction
determined using, 490–1, 491–
2(WE), 497(WE), 500(WE), 503,
504(WE)

halide bridges, 735–6, 751, 792, 793, 803
halide leaving groups, 1027–8
hallucinogenic drugs, 1112, 1248, 1359(F)
halo compounds, 884
halo group, 1009

in aromatic compounds, 1143(T),
1146, 1163, 1172
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halobenzene compounds
electrophilic substitution reactions,

1146
nucleophilic substitution reactions,

1171–2
orientation effects in reactions, 1146
synthesis, 1139, 1168–9
see also bromobenzene; chlorobenzene

halocarboxylic acids
inductive effect in, 1006
pKa values, 1006, 1006(T)

haloform reaction, 1220–1, 1224
halogenated inhalation anaesthetics,

60(F), 940, 940(F), 941, 1012
halogenation

of aldehydes and ketones, 121–2
of alkanes, 939–48
of alkenes, 499–501(WE), 962, 966–8,

975–6
of alkynes, 989
of aromatic compounds, 1134–5,

1138–9, 1149–50, 1157
of aromatic heterocyclic compounds,

1262
see also bromination; chlorination

halogenoalkanes, 1009–41
amines synthesized from, 1101–2
bond distances/lengths, 419(WE),

1013(T)
bond enthalpies, 1012, 1013(T)
cycloalkanes synthesized from, 937
density of liquid, 1013
elimination of HX, 957
formation of, 939–47, 962–3, 968,

976–7
functional group(s) in, 54(T), 884
general formula, 1009
health hazards, 763, 1013
hydrolysis of, 1016–17
immiscibility with water, 1013
IR spectra, 406(F), 406(T), 407(WE)
isomers, 1009–10
molecular dipole moments, 1004–5
with more than one halogen atom,

1010
NMR spectroscopy, 453, 461(T)
nomenclature, 1009–10
with one halogen atom, 1009–10
physical properties, 1012–13, 1410(T),

1412(T), 1413(T), 1417(T)
reactions, 1013–37

with alkoxide ions, 1036, 1046–7
with amines, 1114
with aniline, 1168
with benzene, 1135
competition between nucleophilic
substitution and elimination
reactions, 1035–6

elimination reactions, 1030–4
Grignard reagents formed, 1014–15,
1201

nucleophilic substitution, 1016–30,
1074(F), 1101–2

organolithium reagents formed,
1015–16

with potassium phthalimide, 1102
reduction of, 706(T)
structural formulae, 1003, 1009, 1010
structure, 1009–10
synthesis, 1010–12, 1085–6

uses, 884
see also methyl halides; primary. . .;

secondary. . . tertiary
halogenoalkanes

halogens, 804–11
see also group 17

halohydrins
formation of, 972, 1074(F)
reactions, 1049

halothane, 940, 940(F)
Hamiltonian operator, 91, 91(B)
hammerhead ribozyme, 1340, 1340(F)
handedness
of helical chains, 332, 333(F)
see also chirality

Hantzsch synthesis, 1265–9
pharmaceutical applications, 1268–9

hard metal ions and ligands, 854–5,
855(T)

hard nucleophiles, 1027
‘hard water’, 783
harmonic oscillator model, 392–3
limitations, 393–4

Haworth, Norman, 1288(B)
Haworth projection (for sugars), 1288–9(B)
health hazards
aromatic heterocyclic compounds,

1254, 1255
arsenic compounds, 790(B)
asbestos, 762
halogenoalkanes, 763, 1013
lead and compounds, 935(B)
MSG (food additive), 1316
radon, 812
sweeteners, 1298(B)
UV radiation, 943(B), 1204(B)
see also carcinogenic compounds; toxic

compounds
heat, and enthalpy change, 62
heat of atomization
for mercury, 141–3(WE)
see also standard enthalpy of

atomization
heat capacity, 597–600
at constant pressure (CP), 597–8

measurement of, 619
variation with temperature, 599–600,

599(F), 618–19
at constant volume (CV), 598
relationship between CP and CV, 598–9
see also molar heat capacity; specific

heat capacity
heat energy, change for reversible

process, 616
Heisenberg, Werner, 91
Heisenberg’s uncertainty principle, 88(B),

90–1
helical assembly of DNA

oligonucleotides, 1336, 1338(F)
helical chains
selenium, 333
sulfur, 133(T), 332–3
tellurium, 333

helium, 811–12
emission spectrum, 127(F)
ground state electronic configuration,

117, 118(F), 119(T), 121(T), 135,
679(T), 1401(T)

ionization energies, 122(T), 283(F),
683(F), 1401(T)

liquid, 127(P), 329(B), 811–12
physical and thermodynamic

properties, 11(T), 81(T), 122(T),
124(F), 283(F), 329(B), 617(T),
681(F), 683(F), 684(F), 1397(T),
1401(T)

heliumII, 329(B)
helium cation (Heþ), 105
hematein, 440(B)
hematoxylin, 440(B)
heme see haem
hemiacetals, 1231

cyclic, 1292
Henderson–Hasselbalch equation, 565

applications, 565(WE), 568, 568(WE),
570, 570(WE)

Henry’s Law, 24(B)
hepta-2,4-diene, 892

isomers, 892(F)
hepta-1,6-diene, NMR spectroscopy,

455(WE)
heptane, 52, 900(WE)

mass spectrum, 951(F)
physical and thermodynamic

properties, 67(T), 887(T), 1051(T),
1414(T)

heptan-1-ol, 1078(F)
heptan-2-one, 411–12(WE), 1188
hept-2-ene, 892
herbicides, 1150(B), 1200–1, 1271
Hess cycles, 145

applications, 289(WE), 311,
648(WE), 938

ionization energies in, 282
Hess’s Law of Constant Heat

Summation, 74–5, 589
applications, 75–6(WE), 141–3(WE),

144, 190, 590(F), 624
in Born–Haber cycle, 311–12

heteroatom, 1044, 1242
heterocyclic compounds, 1044, 1242–9

alkaloids, 1244–5(B)
nomenclature, 1250–1
relationship to cyclic hydrocarbons,

1248, 1250
vitamins, 1242–3, 1243(F)
see also aromatic heterocyclic

compounds; cyclic ethers
heterogeneous catalysts, 510–11, 759,

961–2
heterolytic bond cleavage/fission,

913–14, 915
heteronuclear coupling (NMR

spectroscopy), 472, 474
heteronuclear covalent bond, 180

examples, 180, 180(F)
heteronuclear diatomic molecules, 31,

180–212
bond dissociation enthalpies, 140(T),

190, 191(T)
examples, 31
Lewis approach to bonding, 181, 200
molecular orbital approach to

bonding, 183–90, 202–5, 207, 209
MO diagrams, 184(F), 186(F), 187(F),

189(F), 203(F), 204(F), 205(F)
polar molecules, 196–8
stretching modes, 391, 391(F)
valence bond approach to bonding,

181–3, 200, 202, 206–7
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heteronuclear molecules, 31
examples, 31, 180(F)

hexaaqua metal ions, 840–2
colours, 439(T), 842, 858(T)
displacement reactions, 842–3, 847

overall stability constant, 850–1
stepwise stability constants, 849–50

reduction potentials, 855–6, 856(T)
thermodynamic stability, 855–7

hexachlorobenzene, 1131
hexadentate ligands, 827, 829(T), 830,

848
hexagonal close-packed (hcp) structure,

302, 319–22, 322(F), 326
metallic elements, 343, 343(T), 344,

345(T)
hexane, 887(T), 895(F)

IR spectrum, 409(WE), 411(WE),
421(F)

physical and thermodynamic
properties, 76(T), 621(WE),
932(T), 1414(T)

‘hexanes’, 894
isomers in, 895(F), 932(T)

hexanoic acid, 1184, 1194(F), 1415(T)
hexan-1-ol, 1068, 1078(T)
hexan-2-one, 1194(F)
1,4,7,10,13,16-hexaoxacyclooctadecane

(18-crown-6), 831, 1054(B)
hex-1-ene

iodination of, 499–501(WE)
IR spectrum, 409(WE), 411(WE),

421(F)
physical and thermodynamic

properties, 1415(T)
hexoses (monosaccharides), 1289,

1290(F), 1291(F)
hex-1,3,5-triene, 430(F)
1-hexylamine, 1106(T), 1107(F)
hex-2-yne, 892
high explosives, 1073(B)
high-performance liquid chromatography

(HPLC), 907(B), 1363, 1363(F)
applications, 1364–6
compared with GC-MS, 1363
reversed-phase HPLC, 1363

high-resolution gas chromatography
(HRGC), 1356

high-resolution mass spectrometry
(HRMS), 1356

high-spin complex ions, 863
ionic radii, 687

high-spin electronic configurations, 863,
863(WE), 864(F)

distinguished from low-spin electronic
configurations, 865, 869

high-temperature superconductors,
329(B), 336–7(B), 791

histamine, 1246, 1280
L-histidine, 1280, 1314(T), 1316
histological stains, 438(F), 440–1(B), 1169
Hittorf’s (violet) phosphorus, 341–2,

341(F)
Hofmann elimination, 1113–14
HOMO (highest occupied molecular

orbitals)
in carbon monoxide, 205, 205(F),

870(F), 914–15
in conjugated dienes, 433(F), 959,

959(F)

in organic reactions, 914, 915, 936–7,
937(F), 959, 959(F), 964

and UV–VIS spectra, 427
homogeneous catalysts, 510, 511
homologous series, alkanes, 886
homolytic bond cleavage/fission, 913,

914, 941
homonuclear bonds, 128
energies, 134–7
examples, 48(WE), 129(F)
lengths/internuclear distances, 129–33

homonuclear covalent bonds, 128–79
see also covalent bonds

homonuclear diatomic molecules, 31
bond dissociation enthalpies, 140(T),

161(F), 169(T), 171(F), 173(F),
173(T), 174(F), 191(T)

bond dissociation in, 138
bond order in, 160
examples, 31, 129(F)
group trends, 172–6
Lewis approach to bonding, 146–7,

156, 157, 162, 164
molecular orbital approach to bonding,

148, 150–6, 157, 158
MO diagrams, 154(F), 157(F),
162(F), 163(F), 167(F)

p-block first row elements, 161–4, 166–70
periodic trends, 170–1
s-block first row elements, 156–8
solid-state structures, 328, 330–1
valence bond approach to bonding,

148, 149–50, 156, 157, 162, 164
homonuclear molecules, 128
examples, 31, 129(F)
solid-state structures, 328, 330–1

honeybee pheromones, 881(F), 1188
hormones
human, 920(P), 1321
plant, 1200

Horsehead Nebula, 417(B)
horseradish peroxidase, 529(F)
enzymic activity, 529–30(WE)

horsetails (plants), 758(B)
HPLC see high-performance liquid

chromatography
Hückel 6p-electron systems, 1124,

1126–7, 1251, 1252, 1253
Hückel (4n þ 2) rule, 1124
applications, 1124, 1126–7, 1126(T),

1137, 1251, 1252, 1253
human blood, buffering of, 566–7(B)
human a-lactalbumin, 1330(F)
human pancreatic a-amylase, 1332(F)
human serum albumin, 1328, 1330(F)
Hund’s rule, 115, 116
applications, 163

hybrid orbitals, 262
hybrid plants, 267(B)
hybridization
of atomic orbitals, 262–7, 952–3

see also orbital hybridization
meaning of term in biology, 267(B)

hydrangea flowers, effects of soil pH,
559(B)

hydrated ions
d-block elements, 840–2

colours, 439(T), 842
shorthand in equations, 853

hydrates, 51

hydration, 624, 715
hydration enthalpy, 624–5

listed for various ions, 625(T)
hydration isomers, 837, 838
hydrazine (N2H4), 709

bond cleavage in, 139
bonding in, 129(F)
decomposition of, 85(P), 144, 145, 587
formation of, 145, 709
mass spectrum, 368, 368(F)
molecular structure, 129(F), 144,

708(F), 709
physical and thermodynamic

properties, 1422(T)
reactions, 1102
uses, 709

hydride ion, as leaving group, 1276
hydrides, 699–710, 715–24

binary hydrides
of d-block metals, 702
of group 13 elements, 703–7
of group 14 elements, 707
of group 15 elements, 708–10
of group 16 elements, 715–21
of group 17 elements, 721–4
physical and thermodynamic

properties, 1422(T)
of s-block metals, 700–2

formation of, 700, 702, 706(T)
meaning of term, 699–700

hydroborating agents, 704
hydroboration of alkenes, 987–8
hydrocarbons, 881–2

bonding in, 882
classification of, 881–2, 1120
combustion of, 36, 39(WE), 71–2,

72(WE), 479, 524
cracking of, 933–4, 957
geometry, 882
industrial interconversions, 933–4
monitoring in air, 399(B)
nomenclature, 52, 53(T), 885–92
see also aliphatic hydrocarbons;

alkanes; alkenes; alkynes; aromatic
hydrocarbons

hydrochloric acid, 723
conjugate base, 552(T)
molar conductivity, 665(T)
as monobasic acid, 551
pH of aqueous solution, 555(WE),

557(F)
reactions, 36–7(WE), 38(WE), 39, 550,

593, 593–4(WE), 723
titrations, 572–3, 575–6, 671, 672(F)

hydrochlorofluorocarbons (HCFCs),
943(B)

hydrocortisone, 1182
hydrocyanic acid

conjugate base, 552(T)
dissociation in water, 550(WE)
as monobasic acid, 551
pH of aqueous solution, 557(F)

hydroformylation (oxo-process), 511,
1180

hydrogel, 1079(B)
hydrogen, 692–9

atomic spectrum, 108–14
Bohr’s theory, 114
Rydberg equation, 111–12, 112(WE)
spectral lines, 108–11, 126(P), 378
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covalent radii compared with van der
Waals radii, 135(T)

electron affinity, 684(F), 1405(T)
ground state electronic configuration,

105, 117, 119(T), 131(B), 134,
181(F), 186, 679(T), 1401(T)

ionization energy, 112, 112–14(WE),
683(F), 1401(T)

isotopes, 13, 693–4
abundance, 360, 368, 412, 450(T),
693, 1393(T)

liquid–solid phase transition, 692(B)
metallic, 692(B)
Pauling electronegativity value, 192(T),

1400(T)
physical and thermodynamic

properties, 11(T), 79(T), 81(T),
135(T), 142(T), 192(T), 278,
681(F), 682(F), 683(F), 684(F),
1396(T), 1400(T), 1405(T),
1407(T), 1421(T)

standard state, 68
see also deuterium; dihydrogen;

protium; tritium
hydrogen abstraction, in chlorination of

alkanes, 942, 944, 946, 947
hydrogen atom, 12–13

a-hydrogen atom, 1216
energy levels, 105
excited state, 106, 108
ground state electronic configuration,

105, 117, 119(T), 131(B), 134,
679(T), 1401(T)

potential energy curve for approach of
2 H atoms, 146(F)

Schrödinger wave equation for, 94, 104–6
valence electronic configuration, 134–6,

136(F)
hydrogen bond, 710–11
hydrogen bonding, 710–15

in alcohols, 460, 1051, 1076–7
in amines, 1106–7
boiling points affected by, 714, 1051
bond strength, 82(T)
in carbonyl compounds, 460, 1190,

1192
on dissolution of substance, 625
enthalpy of vaporization affected by,

714
entropy of vaporization affected by, 622
in ethers, 1052
1H NMR spectra affected by, 460,

463(F)
in ice, 714, 714(F)
in inorganic acids, 781, 798
IR spectra affected by, 408
in liquid hydrogen halides, 721, 722
in nucleic acids, 712–13(B), 1335,

1338–9, 1341
in nucleophilic substitution reactions,

1029
in proteins, 1325, 1325(T), 1326(B)
in solid-state compounds, 714
and solvation, 625, 714–15
in water, 622, 715

hydrogen bonds, 82(T)
hydrogen-bridged compounds, 701,

701(F), 704
hydrogen bromide

formation of, 69–70(WE), 524, 525(B)

IR spectrum, 397(WE)
physical and thermodynamic

properties, 69–70(WE), 81(T),
140(T), 191(T), 198(T), 394(F),
602(T), 617(T), 711(F), 724,
1422(T)

polarity of molecule, 196(F)
reactions, with alkenes, 962–3, 964–6,

972–3, 976–7
hydrogen chloride, 53, 722–3
formation of, 546(T), 611(WE), 722
liquid HCl, 722
moments of inertia, 415–16(WE)
physical and thermodynamic

properties, 71(WE), 79(T), 81(T),
140(T), 191(T), 198(T), 394(F),
599(F), 601(F), 602(T), 617(T),
711(F), 722, 1422(T)

reactions, 26, 71(WE), 722–3,
723–4(WE), 963

solid HCl, 722
test for gas, 722

hydrogen cyanide
molecular shape, 216, 218(F), 220
physical and thermodynamic

properties, 1415(T)
vibrational modes of molecule, 400
see also hydrocyanic acid

hydrogen fluoride
bonding in, 181(F), 182, 186–8, 194,

278, 280
molecular orbital approach, 186–8,

194, 278
valence bond approach, 181(F), 182,

194, 278
dipole moment, 197(B), 198(T)
dissociation in water, 721–2
electron density map, 280, 281(F)
[HF2]

� ion, 722
Lewis structures, 181(F)
liquid HF, 715, 721, 722, 813
molecular orbital diagram for

formation of, 187(F)
physical and thermodynamic

properties, 140(T), 191(T), 198(T),
394(F), 602(T), 711(F), 721,
722(F), 1422(T)

polarity of molecule, 197(B)
resonance structures, 182
solid state, hydrogen bonding in, 714,

714(F)
synthesis, 721

hydrogen halides, 700, 711(F), 721–4
addition reactions

with alkenes, 962–3, 964–6, 968–9,
972–3

with alkynes, 989–90
bond dissociation enthalpies, 140(T),

191(T), 394(F)
dipole moments, 198(T)
force constants for bonds, 394(F)
physical and thermodynamic

properties, 140(T), 191(T),
198(T), 602(T), 711(F),
721, 722, 722(F), 724,
1422(T)

vibrational wavenumbers, 394(F)
hydrogen iodide
disproportionation of, 507(T)
formation of, 544–5(WE), 605

physical and thermodynamic
properties, 198(T), 394(F), 602(T),
711(F), 724, 1422(T)

hydrogen ion
conductivity properties, 665(T), 670(T)
nomenclature, 56
thermodynamic properties, 625(T)
see also pH; proton

hydrogen-like species, 92, 105, 106,
106(WE)

hydrogen peroxide, 715–18
aqueous solution, 715–16, 716(WE)
dissociation of, 718

bonding in, 129(F)
disproportionation of, 507(T), 718
electrochemical properties, 856(T),

1432(T)
molecular structure, 48(WE), 129(F),

716(F)
O�O bond cleavage in, 139
as oxidizing agent, 48(WE), 529–30(WE),

717, 718
physical and thermodynamic

properties, 76, 715, 1422(T)
as reducing agent, 718
stability, 76–7, 717
synthesis, 717
uses, 717

hydrogen radical, reaction with oxygen,
524

hydrogen selenide, 711(F), 720–1
hydrogen sulfide, 718–20

aqueous solutions, 720
dipole moment, 242, 242(F), 243(T)
laboratory preparation of, 718, 720
as mild reducing agent, 720
molecular shape, 51, 216, 218(F),

223(T), 224, 242(F), 243(T)
in ocean floor hydrothermal vents,

719(B)
physical and thermodynamic

properties, 711(F), 718, 1422(T)
pKa values, 561, 561(T)
reactions, 719(B), 720
sources, 718, 719(B)
test for, 720

hydrogen telluride, 711(F), 720–1
hydrogenases, 652(B)
hydrogenation

of alkenes and cycloalkenes,
613–14(WE), 961–2

of alkynes, 989
of benzene, 1122, 1133–4
of furan, 1050

hydrogencarbonate anion ([HCO3]
�),

552(T), 566(B), 567(B), 755, 757
hydrogen(peroxide)(1�)/hydroperoxide

ion, 718
hydrogenphosphate(1�) ion, 552(T)
hydrogensulfate(1�) ion, 552(T), 800
hydrogensulfite(1�) ion, 552(T)
hydrohalic acids, 721, 722, 723, 724
hydrolases (enzymes), 1331, 1332
hydrolysis

acyl chlorides, 1224, 1225(F)
amides, 1225–6
ATP, 772(B), 784
carbohydrates, 492, 1297
diazonium salts, 1153, 1168
esters, 1206–8
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hydrolysis (continued )
glycosides, 1295
halogenoalkanes, 1016–17, 1023, 1025
nitriles, 1202
ozonides, 975
RNA, 1332
trypsinogen, 512, 512(F)

hydroperoxide ion, 718
hydroperoxides

reduction of, 706(T)
synthesis, 1014(F)

hydrophilic groups/molecules, 645(B),
1077

hydrophilic heads of amphiphilic
molecules, 1206, 1207(F), 1309

hydrophilic monomers, 1079(B)
hydrophobic groups/molecules, 645(B),

1077
hydrophobic interactions in proteins,

1325(T)
hydrophobic tails of amphiphilic

molecules, 1206, 1207(F), 1309,
1309(F)

hydroquinone, 1150(B)
hydrothermal vents (on ocean floor),

719(B)
hydroxido bridges, in complexes, 841
hydroxido complexes, 841–2
hydroxido ligand, 828(T), 841
b-hydroxy aldehydes, 1231–2
b-hydroxy ketones, 1232
4-hydroxybutanoic acid, 1360
hydroxyl group (OH), 1068, 1077

in aromatic compounds, 1143(T), 1144
O�H stretching frequencies, 408(T)
protection of, 1089–91

hydroxyl ion, 253(WE), 665(T), 670(T)
hydroxylamine, in synthesis of pyridine

and derivatives, 1267
4-hydroxyproline, in proteins, 1328
hydroxypyridine–pyridone tautomerism,

1274
hygroscopic substances, 736, 769, 780,

811, 1153
hyperbaric chamber, 24(B), 201(B)
hyperconjugation

in aromatic compounds, 1146
carbenium ions stabilized by, 965, 990,

1022, 1086
hypertension (high blood pressure),

treatment of, 909(T), 1159, 1268
hypochlorite salts, 809
hypochlorous acid, 786, 809
hypophosphoric acid, 782(T)
hypsochromic effect/shift, 436

ibuprofen, 1141, 1240(P)
ice

hydrogen bonding in, 714, 714(F)
melting of, 77, 714
specific heat capacity, 78

icosahedra, 337
icosane, 931(F)
icosanoic acid, 267(B)
ideal gas law/equation, 20, 22(WE), 80
ideal gases

activity for, 542
laws applying to, 16–27, 80

Ignarro, Louis, 208(B)
imidacloprid (insecticide), 1254, 1255(F)

imidazole and derivatives, 1248, 1251,
1278–80, 1350

imides, 1102
imido functional group, 1102
imines, formation of, 1227–8, 1256
immiscible liquids, 9, 932, 1032, 1052,

1077
separation of, 1053, 1112

incinerator emissions, dioxins in, 1044,
1356

indacrinone (drug), 909(T)
indicators
acid–base titration, 438(F), 1150(B),

1169
iodine titration, 809

indigestion remedies, 732
indigo dye, 1201, 1202(F)
indium, 753
ground state electronic configuration,

679(T), 1403(T)
Pauling electronegativity value, 192(T),

700(T), 1400(T)
physical and thermodynamic

properties, 135(T), 192(T), 681(F),
683(F), 686(F), 700(T), 753,
1396(T), 1400(T), 1403(T),
1407(T)

solid-state structure, 344
indium halides, 753–4
indium hydroxide, 753
indium oxide, 753
indole, 1251
indolizidine derivatives, 1249(B)
induced dipoles, 123, 123(F), 134, 966
inductive effect, 1005
in halobenzene derivatives, 1146
in halocarboxylic acids, 1006, 1214
in pyridine, 1271

inductively coupled plasma atomic
emission spectroscopy (ICP-AES),
1374–5

applications, 1374–5
inductively coupled plasma mass

spectrometry (ICP-MS), 935(B),
1376

applications, 1376–7
industrial processes
Bayer process (alumina), 748
chloralkali process, 655, 726–7, 805
Contact process (sulfuric acid), 798
cracking of petroleum distillates,

933–4, 957
Czochralski process (silicon), 754,

755(F)
dichlorine synthesis, 636, 726, 727
dihydrogen synthesis, 694
Downs process (sodium and

dichlorine), 636, 725–6, 726(F)
ether synthesis, 1046, 1049
Frasch process (sulfur), 795
Haber process (ammonia), 510–11, 541,

605–6, 696, 697(B), 708
hydrogen peroxide synthesis, 717,

717(B)
magnesium extraction from seawater,

731, 732(F)
methanol synthesis, 696
Monsanto acetic acid process, 511
Ostwald process (nitric acid), 778
oxirane synthesis, 1049

oxo-process, 511, 1180
Pilkington (float glass) process, 766
Raschig reaction (hydrazine), 709
refining of crude oil, 933
reforming of petroleum distillates, 934
sodium synthesis, 636, 725–6, 726(F)
Solvay process, 735
Wacker process (ethanal), 2
water–gas shift reaction (dihydrogen),

694
inert atmospheres (laboratory and

industrial use), 179(P), 771, 811,
812

inert gases see noble gases
inert (noble) gas configuration, 121–2
inertia, moments of, 414–15, 415(B),

415–16(WE)
infinite covalent structures, 337–42
infrared. . . see IR
infrared region of electromagnetic

spectrum, 379(F), 1391(F)
inhibition step (in radical chain reaction),

523, 524, 526
initial-rates method, reaction kinetics

determined using, 489–90
initiation step (in radical chain reaction),

523, 524, 526, 699, 941, 976, 980
inorganic chemistry, 2, 677–877
insect pheromones, 881(F), 1059, 1067(P),

1188, 1249(B)
see also moth pheromones

insect repellants, 884
insecticides, 787, 885, 929, 960, 1046,

1150(B), 1254, 1255(F)
‘insoluble’ compounds see sparingly

soluble compounds
insomnia, treatment of, 1229(B)
insulators, electrical, 339, 345
insulin, 1323, 1324(F), 1327
integrated rate equations, 494–501

applications, 496–501, 503–4(WE)
deriving, 494–6

integration constant, 494–5
integration (mathematical operation),

494–5, 600(B), 618(B)
interatomic forces, 122–4

argon atoms, 122–4
hydrogen atoms, 134–7

intercalation, 728(B)
inter-electron repulsion

minimizing, 225–6
relative magnitudes, 227–8

interhalogen compounds, 807
bond enthalpies listed, 191(T)
dipole moments, 197(B), 198(T)

intermediate ligands and metal ions, 854,
855(T)

intermediate species, 480, 964, 1137
in enzyme reactions, 526
see also carbenium ions

intermolecular elimination reactions,
1046, 1082

intermolecular interactions, 80–2
compared with covalent bonds, 80
effect of vaporization, 711, 714
and solvation, 714–15
types, 81, 82(T)

internal alkynes, 988
reactions, 989, 990, 992

internal energy, 137, 590
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internal-energy change, 137, 590
and Coulombic interactions, 291,

307, 309
and enthalpy change, 137–8, 281–2,

288, 593–4(WE)
for formation of ionic lattice, 307, 309
and ionization energy, 281–2
and work done, 590–1, 593–4(WE)

internal standards (in analytical work),
1352–3, 1353(F), 1358, 1368(F),
1369, 1376

International Union of Pure and Applied
Chemistry, 2–3

see also IUPAC. . .
internuclear distance

of ions, 303, 303(F), 305(B)
measurement of, 129–33, 303, 305(B)
see also bond length; ionic radius

interstellar molecules and ions, 417(B)
interstitial holes, in close-packed arrays,

322–5, 324(B), 336(B)
intramolecular elimination reactions,

1003–4, 1082, 1084–5
intramolecular proton transfer, in amino

acids, 1109
intramolecular radical reactions, 937–8,

981
inversion of configuration

amines, 1100, 1100(F)
in nucleophilic substitution reactions,

1020, 1021, 1074(F)
invertase, 1297
‘invisible ink’, 843–4
iodation of alkenes, 499–501(WE)
iodic acid, 810
iodide anion, 625(T), 665(T), 828(T)
iodine

electron affinity, 684(F), 1406(T)
ground state electronic configuration,

679(T), 1403(T)
Pauling electronegativity value, 192(T),

700(T), 1400(T)
physical and thermodynamic

properties, 11(T), 79(T), 135(T),
136(F), 140(T), 142(T), 191(T),
192(T), 305(T), 682(F), 684(F),
700(T), 1397(T), 1400(T), 1403(T),
1406(T), 1407(T), 1423(T)

see also diiodine
iodine-131 (131I), 501, 504(T)
iodine dichloride anion ([ICl2]

�),
molecular shape, 217

iodine dichloride cation ([ICl2]
þ),

molecular shape, 217
iodine heptafluoride, 807
iodine hexafluoride cation, molecular

shape, 223(T), 224
iodine monobromide, 191(T), 198(T)

mass spectrum, 358–9, 358(F)
iodine monochloride, 191(T), 193(WE),

198(T)
iodine pentafluoride, 224, 244
iodine tetrachloride anion, 230–1, 235
iodized salt, 807
iodo groups, in aromatic compounds,

1143(T)
iodobenzene, physical and

thermodynamic properties,
1415(T)

2-iodopropane, NMR spectrum, 471

ion–dipole interactions, 82(T)
and hydration shells, 625, 715,

715(F), 820
ion-exchange materials, 763
ion mobility, 670
listed for various ions in aqueous

solution, 670(T)
relationship with molar conductivity,

670–1(WE)
ion-pair, formation of, 291
ion-selective electrodes (pH meter), 658,

659(F)
ionic bonding, 32, 280
compared with covalent bonding, 31–2,

280
ionic crystalline solids, 787
ionic lattices, 32, 280
Avogadro constant determined from

lattice data, 314–15
coordination number in, 293–4
Coulombic forces in, 307
determination of internuclear

distances, 303
electron density maps, 281(F), 304,

304(F)
electrostatic interactions in, 280
lattice energy, 307–10

comparison of Born–Landé equation
and Born–Haber cycle values,
312–13

estimation of, 310–11(WE)
experimental determination of,

311–12
listed for various compounds, 313(T)

representation as close-packed arrays,
324(B)

solid-state ions, 293
unit cells, 293, 295(F), 297(F), 298(F),

299(F), 300(F), 301(F), 302(F),
303(F)

ionic liquids, 751–2
ionic model for coordination complexes,

835–6
ionic radius, 303–4, 306
listed for various ions, 305(T), 306(F),

701(F), 807(F), 1396–9(T)
meaning of term, 303, 306
self-consistent set, 304, 305(B)
trends, 306, 306(F), 687

ionic solids, enthalpy change of fusion,
compared with covalent solids,
81–2

ionic structure types, 293, 294–302
see also structure types

ionization energy
determination of, 112–14(WE)
enthalpy values associated with, 281–2
first ionization energy, 112, 281, 682–3

group 1 metals, 286(F), 683(F), 688,
688(T), 1401(T), 1402(T), 1403(T),
1404(T)

listed for various elements, 122(T),
283(F), 285(F), 286(F), 287(F),
683(F), 1401–4(T)

noble gases, 122(T), 683(F), 1401(T),
1402(T), 1403(T), 1404(T)

of hydrogen atom, 112, 112–14(WE),
1401(T)

listed for various elements, 122(T),
683(F), 1401–4(T)

and Mulliken electronegativity values,
195

second ionization energy, 282, 286, 287
listed for various elements, 287(F),

1401–4(T)
successive energies for atom, 286–8
listed for various elements, 287(F),

1401–4(T)
third ionization energy, 282, 287
listed for various elements, 287(F),

1401–4(T)
trends, 283–6, 682–3, 683(F)
across first period, 283–4, 683
across second period, 284–5, 683
across third period, 285–6, 683
down groups, 286, 683

ionization isomers, 837, 838
b-ionone, 881(F)
ions, 29–30, 278–318

attraction between, 291–2, 292(WE)
charge density, 313–14
conductivity in solution, 663–76
electron density maps, 280–1, 304, 304(F)
electrostatic interactions between, 280,

291–2
enthalpy change on formation of, 282,

288–91
formation of, 29–30, 30–1(WE), 32,

120, 279–80
polarization of, 313–14
repulsion of, 292, 309
sizes/radii, 303–6

ipso-position (in benzene derivatives),
1129, 1148

IR active/inactive vibrational modes, 397,
397(WE), 400, 401(WE)

IR spectra
alcohols, 408, 408(F), 411–12(WE),

1080(F)
alkanes, 409(WE), 411(WE),

411–12(WE)
alkenes, 409(WE), 411(WE)
amines, 1110(F)
aromatic compounds, 409(F), 1128(F),

1148(F), 1164(F), 1165(F)
carbonyl compounds, 405(F), 405(T),

411–12(WE), 1194(F)
diatomic molecules, 396–7
effect of deuteration, 412–13, 413(WE),

693
esters, 405(F), 405(T)
ethers, 1055, 1055(F)
fingerprint region, 402–3, 404(F)
halogenoalkanes, 406(F), 406(T),

407(WE)
interpretation of
in fingerprint region, 402–3, 410(B)
by functional groups, 404–12

nitriles, 411–12(WE)
triatomic molecules, 398, 400–1

IR spectroscopy, 377(T), 379, 379(F),
396–413

applications
alcohols, 1080
amines, 1109–10
in analysis work, 402–12
aromatic compounds, 408–9, 1127,

1147–8, 1164, 1165
carbonyl compounds, 404–5,

411–12(WE), 1193
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IR spectroscopy (continued )
ethers, 1055
metal carbonyls, 870–1
reaction kinetics, 487–9(WE)

polyatomic molecules, 401–13
vibrational modes

asymmetric stretching mode, 398,
398(F), 400, 400(F), 403(F),
407(WE)

bending mode, 398(F), 400
ring mode, 1127
rocking mode, 403(F)
scissoring (symmetric bending)
mode, 400, 400(F), 403(F)

symmetric stretching mode, 398,
398(F), 400, 400(F), 403(F),
407(WE)

twisting mode, 403(F)
wagging mode, 403(F)

wavenumber range, 377(T), 379, 379(F)
-irane ending (on compound’s name),

1044
iridium

fluorination of, 622(WE)
ground state electronic configuration,

679(T), 825(T), 1404(T)
physical and thermodynamic

properties, 343(T), 345(T),
1404(T), 1407(T)

iridium(VI) fluoride, 622(WE), 623, 816
iron

in catalyst for Haber process, 510, 511,
697(B)

colorimetric analysis, 383–4, 385–6
electrochemical properties, 642(T),

856(T), 1431(T)
Fe3þ/Fe2þ couple, 642(T), 644, 1432(T)
ground state electronic configuration,

679(T), 825(T), 1402(T)
oxidation of, 46
oxidation states, 743(F), 815
physical and thermodynamic

properties, 11(T), 67(T), 305(T),
343(T), 345(T), 617(T), 1398(T),
1402(T), 1407(T), 1423(T)

reactions, 647–8(WE), 722
solid-state structures, 343, 343(T),

350(P)
standard state, 68
test for Fe2þ and Fe3þ ions, 845

iron(III) alum, 752
iron(II) ammine complexes, 843
iron(II) chloride, 69, 1423(T)
iron(III) chloride, 45(WE), 56, 590(F),

1423(T)
iron(II) complexes, 831(F), 836–7(WE),

848
iron(III) complexes, 831(F), 832(F)

in ferromagnetic materials, 866(B)
iron(II) cyanido complex ion, 844,

862(F), 863
iron(III) cyanido complex ion, 844
iron(II) fluoride, 301(T)
iron(III) halide complexes, 853

stability constants for formation,
853(T)

iron(III) halides
as catalysts, 1123
as Lewis acid catalysts, 1134, 1135,

1138, 1149, 1165

physical and thermodynamic
properties, 1423(T)

iron(II) hydrated (hexaaqua) cation,
439(T), 842

iron(II) hydroxide, solubility in water,
627, 628(T)

iron(III) hydroxide, solubility in water,
559(B), 628(T)

iron(III) hydroxido complexes, 842
iron2þ ions
reactions, 42–3(WE)
test for, 845

iron3þ ions, test for, 845
iron(II) oxide, 295(T), 607(F), 1423(T)
iron(III) oxide
physical and thermodynamic

properties, 1423(T)
reduction of, 46–7(WE), 608, 609(F)

iron(0) pentacarbonyl
18-electron rule obeyed by, 873
molecular shape, 234, 235, 872(F)
NMR spectroscopy, 241, 380
oxidation state, 870

iron pyrites (mineral), 327(F), 558(B),
795(F)

iron(II) sulfide, 1423(T)
isobutene, 984
isobutyl group, 895
isobutylamine see 2-methyl-1-propylamine
isoelectronic point, 1313, 1321
isoelectronic principle, 198–9, 1248, 1250
applications, 221, 1051, 1250, 1251,

1278
isoelectronic species, 198–9
aromatic heterocyclic compounds,

1248, 1250, 1251, 1272
examples, 199(WE), 200, 206–7, 209,

220, 221, 222, 252, 253(WE), 287,
812

metal carbonyls, 871(T), 872
N-containing compounds, 1100
structures, 216–17

isoflurane (anaesthetic), 60(F), 940,
940(F), 941, 1012

isolated systems, 589
internal energy, 590

isolation method, reaction rate
determined using, 493–4

L-isoleucine, 1314(T)
isomerases (enzyme), 1332
isomerism
d-block coordination complexes, 837–9
organic compounds, 890–909, 1009–10
see also constitutional isomerism;

optical isomerism; stereoisomerism
isomerization, 516
of alkenes, 954, 955(B), 985–7
enzymic catalysis of, 1332
of straight chain alkanes, 934

isomers, 51, 235–9, 837–9
isopentenyl diphosphate (IPP), 982(B)
isoprene, in butyl rubber, 984
isoprene rule, 982(B)
isopropyl alcohol see propan-2-ol
isopropyl group, 895
isopropylamine see 2-propylamine
isopropylbenzene see cumene
isoquinoline, 1244(B), 1251
isostructural species, 216, 217, 220, 221,

222, 342, 814, 1100

isotactic polymers, 979(B)
isothermal process, 616
isotope ‘fingerprinting’ method, for lead

in wine, 935(B)
isotopes, 13–15, 15(WE)

abundance, 13, 15(WE), 356, 357, 358,
359(WE), 360, 363, 364, 368, 412,
450(T), 471, 693, 1392–5(T)

artifically produced, 13, 14(B), 501,
503–4(WE), 504(T), 1392–5(T)

compared with allotropes, 13
naturally occurring, 13, 502(B), 1392–5(T)
separation in mass spectrometry, 14,

356–8
isotopically labelled internal standards,

1352–3, 1353(F), 1358
isovaleric acid, 1186(B)
IUPAC (International Union of Pure and

Applied Chemistry), 2–3
definitions, 7
chemical shifts (NMR spectroscopy),

451
lipids, 1300
standard pressure, 18, 20

nomenclature, 3
alkanes, 52, 885–90
alkenes and alkynes, 890–2
anions, 552(T)(N)
chain structures, 332
d-block elements, 28, 814, 814(F)
ethers, 1043
f-block elements, 28
fatty acid chain numbering, 1301(N)
inorganic compounds, 52–3, 55–6
newly discovered elements, 28
organic compounds, 52, 53(T),

54(T), 885–92, 886(F)
periodic table, 27–8, 28(T), 121(N)
trivial names recognized, 886(F)

Jeans, Sir J.H., 88(B)
Job’s method for stoichiometry

determination, 385–6
Jones oxidation, 1087, 1199–200
Jupiter (planet), 692(B), 709, 710
juvenile-insect hormone, 1059

kangaroos, 930
Karl Fischer titration, 1349, 1351
Karrer, Paul, 1288(B)
Kekulé model for benzene, 1121, 1124
Kepert model, 233, 821–2

applications, 233–5, 821–2, 823(WE),
872

exceptions, 235, 822
keratins, 1325, 1328, 1329(F)
keto–enol tautomerism, 990–1, 1195–6

in aromatic heterocyclic compounds,
1265, 1274

b-keto esters, 1235
keto-tautomer, 991
ketone functional group, 54(T), 1143(T),

1181
ketones, 1181–2

as acids, 1216, 1217(T)
alkylation of, 1222
electronic spectroscopic data, 437(T)
formation of, 990–1
functional group in, 54(T), 404,

883, 1181
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general formula, 883, 1179
halogenation of, 1219–22
IR spectroscopy, 405(F), 405(T),

411–12(WE), 1193, 1194(F)
NMR spectroscopy, 454(T), 455(F),

461(T), 463, 1194–5
nomenclature, 1182
reactions

with amines, 1104–5, 1115, 1227–8,
1256–7

with ammonia, 1104, 1105, 1227,
1256

with cyanide ions, 1226
with Grignard reagents, 1014(F),
1076, 1226–7

reduction of, 706(T), 1072, 1075
reductive amination of, 1104–5, 1115,

1227–8
structures, 1182
synthesis, 1015(F), 1087, 1135, 1197–9
a,b-unsaturated ketones, conjugation

in, 437
ketoses (monosaccharides), 1181, 1289,

1291(F)
Kevlar, 884, 1185, 1326(B)
kilogram, definition, 3
kinetic energies of molecules, 505

distribution of, 505, 505(F)
kinetic factors affecting reactions and

products, 61, 479–538, 1265
kinetic isotope effect, 473(B), 694
kinetic stability, 77
kinetic theory of gases, 16–18

assumptions/postulates, 16–17
kinetically stable compounds and ions,

77, 704–5, 709, 717, 802, 811, 815
kinetics see reaction kinetics
Kipp’s apparatus, 718, 720
Kirchhoff’s equation, 600–1

integration of, 600(B)
Knoevenagel intermediate, 1267, 1268,

1269
Kohlrausch’s Law of Independent

Migration of Ions, 664–5
applications, 666

Koopmans’ theorem, 169(B)
Kroto, Sir Harry, 335(B)
krypton, 812

ground state electronic configuration,
121(T), 679(T), 1402(T)

ionization energies, 122(T), 285(F),
683(F), 1402(T)

physical and thermodynamic
properties, 122(T), 124(F), 285(F),
681(F), 683(F), 684(F), 1397(T),
1402(T)

reactions, 687, 812
Kyoto Protocol, 756(B)

l notation (for enantiomers), 901
L notation (for enantiomers), 1287, 1289
laboratory practical techniques

air-quality monitoring, 399(B)
atomic absorption spectroscopy, 1372–3
atomic emission spectroscopy, 1374–5
biological/histological stains, 438(F),

440–1(B), 1169
bomb calorimeter, 72, 595–6,

596–7(WE)
‘bromine water’, 805

capillary zone electrophoresis, 1367–71
colorimetry, 382–6
column chromatography, 907(B)
coolants, 329(B), 771, 812
drying agents, 701, 733, 736, 759, 763,

781
electron diffraction, 129, 130, 130(T),

131(B), 132
electrophoresis, 1321
ether extraction, 1053
flame tests, 734(B)
gas chromatography, 896(B)
GC-MS and GC-MS/MS, 1356–61
glassware cleaning, 779
Gouy balance, 865, 867
Grignard reagents, 1014
HPLC, 907(B), 1362–6, 1369
inert atmospheres, 771, 811, 812
iodine analysis, 801
IR spectroscopy, 377(T), 379, 379(F),

402–12
Karl Fischer titration, 1349, 1351
Kipp’s apparatus (H2S synthesis), 718,

720
LC-MS and LC-MS/MS, 1351–4
low-temperature baths, 757(T), 771(T)
Marsh test (As/Sb), 710, 710(F)
mass spectrometry, 352–75
neutron diffraction, 129, 130, 130(T),

131(B)
NMR spectroscopy, 329(B), 377(T),

378, 379(F), 446, 447, 449, 452
organolithium reagents, 1015
polarimeter, 901(F)
radiocarbon dating, 502(B)
SDS-PAGE, 1322–3
separation of immiscible liquids, 1053,

1112
spectroscopy (in general), 377(T),

399(B)
synthesis

of Cl2, 805
of H2, 694–5
of H2S, 718, 720
of N2, 771
of O2, 794
of oxiranes, 1049
of SO2, 796

TOF-DART mass spectrometry, 1354
UV–VIS spectroscopy, 377(T), 379,

379(F), 427–30
X-ray diffraction, 129, 130, 130(T),

131(B), 132–3
laccases, 538(P)
lactalbumin, 1328, 1330(F)
lactase, 1297
lactose, 73(B), 1296–7, 1298(B)
hydrolysis of, 1297

laevo-notation (for enantiomers), 901
laminar sulfur, 333
Landenberg structure for benzene, 1121
lanthanoid contraction, 345
lanthanoids (La–Lu), 27(F), 28, 742,

824(F)
ground state electronic configurations,

679(T), 825(T), 1403(T)
physical and thermodynamic

properties, 681(F), 683(F), 686(F),
1403(T)

lanthanum, 742

ground state electronic configuration,
679(T), 1403(T)

physical and thermodynamic
properties, 343(T), 345(T), 682(F),
686(F), 1403(T), 1407(T)

Laporte selection rule, 109, 859, 865
large numbers, 5
lattice, 280

see also ionic lattice
lattice energy, 307–11, 624

comparison of Born–Landé equation
and Born–Haber cycle values,
312–13

estimation of, 310–11(WE)
experimental determination of,

311–12
listed for various compounds, 313(T)
meaning of term, 307, 310

lattice enthalpy change, 311, 624
lauric acid, 1301
Lawesson’s reagent, 1258
laws and principles

aufbau principle, 115–16
Beer–Lambert Law, 380–1
Boyle’s Law, 18
Charles’s Law, 19
Curie Law, 866(B)
Dalton’s Law of Partial Pressures, 23,

24(B)
Faraday’s Laws of Electrolysis, 656–7,

1350
First Law of Thermodynamics, 590–1
gas laws, 16–27
Gay-Lussac’s Law, 22, 23(WE)
Graham’s Law of Effusion, 25–6,

806(B)
Heisenberg’s uncertainty principle,

88(B), 90–1
Henry’s Law, 24(B)
Hess’s Law of Constant Heat

Summation, 74–5, 143(WE), 589
ideal gas law, 20, 22(WE), 80, 589
isoelectronic principle, 199
Kohlrausch’s Law, 664–5
Le Chatelier’s principle, 540
Newton’s Laws of Motion, 18, 87,

87(B)
Ohm’s Law, 346(N)
Ostwald’s Dilution Law, 667,

668–9(WE)
Pauli exclusion principle, 115, 116,

116(F)
Second Law of Thermodynamics, 616,

623–4
Third Law of Thermodynamics, 617
see also rules

laxatives, 732, 800
layered structures, 339(F)
LCAO see linear combination of atomic

orbitals
Le Chatelier’s principle, 540

applications, 540–1, 562, 567(B), 579,
627, 671, 697(B), 722, 736

lead, 766
electrochemical properties, 642(T),

1431(T)
ground state electronic configuration,

679(T), 1404(T)
Pauling electronegativity value, 192(T),

194, 700(T), 1400(T)
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lead (continued )
physical and thermodynamic

properties, 11(T), 67(T), 79(T),
135(T), 192(T), 681(F), 700(T),
766, 1397(T), 1400(T), 1404(T),
1407(T), 1423(T)

solid-state structure, 344
sources, 767(B)

lead–acid battery, 768(B), 800
lead azide, 774
lead-based motor fuel additives, 767(B)
lead(II) chloride, 770, 1423(T)
lead compounds

catalytic converters affected by, 934
pollution by, 767(B), 934, 935(B)

‘lead crystal’ glass, 768
lead halides, 222, 223(T), 299(T), 770,

1423(T)
lead(II) iodide

physical and thermodynamic
properties, 1423(T)

solubility/precipitation, 41, 628(T)
lead nitrate, 774, 776, 1423(T)
lead oxides, 301(T), 768, 1423(T)
lead sulfate, 768(B), 800, 1423(T)
lead(II) sulfide, 295(T), 628(T), 1423(T)
leather preservatives, 744–5
leaving groups

in elimination reactions, 1084, 1113,
1114

in nucleophilic substitution reactions,
1027–8, 1276

lemon juice, 1183, 1213(B)
length, SI unit(s), 3(T), 5
L-leucine, 1315(T)
leukotrienes, 1301, 1305, 1307(F)
Lewis, Gilbert N., 146
Lewis acid catalysts

aluminium(III) chloride, 751, 763,
763–4, 1134, 1135, 1138, 1139,
1140, 1141, 1167

iron(III) halides, 1123, 1134, 1135,
1138, 1149

Lewis acids, 704
beryllium hydroxide, 735
in coordination complexes, 826
group 13 halides, 704, 744, 747,

747(F), 751
group 14 halides, 768–9, 770
group 15 halides, 793
titanium(IV) halides, 814
[XeF]þ ion, 813

Lewis bases, 704
in coordination complexes, 826
examples, 704, 747, 755

Lewis structures, 146–7
examples, 146–7
H2 molecule, 146, 156
heteronuclear molecules and ions,

147, 181, 200, 226, 226(F), 229,
230, 231

homonuclear diatomic molecules,
146–7, 157, 164, 174, 200

water molecule, 147, 226
LGOs (ligand group orbitals), 271–2
Libby, Willard F., 502(B)
LIDAR (light detection and ranging)

systems, 399(B)
ligand group orbitals (LGOs), 271–2

combined with atomic orbitals, 272–3

ligands
bidentate ligands, 826–7, 828–9(T),

830, 845, 847
carbon monoxide as ligand, 870
as chelate rings, 827, 827(F), 830(F),

831(F)
chlorido ligands, 843–4
cyanido ligand, 844
cyclic ethers and thioethers, 828(T),

831–2, 832(F)
denticity of ligands, 826
displacement reactions, 842–3, 845,

847, 849, 850–1, 850(WE),
851–2(WE), 853

extended conformation, 847, 848(F)
hard ligands, 854–5, 855(T)
hexadentate ligands, 827, 829(T), 830,

848
hydroxido ligand, 841
Kepert model, 233
Lewis bases, 826
macrocyclic ligands, 831–2
meaning of term, 820
molecular architecture modelled

using, 833(B)
monodentate ligands, 826, 827,

828(T)
polydentate ligands, 827, 829(T), 830
soft ligands, 854–5, 855(T)
strong (crystal) field ligands, 862, 863
tetradentate ligands, 827, 830, 833(B)
tridentate ligands, 827, 829(T), 830,

831(F), 847–8
typical ligands listed, 828–9(T)
weak (crystal) field ligands, 862, 863

ligases (enzymes), 1332
light
particle-like behaviour, 88(B), 90
speed of, 1390, and facing inside back

cover
wave properties, 88(B)

lightning, effect in nitrogen cycle, 772(B)
lime, 733
limestone, 558, 731, 732, 879(B)
limewater, 733
limit of detection (LOD)
GC-MS, 1356
ICP-AES, 1375
ICP-MS, 1377
LC-MS/MS, 1354

limonene, 983(B)
lindane (pesticide), 1041(P)
Lindlar’s catalyst, 989, 994
linear chain processes, 523, 524, 524(F),

525(B)
linear combination of atomic orbitals

(LCAO), 151, 154(F), 164, 202,
203(F), 346, 822(B)

linear molecules/geometry, 214(T), 219(F)
bond angle(s), 214(T)
bonding in, 270–1, 271(F)
carbon compounds, 220, 245, 252, 882,

952, 953
coordination number, 214(T)
degrees of freedom, 401
dipole moments, 242, 242(F), 243(T)
examples, 129(F), 216–17, 218–19,

218(F), 220, 220(T), 233, 242,
242(F), 243(T), 245, 252, 773, 812,
882, 952, 953

hybrid orbitals in, 262, 262(F), 266,
270, 271(F), 882

inter-electron repulsion in, 225, 225(F)
Kepert model, 233, 822, 823(WE)
triatomic molecules and ions, 216–17,

218, 218(F), 220(T)
vibrational modes, 398, 398(F), 400,

401(WE), 402
VSEPR model, 228, 229–30

Lineweaver–Burk equation, 528,
529–30(WE)

linkage isomerism, 838
linoleamide, 1229(B)
linoleic acid, 1183, 1301, 1302, 1302(F),

1303(T)
linolenic acids, 1218(B), 1301, 1302,

1303(T)
lipid bilayers, 1309(F), 1310, 1310(F),

1311(F)
lipid membranes, 1309
lipid waxes, 1305, 1306(F), 1307(F)
lipids, 1070(B), 1072, 1300–12

classification, 1300, 1301(F)
lipolysis, 1303
liquefaction of vapour, 10, 78
liquid

abbreviation for, 10
meaning of term, 9
solidification of, 78
vaporizing of, 77–8

liquid air, fractional distillation of, 771,
794, 812

liquid ammonia, 708, 715
alkali metals in, 708, 730, 984, 1134

liquid chromatography, 907(B)
applications, 1351–4
high-performance (HPLC), 907(B)
with mass spectrometry (LC-MS), 353,

1351–2
with tandem mass spectrometry

(LC-MS/MS), 1352
liquid dinitrogen tetraoxide, 715, 776
liquid helium, 127(P), 329(B), 811–12
liquid hydrogen, 696, 698(B)
liquid hydrogen fluoride, 715, 721, 722, 813
liquid nitrogen, 329(B), 771
liquid oxygen, 698(B), 794
liquid sulfur dioxide, 715, 796
liquid–vapour transition

effect of hydrogen bonding, 711, 714
see also boiling point; vaporization

Lister, Joseph, 1153
litharge (lead(II) oxide), 768
lithiation reactions, 1015(F), 1113, 1277
lithium, 725

diagonal relationship with magnesium,
725, 737

electrochemical properties, 642(T), 1430(T)
electron affinity, 684(F), 1405(T)
flame colour, 734(B)
ground state electronic configuration,

117, 118(F), 119(T), 173(T),
181(F), 186, 188, 283, 284, 679(T),
688(T), 1401(T)

interaction of atomic orbitals, 346–7,
347(F)

ionization energies, 283(F), 286(F),
683(F), 688(T), 1401(T)

Pauling electronegativity value, 192(T),
1400(T)
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physical and thermodynamic
properties, 11(T), 192(T), 283(F),
305(T), 306(F), 343, 343(T),
345(T), 350(T), 625(T), 681(F),
682(F), 683(F), 684(F), 686(F),
688(T), 725, 1396(T), 1400(T),
1401(T), 1405(T), 1407(T), 1423(T)

see also dilithium; organolithium
compounds

lithium aluminium hydride see lithium
tetrahydridoaluminate

lithium borohydride see lithium
tetrahydridoborate

lithium bromide, 1423(T)
lithium carbonate, 688, 1423(T)
lithium chloride, 295(T), 305(B), 603(T),

1423(T)
lithium cobaltate (LiCoO2), 728(B)
lithium dication (Li2þ), 105, 106(WE)
lithium diisopropylamide (LDA), 1113,

1222
lithium enolates

formation of, 1113
reactions, 1113, 1222

lithium fluoride
bonding in, 182, 188–9, 281
electron density map, 281, 281(F)
internuclear distance, 305(B)
physical and thermodynamic

properties, 198(T), 1423(T)
resonance structures, 183(F)

lithium hydride
bonding in, 183, 186, 701
physical and thermodynamic

properties, 198(T), 1422(T)
resonance structures, 183(F)

lithium hydroxide, 727, 1424(T)
lithium iodide, 1424(T)
lithium–ion battery, 728(B)
lithium/iron sulfide battery, 728(B)
lithium nitrate, 737, 1424(T)
lithium oxide, 688, 727, 1424(T)
lithium tetrahydridoaluminate, 705,

706(T), 1072, 1075, 1103, 1115,
1232

lithium tetrahydridoborate, 1075, 1422(T)
lithium tetrahydridogallate, 707
lithium tri-tert-butoxyaluminium hydride,

1198
localized bonding interactions, 148, 884
localized p-bonding, 430, 431(F)
localized s-bonds, 269, 274
London dispersion forces, 81, 82(T)
lone pair(s) of electrons

in alcohols, 1004
in aromatic heterocyclic compounds,

1252(F), 1253(F)
in ethers, 1042
in Lewis structures, 146–7, 164, 174,

181(F), 226
molecular dipole moment affected

by, 1004
in nitrogen-containing compounds,

226(F), 227(F), 251, 251(F), 1097
non-bonding molecular orbitals and,

189
repulsion between, 174, 227, 227(F),

231, 232
stereochemically inactive, 232

and VSEPR model, 226–7
in water molecule, 147, 226, 250(F)

loops (secondary structure of RNA),
1340, 1341

lovastatin (dug), 921(P)
low oxidation state metal centre, in metal

carbonyl compounds, 870
low-spin complex ions, 863
ionic radii, 687

low-spin electronic configurations, 863,
863(WE), 864(F)

distinguished from high-spin electronic
configurations, 865, 869

low-temperature baths, 757(T), 771(T)
lubricants, 339, 744, 763, 1064
luciferase, 785(B)
luciferin, 785(B), 1246
lumefantrine, 1045(B)
luminous intensity, unit, 3(T)
LUMO (lowest unoccupied molecular

orbitals)
in carbon monoxide, 870(F), 914–15
in conjugated dienes, 432, 433(F), 959,

959(F)
in organic reactions, 914, 915, 936–7,

937(F), 959, 959(F)
and UV–VIS spectra, 427

lutein, 435(B), 436(B)
lutetium, 679(T), 683(F), 1403(T)
lycopene, 434(B), 435(B)
Lyman series (emission spectrum of

atomic hydrogen), 109(F),
110(F), 111, 111(T), 112(WE),
126(P), 378

lyocell fibres, 1299, 1300(F)
lysases (enzymes), 1332
lysergic acid diethylamide (LSD), 1248,

1359(F)
L-lysine, 1099(B), 1315(T), 1316
m (mu) in bridged complexes, 841
macrocyclic ligands, 831–2, 1054(B)
Madelung constant, 307
determination of, 308(B)
listed for various structure types,

308(T)
‘magic’ acid, 798
magnesium, 731–2
in biological systems, 732
diagonal relationship with lithium,

725, 737
electrochemical properties, 642(T),

1430(T)
extraction of, 655, 731, 732(F)
ground state electronic configuration,

119(T), 287, 287(F), 679(T),
1401(T)

ionization energies, 285(F), 286(F),
287, 287(F), 1401(T)

and octet rule, 120
Pauling electronegativity value, 192(T),

1400(T)
physical and thermodynamic

properties, 11(T), 67(T), 192(T),
285(F), 286(F), 287, 287(F),
305(T), 343(T), 345(T), 1396(T),
1400(T), 1401(T), 1407(T),
1424(T)

reactions, 63, 636, 695, 695(F), 722,
723, 733, 1014

sources, 731
uses, 731–2
see also organomagnesium compounds

magnesium–aluminium alloys, 732
magnesium bromide, 53, 1424(T)
magnesium carbonate, 1424(T)

reactions, 593–4(WE)
solubility in water, 628(T)

magnesium chloride
in conductometric titration, 672,

672(F)
molar conductivity, 665(T)
molten, electrolysis of, 654
physical and thermodynamic

properties, 1424(T)
magnesium fluoride, 301(T), 736, 1424(T)
magnesium hydride, 701
magnesium hydroxide, 628(T), 732,

1424(T)
magnesium ion

conductivity properties, 665(T), 670(T),
670–1(WE)

thermodynamic properties, 625(T)
magnesium nitrate, 737
magnesium oxide, 295(T), 733, 735,

1424(T)
magnesium sulfate, 732, 800, 1424(T)
magnesium sulfide, solid-state structure,

293, 295(T)
magnetic moment see effective magnetic

moment
magnetic quantum number, 96

for d orbital, 100, 821
for p orbital, 99
for s orbital, 99

magnetic resonance imaging (MRI),
329(B), 446, 812

contrast agents used, 448(B), 852
magnetic spin quantum number, 98, 447
magnetic susceptibility

experimental determination of, 866–7
relationship to effective magnetic

moment, 867
temperature dependence, 866(B)

magnetically non-equivalent nuclei, 471,
1164

magnetism
coordination complexes, 865–9
see also effective magnetic moment

magnets, 791
malaria treatment drugs, 1045(B),

1244(B), 1368–9
male erectile dysfunction treatment,

208(B), 1136, 1284(P)
maleic acid, titration of, 576–8
malleable metals, 749, 766
manganate(VII) ion

electrochemical properties, 642(T), 815,
856(T), 1431(T), 1432(T)

half-cell equations, 642(T), 643, 650,
856(T), 1431(T), 1432(T)

molecular structure, 234
reactions, 42–3(WE), 511, 512(F), 815

manganate(VII) salts
as oxidizing agents, 46, 384, 511,

512(F), 535(P), 651, 815, 974, 992,
1087, 1152, 1197

physical and thermodynamic
properties, 603(T), 1424(T)

Index 1489



 

manganese
electrochemical properties, 856(T),

1430(T)
ground state electronic configuration,

679(T), 825(T), 1402(T)
oxidation states, 743(F), 815
physical and thermodynamic

properties, 11(T), 305(T), 343(T),
345(T), 681(F), 682(F), 686(F),
1398(T), 1402(T), 1407(T),
1424(T)

solid-state structure, 344, 686(F)
manganese(II) chloride, 1424(T)
manganese complex ions, 238, 238(F)
manganese(II) cyanido complex ion,

862(F), 863
manganese(II) hexaaqua ion, 842
manganese(II) nitrate, 1424(T)
manganese(IV) oxide, 717, 1424(T)
manganese(II) sulfate, 1424(T)
D-mannose, 1070(B), 1289, 1290(F)
many-electron atoms (or ions), 106,

114–15
energy levels, 108(F)

marijuana (drug), 1361
Markovnikov addition, 966, 977, 1011
Mars Climate Orbiter, 5(B)
Marsh test, 710, 710(F)
Mary Rose (Tudor warship), 1063(B)
mass number (of atom), 13
mass spectrometry, 352–75

accurate mass numbers for various
isotopes, 356, 356(T)

applications
alcohols, 1081–2
alkanes, 360, 360(T)
amines, 1110–11
radiocarbon dating, 502(B)

for carbon-containing compounds, 360
chemical ionization (CI) method, 352
coupled with gas chromatography

(GC-MS), 353, 1356, 1357(F)
applications, 352, 515, 1356–61

coupled with liquid chromatography
(LC-MS), 353, 1351–2

applications, 1351–4
electron impact ionization (EI)

method, 352, 353
electrospray ionization (ESI) method,

352, 1354
for elements, 14(F), 356–8
fast-atom bombardment (FAB)

method, 352
high-resolution (HRMS), 1356
inductively coupled plasma source

method (ICP-MS), 935(B)
isotope distributions, 356–60
isotope separation by, 14, 356–8
matrix assisted laser desorption

ionization time-of flight (MALDI-
TOF) method, 352

for simple compounds, 358–9
time-of-flight/direct analysis in real

time (TOF–DART) method, 1354,
1355(F)

mass spectrum, 353
base peak, 357
case studies

bromoethane, 367, 367(F)
dibromine, 363, 364(F)

hydrazine, 368, 368(F)
S6, 363, 363(F)
sulfamic acid, 367, 368(F)
sulfur dioxide, 364, 365(F), 366
tetrachloroethene, 363–4, 364(F)
tetramethyltin, 366–7, 366(F)

fragmentation patterns, 360–2, 1082,
1111

high-resolution, 356
low-resolution, 356
molecular ion, 353
nitrogen rule, 362
(P þ 1)þ peak, 357(F), 360
parent ion, 353, 357(F), 358(F)
recording of, 353–6

mass unit, 3(T)
mathematical concepts/methods
area under curve, 619(B)
Cartesian coordinates, 92, 93(F)
differential equations, 483–4
differentiation, 91(B)
Fourier transform, 449
graphical methods, 486–7
Hamiltonian operator, 91, 91(B)
integration, 494–5, 600(B), 618(B)
modulus of real number, 291(N)
normalization, 94
operators, 91(B)
partial differentials, 91(B), 598(B)
Pascal’s triangle, 467(F)
polar coordinates, 92–3
resolution of vectors, 1005
scalar quantities, 87
summation, 69, 589
tangents to curve, 482, 482(F), 489,

489(WE), 490, 490(F)
trigonometry, 132
vector quantities, 87, 89, 97(B), 242,

243–4, 1003
mathematical symbols (listed), 1383(T)
mauveine (dye), 1160, 1161(F)
MCPA (2-methyl-p-chlorophenoxyacetic

acid), 1150(B)
meat-curing chemicals, 777–8
mechanisms
aldol reactions, 1232–3
Chichibabin reaction, 1276
Claisen condensation, 1235
combining elementary steps into, 517–20
curly arrows used, 913–14
deuterium labelling used to study, 693–4
electrophilic addition reactions,

963–75, 989–92
electrophilic substitution reactions,

1137–42
elementary steps in, 516–17, 518
elimination reactions, 1030–4, 1084,

1085
general features, 912–15
Hantzsch synthesis, 1266–7
nucleophilic substitution reactions,

1017–19
proposing, 520–3
and reaction kinetics data, 515–16,

1016–17
see also E1 mechanism; E2 mechanism;

SN1 mechanism; SN2 mechanism
medical applications
alkaloids, 1244–5(B)
Alzheimer’s disease treatment, 1208

anaesthetics, 59–60(P), 277(F), 773,
940, 940(F), 1012

analgesics, 60(P), 1115, 1209, 1210,
1228, 1228(F), 1244(B), 1245(B)

angina treatment, 909(T), 1072
antibiotics, 1321, 1368
anti-cancer drugs, 236, 846(B), 920(P),

1091
antidepressants, 920(T), 1012,

1047, 1072, 1075, 1099(B),
1102, 1368

antidiuretics, 1321
anti-histamine drug, 920(P), 1112
anti-hypertensive drugs, 1095(P), 1103,

1184, 1208
anti-inflammatory drugs, 1141, 1182
anti-malaria drugs, 1045(B), 1244(B),

1368–9
anti-nausea drug, 908
antiseptics, 717, 745, 1153, 1157
anti-ulcer drugs, 1050, 1248, 1280
antiviral drugs, 1049, 1208
arthritis treatment, 1215(B)
barium meal (for X-ray), 733
beta-blocker drugs, 1159, 1210
blood pressure treatment, 909(T),

1159, 1268
bone-setting plaster casts, 800
bronchiodilator drug, 920(P)
calorific value of foods, 72(B)
cancer treatment, 236, 846(B)
capsaicin, 1215(B)
cardiac glycosides, 1294(B)
cholesterol-lowering drugs, 921(P)
cold compress packs, 84(P), 604,

604(F), 634(P)
copper poisoning treatment, 909(T)
disinfectants, 805, 807, 809, 1150(B),

1153
diuretics, 909(T)
hallucinogenic drugs, 1112
hormones, 920(P), 1321
indigestion remedies, 732
insomnia treatment, 1229(B)
laxatives (constipation treatment),

732, 800
magnetic resonance imaging (MRI),

329(B), 446, 448(B), 812
malaria treatment, 1045(B), 1244(B),

1368–9
male erectile dysfunction treatment,

208(B), 1136, 1284(P)
non-steroidal anti-inflammatory drugs

(NSAIDs), 1141, 1183, 1209
osteo-arthritis treatment, 1099(B)
pain relief drugs, 1115, 1209, 1210,

1215(B), 1228, 1228(F)
Parkinson’s disease treatment,

1151(B)
prostate cancer treatment, 1241(P)
pyrrole derivatives, 1255
radionuclides, 501
smoking cessation drugs, 1244(B)
stimulant drugs, 1099(B), 1105, 1112,

1244(B)
sunscreen creams/lotions, 1204(B)
tranquillizers, 1248
ulcer treatment, 1050
vasoconstrictors, 1099(B), 1105
vasodilator drugs, 374(P)
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melamine
co-crystallization with cyanuric acid,

1351, 1351(F)
in milk powder, detection of, 1354–5
in pet food, analytical determination

of, 1351–4
uses, 1354

melting point(s), 10, 12(WE)
alkanes, 931–2, 931(F)
aromatic compounds, 1133, 1147, 1153,

1161
aromatic heterocyclic compounds,

1254, 1255, 1256
carbonyl compounds, 1191(T)
cycloalkanes, 931(F)
listed

group 1 metals, 343(T), 688, 688(T)
group 2 metals, 731(T)
various compounds, 79(T),
1409–29(T)

various elements, 11(T), 79(T),
122(T), 330(T), 341(T), 343(T),
350(T), 681(F), 688(T), 731(T),
1418–29(T)

noble gases, 122(T), 681(F)
periodicity, 680–1, 681(F)
relationship with enthalpy and entropy

of fusion, 621
tetrahalomethanes, 763(F)
water, 77, 79(T)

melting solids, 77–8
see also fusion

Mendeléev, Dmitri, 677
Menten, Maud, 526

see also Michaelis–Menten kinetics
mer-isomers, 237(F), 238, 238(F), 847(F),

848(F)
mercury

ground state electronic configuration,
679(T), 825(T), 1404(T)

heat of atomization, 141–3(WE)
melting point, 343(T), 344
origin of name and symbol, 8(B)
physical and thermodynamic

properties, 11(T), 67(T),
141–3(WE), 142(T), 343–4, 343(T),
345(T), 617(T), 681(F), 682(F),
683(F), 1404(T), 1407(T), 1424(T)

standard state, 68
mercury(II) acetate, in reactions with

unsaturated hydrocarbons, 971,
990, 991, 1074(F)

mercury(I) chloride anion ([HgCl2]
�), 233

mercury(I) chloride (calomel)
electrode, 651

mercury(II) complexes, decay of
photogenerated species, 491–2(WE)

mercury(II) halide complexes, 854
stability constants for formation,

853(T)
mercury halides, 299(T), 1424(T)
mercury oxide, 1424(T)
mercury sulfide, 1425(T)
Merrifield, Robert B., 1318
Merrifield synthesis, 1318, 1319(F)
mescaline, 1359(F)
meso compounds, 908
messenger RNA (mRNA), 1336, 1338, 1340
mesylate ion, as leaving group, 1028,

1050

meta-directing groups, 1142, 1143(T),
1146, 1149, 1165, 1199

meta-substituents on benzene derivatives,
1132

metabolites, 1208, 1358
metal carbonyl compounds, 869–73
18-electron rule obeyed by, 872–3
IR spectroscopy, 870–1
ligand in, 870
low oxidation state metal centre

in, 870
p-interaction in, 870–1
structures, 872, 872(F)

metal hydrides, uses, 696, 702
metal oxides, reduction of, 606–7,

607–8(WE)
metallation reactions, 1015(F)
metallic bonding, 345–8
metallic elements, 7, 677, 678(F)
distinguished from non-metals, 342,

342(F), 344, 677, 678(F)
as electrical conductors, 345, 346(WE)
room-temperature solid-state

structures, 342–4
d-block metals, 343–4
p-block metals and semi-metals, 344
s-block metals, 342–3

metallic hydrogen, 692(B)
metallic radius, 344–5
listed for various elements, 345(T),

686(F), 1396–9(T)
trends, 344–5, 685, 686(F)

metalloenzymes, 1331–2
metalloids see semi-metals
metalloproteins, 652–3(B), 1328
Metalosates, 853
metastable substances, 8
methacrylic acid, 1205(F)
methaenoglobinaemia, 1171
methamphetamine, 1358, 1359(F)
methanal see formaldehyde
methane, 52
acidity/pKa, 993(T), 1007, 1016
bond dissociation in, 139(B)
bonding in, 31, 80, 180(F), 269, 269(F),

271–2, 274
chlorination of, 939–40, 941–2
degrees of vibrational freedom, 402
effusion rate, 26(T)
empirical and molecular formulae, 48,

887(T)
as ‘greenhouse gas’, 756(B), 930(B)
Lewis structure, 226
molecular shape, 52, 180(F), 215, 216,

220, 220(T), 221(F), 227(F)
physical and thermodynamic

properties, 599(F), 601(F), 618(F),
993(T), 1415(T)

silicon analogue, 707
sources, 930(B)
structural formula, 880, 882, 887(T)
valence bond theory in, 269, 269(F)

methanoic acid see formic acid
methanol
conversion to hydrocarbons, 763
industrial manufacture, 696, 1071
industrial output (Europe), 1133(F)
IR spectrum, 413
mass spectrum, 360, 361(F)
in motor fuel, 696, 1082

physical and thermodynamic
properties, 67(T), 1077, 1078(T),
1415(T)

reactions, 1350
as solvent, 1029, 1350
toxicity, 1071
uses, 696

methine group, NMR spectra, 461(T)
L-methionine, 1315(T)
methoxide ion/salt, 1047, 1077
methoxymethane, 1043

see also dimethyl ether
methyl anion, 1007
methyl bromide

chlorination of, 1017, 1018–19, 1019(F)
as ozone-depleter, 943(B)

methyl cation, in nucleophilic
substitution reactions, 965, 1022,
1025

methyl esters, in biodiesel, 1218(B)
methyl formate, 1191(T)
methyl group, 894

abbreviation for, 887
in aromatic compounds, 1143(T), 1146,

1149
NMR spectra, 461(T)
as ‘pseudo-atom’, 218(F), 219

methyl halides
molecular dipole moments, 1004
reactions, 1025, 1036

methyl hexanoate, 1194(F)
methyl ketones, halogenation of, 1220–1
methyl methylacrylate, 1205(F)

polymerization of, 978(B), 1079(B)
methyl 4-methylpyrrole-2-carboxylate,

1249(B)
methyl migration, 1029, 1085
methyl orange (dye/indicator), 438(F),

579(T), 1169
methyl propyl ether, 1052(T)
methyl radical, reaction with dichlorine,

523
methyl salicylate, 883
methylamine

in biology, 884, 1099(B)
dipole moment, 1105
equilibrium in aqueous solution,

544(WE)
formation of, 603
pH of aqueous solution, 560(WE)
physical properties, 602(T), 1106(T),

1108(T)
N-methylaniline, 1162(T)
p-methylaniline, 1162(T), 1163
methylbenzene see toluene
2-methylbutane, 889–90(WE)
2-methylbutan-2-ol, dehydration of, 1084
methylcyclohexane, 922

conformations, 925, 926(F)
dehydrogenation of, 1147

1-methylcyclohexene, addition of HBr,
972–3

methylcyclopentane, synthesis, 938
methylcyclopropane, synthesis, 936
methylene (�CH2�) group, 886, 934

NMR spectra, 461(T)
vibrational modes, 402, 403(F)

methylglyoxal, determination in beer and
wine, 1364, 1365(F)

3-methylheptane, 900(WE)
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4-methylheptane, 900(WE)
3-methylhexane, enantiomers, 899, 899(F)
4-methylimidazole, tautomeric

equilibrium, 1279
methyllithium, 1015–16
methyloxirane

industrial output (Europe), 1133(F)
reactions, 1058–9
synthesis, 1049

2-methylpentane, 889(T), 894, 895(F),
932(T)

3-methylpentane, 895(F), 932(T)
2-methylpentan-2-ol, 1227
N-methylpiperazine, 1136
2-methylpropane, 895

chlorination of, 947–8
2-methylpropan-1-ol

NMR spectrum, 1081
physical and thermodynamic

properties, 1078(T), 1415(T)
2-methylpropan-2-ol

common/trivial name, 1069(T)
formation of, 971
physical and thermodynamic

properties, 1078(T), 1415(T)
2-methylpropene

copolymerization with isoprene, 984
formation of, 957, 1030–2
reaction with hydrogen halides, 963,

976–7
2-methyl-1-propylamine, 1106(T)
2-methyl-2-propylamine, 1106(T),

1108(T)
2-methylpyrrole, synthesis, 1257
Meyer, Lothar, 677
micas (minerals), 754, 761
micelles, 645(B), 1206, 1207(F), 1309(F)
Michaelis, Leonor, 526
Michaelis constant, 527, 528
Michaelis–Menten equation, 528

modifications, 528, 530–1
Michaelis–Menten kinetics, 526–8,

529–30(WE)
microcrystalline materials, 327
microwave region of electromagnetic

spectrum, 379, 379(F), 1391(F)
microwave spectroscopy, 377(T), 414
milk powder

melamine in, 1354–5
water content, 1351

milk sugar see lactose
mineral matter, 880
mines, acid drainage from, 558–9(B)
Minimata disease, 1372
miscible liquids, 9, 932
missile propellants see rocket propellants
mitochondrial electron-transfer chain,

652(B), 1150(B)
mixed-valence compounds, 754, 768
mobile phase (liquid chromatography),

907(B)
models and theories

Bohr model of atom, 87–9, 88(B)
Dewar–Chatt–Duncanson model, 871
Drude–Lorentz theory, 346
harmonic oscillator model, 392–3
Kekulé structure for benzene, 1121
Kepert model, 233
kinetic theory of gases, 16–18
Koopmans’ theorem, 169(B)

ligand group orbital approach, 271–2
molecular orbital (MO) theory, 148,

150–6
rigid rotor model, 416
Rutherford’s model of atom, 87, 88(B)
valence bond (VB) theory, 148, 149–50,

156
valence-shell electron-pair repulsion

(VSEPR) model, 225–31
modulus of real number, 291(N)
moisture-sensitive compounds, 705, 787,

1014, 1072, 1224
molality, 33, 541
molar conductivity, 663–4
at infinite dilution, 664–5, 665(T)
strong electrolytes, 664–5, 666(F)

variation with concentration, 664(F)
weak electrolytes, 666–7

molar enthalpy of fusion, 78
molar enthalpy of solution, 603
molar enthalpy of vaporization, 78
molar extinction coefficient, 381, 428
determination of, 381(WE)
at maximum absorbance, 428–9

listed for conjugated polyenes, 436(T)
listed for various compounds, 437(T)
range of values, 429

molar gas constant, 20, 589, and facing
inside back cover

SI units, 21–2(WE)
molar heat capacity, 141(WE), 597–8
molar mass, 33
calculations, 27(WE)

molar volume, of ideal gas, 21, and facing
inside back cover

molarity, 31, 541
mole, 16
and Avogadro constant/number,

16(WE)
and relative molecular mass, 32,

33(WE)
molecular dipole moments
amines, 1105
aromatic heterocyclic compounds,

1254, 1255, 1256
carbonyl compounds, 1191(T)
ethers, 1051(T), 1052(T)
factors affecting, 244, 1003–4
halogenoalkanes, 1004–5
hydrogen halides, 197(B), 198(T)
interhalogen compounds, 197(B),

198(T)
limitations of quantitative predictions,

1004–5
and molecular shape, 241–4
non-polar compounds, 1003
polar organic compounds, 1003–4

molecular electronic spectra, 428
molecular formula, 48
centred-dot in, 51
determination of, 49–50(WE),

938–9(WE)
molecular geometry
polyatomic molecules, 213, 214(T)

first row p-block elements, 219(F)
heavier p-block elements, 222(F)

molecular orbital (MO) energy level
diagrams

carbon monoxide, 203(F), 204(F),
205(F)

carbonyl compounds, 1190(F)
combination of p atomic orbitals,

160(F)
effect of orbital mixing, 165(F), 204(F),

205(F)
heteronuclear diatomic molecules,

184(F), 186(F), 187(F), 189(F),
203(F), 204(F), 205(F), 211(F),
212(F), 279(F)

homonuclear diatomic molecules,
154(F), 157(F), 162(F), 163(F),
164(F), 167(F), 170

polyatomic molecules, 273(F)
molecular orbital (MO) theory, 148, 150–2

for benzene, 1125(B)
for carbon monoxide, 185(WE), 202–5,

870, 870(F)
for carbonyl compounds, 1189,

1190(F)
compared with other approaches, 148,

156, 274
for cycloalkanes, 928, 928(F)
for H2 molecule, 152–6
for heteronuclear diatomic molecules,

183–90, 202–5, 207, 209
for homonuclear diatomic molecules,

152–6, 157, 162–3, 164, 166,
168, 169

for ions, 207, 209, 279
for isoelectronic species, 207, 209
linear combination of atomic orbitals

(LCAO), 151
for metal carbonyls, 870, 871(F)
overlap integral, 151
for polyatomic molecules, 271–3,

431(F), 433(F)
molecular orbitals, 92

antibonding, 153, 154(F), 155, 155(F),
204, 209

and band theory, 346–7, 347(F)
for conjugated species, 430, 431(F),

432, 433(F)
and electron movements in organic

reactions, 914–15
and electronic movement in organic

reactions, 914–15
highest occupied (HOMO), 205,

205(F), 427, 433(F), 870(F),
914–15, 936–7, 937(F), 959,
959(F), 964

labelling of, 155–6, 203
lowest unoccupied (LUMO), 427, 432,

433(F), 870(F), 914–15, 936–7,
937(F), 959, 959(F)

mixing of, 164–5, 170, 203–4
non-bonding, 187, 188, 204, 205(F),

429, 431(F), 432
orbital contributions, 185(WE)
p and p* orbitals, 158, 159(F), 430,

431(F), 432
rules of constructing, 152–4
s and s* orbitals, 155–6, 183–4
s–p crossover, 165–6, 170
see also HOMO; LUMO

molecular radical cation, 353
molecular rotations, 390, 414
molecular shape

and bond angles, 213, 214(T), 215
and coordination number, 215–16
dipole moments affected by, 241–4
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fluxional behaviour, 240–1
Kepert model, 233–5
octet rule, 249–60
p-block elements

first row elements, 219–21, 249–56
heavier elements, 221–4, 256–60

p-block molecules, and hybridized
orbitals, 266–8

polyatomic molecules, 213–48
and stereoisomerism, 235–9
triatomic molecules, 216–18
types listed, 214(T)
VSEPR model, 226–32

molecular sieves, 763
molecular vibrations, 390
molecular wavefunctions

approximations to, 148
covalent contribution, 149
ionic contribution, 150

molecular weight see relative molecular
mass

molecularity of reaction steps, 516
molecules, 31

bond formation for, 31–2
distinguished from compounds, 32
heteronuclear, 31
homonuclear, 31
meaning of term, 31
see also diatomic. . .; polyatomic. . .;

triatomic molecules
molten salts, electrolysis of, 636, 654,

725–6, 726(F), 748, 805
molybdenum

ground state electronic configuration,
679(T), 825(T), 1402(T)

physical and thermodynamic
properties, 343(T), 345(T), 681(F),
1402(T), 1407(T)

molybdenum hexachlorido anion, 236
moments of inertia, of rotating

molecules, 414–15, 415(B),
415–16(WE)

momentum, 17
monoatomic gases, 121–4
monobasic acids, 551

examples, 551, 781, 786, 809, 810
pH, 555–7
pKa values, 552(T)

monoclinic phosphorus, 341–2
monoclinic selenium, 333
monoclinic sulfur, 133(T), 332, 357
monocyclic alkanes

nomenclature, 922–3
structures, 922

monodentate ligands, 826, 827, 828(T),
830

displacement by bidentate ligands, 845
displacement by tridentate ligands, 847

monoglycerides, 1303, 1304(F), 1362(T)
monoglyme, 886(F), 1043(T)
monomers, 978(B)
mononuclear complexes, 841
mononuclear metal carbonyl complexes,

shapes, 872, 872(F)
monosaccharides, 73(B), 1180, 1286–96

acyclic (open) forms, 1286–7, 1289,
1290(F), 1291(F)

aldoses, 1180, 1287, 1290(F)
cyclic forms, 1289–93
furanose forms, 1288(B), 1292(F), 1293

glycoside formation, 1295
ketoses, 1287, 1291(F)
metabolism of, 73(B)
nomenclature, 1287, 1289
pyranose forms, 1070(B), 1289(B),

1292(F), 1293
as reducing sugars, 1295–6
reduction of, 1295
representation of structures, 1287–8(B)

monosodium glutamate (MSG), 1313,
1316, 1347(P)

monotopic elements, 13–14, 358
monounsaturated fatty acids, 267(B)
Monsanto acetic acid process, 511
Montreal Protocol, 943(B)
mordants (dye fixants), 440(B), 751, 752
morphine, 1244(B), 1245(B)
Morse potential, 393
Mössbauer spectroscopy, 377(T)
moth pheromones, 1060–1(B), 1180, 1187
motor fuel
additives, 696, 767(B), 1067(P), 1083(B)
alternatives, 85(P), 970, 1083(B),

1218–19(B), 1240(P)
components, 763
octane number, 934

motor vehicle catalytic converters, 510,
774, 775(B)

motor vehicle emissions, legislation
restricting, 775(B)

MRI see magnetic resonance imaging
MSG see monosodium glutamate
Mulliken electronegativity values, 195
multi-centred bonding interactions, 148
multi-centred molecules, 215
multi-functional alkynes, 994
multiplet in NMR spectra, 467
multi-step synthetic pathways, 994
Murad, Ferid, 208(B)
muscone, 1181, 1182
muscovite mica, 761
mustard gas, 788(B)
mutagenic compounds, halogenoalkanes,

1037
myoglobin, 355(B), 1328
deoxy-form, 1330–1, 1331(F)

myristic acid, 1301

N-terminus (of peptide chain), 1318
NADPH (nicotinamide adenine

dinucleotide phosphate), oxidation
of, 1320

naming compounds see nomenclature
nanoparticles, 9, 645(B)
polyethylene glycol modified, 1064(F)

naphthalene
aromaticity, 1126(T), 1127
electronic spectroscopy, 381(WE),

1130(T)
spectrophotometric analysis, 381(WE)
structure, 245(F), 246, 1120

1-naphthol, 1159
1-naphthylamine, 1171
naproxen, 1183–4, 1241(P)
NASA, 698(B)
naturally occurring isotopes, 137, 450(T),

1376(F), 1377, 1392–5(T)
nature, chemistry in, 1286–347
alkaloids, 374(P), 1244–5(B)
amides, 884

amines, 1099(B)
amino acids, 1313–16
AMP/ADP/ATP, 653(B), 784, 785(B),

1246
aromatic heterocyclic compounds,

1242–8, 1280
bioluminescence, 785(B), 1246
biomineralization, 629(B), 758(B)
carbon cycle, 879(B)
carboxylic acids, 883, 1186(B)
chirality, 904(B)
chlorophyll, 732, 834(B)
cockroach attractants, 1176(P)
DNA, 712–13(B), 846(B), 1332,

1335–6, 1337(B)
enzymes, 73(B), 1331–2
enzymic browning, 1213(T)
epoxides, 1060–1(B)
eye pigments, 955(B)
FAD/FADH2, 653(B), 1320
fats and oils, 1070(B), 1072, 1302–3
fireflies, 785(B), 1246
floral scent compounds, 881(F), 883
gall wasp, 904(B)
glycosides, 1294(B)
haemoglobin, 201(B), 355(B), 566–7(B),

755, 787, 1327(F)
hormones, 1059
hydroxy-compounds and derivatives,

1070(B)
insect pheromones, 881(F), 1059,

1067(P), 1188, 1249(B)
lead accumulation in snails, 767(B)
lipids, 1070(B), 1072, 1300–12
mitochondrial electron-transfer chain,

652(B), 1150(B)
moth pheromones, 1060–1(B), 1180,

1187
NADP/NADPH, 1187, 1320
nitrogen cycle, 772(B)
nitrogen monoxide, 208(B)
nucleic acids, 712–13(B), 846(B), 1332,

1334–41
nucleosides and nucleotides, 1333–4
peptides, 1316–23
phenols, 1150–1(B)
pheromones, 881(F), 1060–1(B),

1249(B)
phospholipids, 1070(B)
photosynthesis, 653(B), 755, 756(B),

834(B), 879(B)
polyenes as colouring agents, 434–6(B)
polypeptides and proteins, 462(B), 884,

1318–21, 1323–33
polysaccharides, 73(B), 1297, 1299–300
porphyrin ligands, 834(B)
pyrimidine derivatives, 1280
redox reactions, 652–3(B)
rhodopsin, 955(B)
RNA, 1336, 1338–41
sleep-inducing amides, 1229(B)
spider silk, 1326–7(B)
steroids, 1070(B), 1182, 1304
sugars, 73(B), 1070(B), 1180, 1286–97
thiols, 885
trypsinogen/trypsin autocatalysis, 512,

512(F)
vitamins, 1242–3, 1243(F)
wine as monitor of lead pollution,

935(B)
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nature, chemistry in (continued )
see also amino acids; carbohydrates;

lipids; nucleic acids; peptides;
proteins

nautical archaeology, 1063(B)
NBS see bromosuccinimide
nearest neighbour atoms, distance

between in metal lattice, 344, 345
nearest neighbours

in body-centred cubic arrangement,
326, 326(F), 327

in close packing of spheres, 320,
321(F), 325, 326–7

in simple cubic packing, 325, 327
nebulization, 354(B), 1352, 1373, 1375
Néel temperature, 866(B)
negative catalysis, 509
negative differential coefficient, in rate

equation, 484
neon, 812

effusion rate, 26(T)
ground state electronic configuration,

119(T), 121(T), 199(WE), 679(T),
1401(T)

ionization energies, 122(T), 283(F),
285(F), 683(F), 1401(T)

physical and thermodynamic
properties, 122(T), 124(F), 283(F),
285(T), 681(F), 683(F), 684(F),
1397(T), 1401(T)

Nernst, Walther H., 649
Nernst equation, 648–9

applications, 649(WE), 658, 724(WE)
nerve gases, 787, 788(B)
neutral amino acids, 1314(T), 1315(T),

1316
neutral zwitterion, 1109, 1313
neutralization reactions, 36–7(WE),

38(WE), 40–1(WE), 550, 552
neutron, 7, 86

properties, 7(T), and facing inside back
cover

neutron diffraction, 129
compared with other diffraction

methods, 130, 130(T), 131(B)
Newman projections (of conformers),

910–11, 910(F)
examples, 709, 787(F), 925(F), 969,

970, 970(F), 974
Newton’s Laws of Motion, 18, 87, 87(B)
niacin (nicotinic acid, vitamin B3), 1185,

1242, 1243(F), 1254
nickel

electrochemical properties, 856(T),
1431(T)

ground state electronic configuration,
679(T), 825(T), 1402(T)

oxidation states, 743(F), 816
physical and thermodynamic

properties, 11(T), 305(T), 343(T),
345(T), 1399(T), 1402(T), 1407(T),
1425(T)

nickel(II) ammine complexes, 842
nickel-based catalysts, 717(B), 960, 1050,

1103, 1104, 1105
nickel(II) complexes

displacement reactions, 845
in ferromagnetic materials, 866(B)
molecular structures, 234, 820
stereoisomers, 236, 237(F)

nickel(II) halides, 1425(T)
nickel(II) hydrated (hexaaqua) cation,

234(F), 235, 268(F),
439(T), 842

ligand displacement reactions, 842,
849, 850(WE)

nickel(II) nitrate, 1425(T)
nickel(II) oxide
physical and thermodynamic

properties, 607(F), 1425(T)
reduction of, 608(WE)

nickel(II) pentacyanido anion
([Ni(CN)5]

3–), 239, 239(F), 240
nickel(II) sulfate, 1425(T)
nickel tetracarbonyl, 872(F), 873
nicotinamide, 1185
nicotinamide adenine dinucleotide

(NAD), 652–3(B), 1187, 1242
nicotinamide adenine dinucleotide

phosphate (NADP), 1242
nicotine, 585–6(P), 1244(B)
nicotinic acid (niacin, vitamin B3), 1185,

1242, 1243(F), 1254
nifedipine (drug), 1268
niobium
ground state electronic configuration,

679(T), 825(T), 1402(T)
physical and thermodynamic

properties, 343(T), 345(T), 682(F),
1402(T), 1407(T)

niobium hydrides, 702
nitrate ion
bonding in, 256(WE), 742, 778(F)
conductivity properties, 665(T),

670(T)
electrochemical properties, 779(T)
molecular structure, 220(T), 221,

256(WE), 778(F)
oxidation state of N in, 45(WE)
resonance structures, 256(WE), 742,

778(F)
test for, 779, 780(F)

nitrate salts, 779–80
nitrating agents, 779
nitration
aromatic compounds, 1135, 1141, 1149,

1156–7
aromatic heterocyclic compounds,

1263–4, 1273
nitric acid, 777, 778
conjugate base, 552, 777
formation in atmosphere, 772(B)
manufacture, 778
molecular structure, 778(F)
as monobasic acid, 551
as oxidizing agent, 778, 1266
physical and thermodynamic

properties, 778, 1425(T)
reactions, 39–40(WE), 40–1(WE),

65(WE), 778–9, 1071
resonance structures, 778(F)

nitric oxide see nitrogen monoxide
nitric oxide synthase (NOS) enzymes,

208(B)
nitrides, 771
nitrile functional group (CN), 54(T), 885,

1103
in aromatic compounds, 1143(T), 1172
in chain lengthening reactions,

1037, 1103

nitriles, 885
functional group in, 54(T), 885, 1103
hydrolysis of, 1202
IR spectroscopy, 406(T), 411–12(WE)
NMR spectroscopy, 454(T), 455(F),

456
reduction of, 706(T), 1103
synthesis, 1017, 1202

nitrite ion
as conjugate base, 551, 552(T)
electrochemical properties, 779(T)
oxidation state of N in, 45(WE)

nitrite salts, 777–8, 780
nitrites, test for, 1073(B), 1171
nitro group (NO2), 54(T), 885

in aromatic compounds, 1143(T), 1145,
1146, 1149, 1156, 1163, 1165,
1172, 1199

p-nitroaniline, 1162(T)
nitrobenzene, 1131

Friedel–Crafts reactions, 1166, 1199
orientation effects in reactions, 1145–6
physical and thermodynamic

properties, 1161, 1415(T)
reactions, bromination of, 1165–6
reduction of, 1160, 1165, 1166
resonance structures, 1145
spectroscopy, 1164
synthesis, 1135, 1141, 1160

2-nitrofuran, 1264
nitrogen, 770–1

ground state electronic configuration,
119(T), 120, 168, 198, 284, 284(F),
679(T), 1401(T)

isotope abundance, 368, 1394(T)
and octet rule, 120, 251
oxidation states, 45(WE)
Pauling electronegativity value, 192(T),

700(T), 1400(T)
physical and thermodynamic

properties, 11(T), 79(T), 81(T),
135(T), 136(F), 140(T), 142(T),
192(T), 305(T), 683(F), 700(T),
1397(T), 1400(T), 1401(T),
1405(T), 1407(T), 1425(T)

standard state, 68
see also dinitrogen

nitrogen compounds
bonding in, 251
molecular shape, 220–1, 221(F)

nitrogen cycle, 772(B)
nitrogen dioxide (NO2)

bonding in, 776(F)
dimerization of, 516, 517, 774, 776
dipole moment, 243(T)
formation of, 507(T), 522–3, 543–4(WE),

546(T), 772(B), 774
molecular shape, 218(F), 243(T)
monitoring in air, 399(B)
physical and thermodynamic

properties, 243(T), 602(T), 1425(T)
nitrogen fixation, 652(B), 696, 697(B),

772(B)
nitrogen halides, 786–7

compared with phosphorus
halides, 787

dipole moments, 243(T), 244
nitrogen heterocycles see pyridine; pyrrole
nitrogen–hydrogen bonds, bond

enthalpy, 140(T), 145
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nitrogen monoxide, 772(B), 773, 774
in biological systems, 208(B)
bonding in, 209, 773
compared with [O2]

þ, 209(T)
formation of, 507(T), 546(T), 772(B),

774
physical and thermodynamic

properties, 209(T), 602(T), 1425(T)
reactions, 507(T), 522–3, 774

nitrogen narcosis (in deep-sea diving),
24(B)

nitrogen–nitrogen double bonds, bond
enthalpy, 140(T), 161(F)

nitrogen–nitrogen single bonds, bond
enthalpy, 140(T), 144–5, 161(F),
174

nitrogen–nitrogen triple bonds, 174, 200
bond enthalpy, 140(T), 161(F), 174,

771
nitrogen oxides, 773–7

as air pollutants, 399(B), 774, 774(F),
775(B), 1219(B)

formation of, 75–6(WE)
nitrogen oxoacids, 777–80

see also nitric acid; nitrous acid
nitrogen–oxygen bonds, 774, 776(F)
nitrogen rule (in mass spectrometry), 362
nitrogen trichloride, 243(T), 244
nitrogen trifluoride, 220(T), 221, 243(T),

244, 1425(T)
nitrogen-containing heterocyclic

compounds
with more than one heteroatom,

1278–80
see also imidazole; pyrazine; pyridazine;

pyridine; pyrimidine; pyrrole
nitroglycerine, 818(P), 1072, 1073(B)
nitromethane, 54(T), 885
nitronium ion ([NO2]

þ), 216(F), 218, 779,
1141

nitropropane isomers, NMR
spectroscopy, 474–5(WE)

N-nitropyridinium ion, 1271
nitrosyl fluoride (FNO), 251
nitrosyl salts, 774
nitrous acid, 777

conjugate base, 551, 552(T), 777
dissociation in water, 551
electrochemical properties, 779(T)
formation of, 777

nitrous oxide see dinitrogen oxide
nitryl ion ([NO2]

þ), 216(F), 218,
779, 1141

1-electron reduction of, 776
NMR active nuclei, 241, 447, 450(T)
NMR spectrometers, 329(B), 449, 450(T),

771, 812
NMR spectroscopy, 329(B), 377(T), 378,

379(F), 446–78
abundance of nuclei, 449–50, 450(T)
applications

alcohols, 460, 461(T), 467–8, 468(F),
1081, 1081(F)

aldehydes, 454(T), 455(F),
461(T)

alkanes, 923, 923(F)
alkenes, 454(T), 455(F), 461(T)
alkynes, 454(T), 455(F), 461(T), 463
amides, 454(T), 455(F), 461(T)
amines, 461(T), 1110

aromatic compounds, 454(T),
455(F), 461(T), 1128–9, 1148,
1148(F), 1164, 1165

aromatic heterocyclic compounds,
1253

biomolecules, 462(B)
carbonyl compounds, 454(T),

455(F), 461(T), 463(F), 1194–5
cycloalkanes, 923
esters, 454(T), 455(F)
ketones, 454(T), 455(F), 463
nitriles, 454(T), 455(F)

biological macromolecular structure
determination using, 462(B)

chemical shifts, 450–1, 451–2(WE)
in 13CNMR spectra, 452, 453, 454(T),

455(F), 455(WE)
in 1H NMR spectra, 452, 461(T)
in 31P NMR spectra, 452, 453
ranges, 452, 454(T), 455(F),

461(T)
coupling constants, 464, 465–6(WE),

466
factors affecting, 468

deshielding of protons, 1129
doublet of doublets, 471, 471(F)
doublets, 464, 464(F), 465(B), 471
equipment, 329(B), 771, 812
FID (free induction decay) plots, 449,

449(F)
heteronuclear coupling, 472, 474
integral of signal, 468
internal references, 452
isotope abundances, 450(T)
local field in, 450
medical applications, 329(B), 446,

448(B)
molecules with more than one nuclear

environment, 453–60
molecules with one nuclear

environment, 453
multiplicity of signal, 467
nuclear spin–spin coupling, 463–75

first-order compared with second-
order effects, 470(B)

nuclear spin states, 446–7
quartets, 467, 468, 468(F), 474(F)
recording NMR spectrum, 447, 449
reference compounds, 450(T), 451
relaxation processes, 447, 455–6
resonance frequencies, 449

listed for various elements, 450(T)
satellite peaks, 472
selection rules, 464(B), 465(B)
signal intensities, 455–6
signal-to-noise ratio, 447
singlets, 464, 464(B), 464(F)
solvents for, 452, 693
splitting of NMR signals, 464, 465(B),

466(F)
stereochemically non-rigid systems

studied by, 241
triplets, 466(F), 467, 468, 468(F)
see also 13C NMR spectroscopy; 1H

NMR spectroscopy; 31P NMR
spectroscopy

–N¼¼N– chromophore, 438–9
noble gas (electronic) configuration, 29,

30, 121–2, 134, 812
noble gases, 28(T), 121–2, 811–13

ground state electronic configurations,
117, 118(F), 119(T), 121–2,
121(T), 679(T)

periodicity, 687
physical and thermodynamic

properties, 122(T), 681(F), 683(F),
684(F)

solid-state structures, 328
see also group 18

nodal plane (in atomic/molecular
orbitals), 99, 99(F), 155, 155(F),
821, 822(F)

NOESY (Nuclear Overhauser
Enhancement SpectroscopY),
462(B)

nomenclature, 52–6
alcohols, 1068–9
alkanes, 52, 53(T), 886–90, 887(T),

889(T)
alkenes, 238, 890–2, 954, 956
alkynes, 892
amines, 1097–8, 1100
anions, 55–6, 55(T)
atomic orbitals, 98–9
benzene derivatives, 1130–2
bicyclic compounds, 924, 958(B)
carbonyl compounds, 1181, 1182,

1184–5, 1187, 1189
cations, 56
coordination complexes, 823
cycloalkanes, 922–3
cycloalkenes, 954, 956
d-block groups, 814, 814(F)
dienes and trienes, 892
dipeptides, 1318
ethers, 1042–3
fatty acids, 1301
halogenoalkanes, 1009–10
heterocyclic compounds, 1250–1
inorganic compounds, 52–3, 55–6
monosaccharides, 1287, 1289
nucleic acids, 1335
organic compounds, 52
functional groups, 52, 54(T)
numerical descriptors, 53(T)

oxidation states, 56
periodic table, 27–8
polyethylene glycols, 1063(B)
stereoisomers, 901–3, 903(WE)
transition state(s), 480
see also IUPAC nomenclature

nonane, 245(F), 246, 887(T), 1051(T)
non-aqueous solvents, 708, 715, 722,

776, 796
non-bonded separation between

atoms, 124
relationship to van der Waals

radii, 124
non-bonding molecular orbitals, 187, 188,

204, 205(F), 431(F), 432
effect on bond order, 188
electronic transitions involving, 429

non-bonding pair(s) of electrons see lone
pair(s) of electrons

non-directional metal–metal bonding, 347
non-metals, 7

distinguished from metals, 342, 342(F),
344, 677, 678(F)

non-steroidal anti-inflammatory drugs
(NSAIDs), 1141, 1183, 1209
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non-stoichiometric compounds, 702
non-superposability of enantiomers,

838–9, 839(F), 840(F), 897,
897(F), 899, 899(F), 901(F),
904(B)

noradrenaline, 1099(B), 1151(B)
norethandrolone, 1359(F)
normalized wavefunctions, 94, 150

for sp2 hybrid orbitals, 264–5(B)
NOx emissions, 399(B), 774, 774(F),

775(B)
legislation restricting, 775(B)

nuclear charge, effective, 107
nuclear energy applications, 731, 805,

806(B)
nuclear fission, 806(B)
nuclear magnetic resonance, 447

see also NMR spectroscopy
nuclear spin quantum number, 446
nuclear spin–spin coupling, 463–75
nuclear spin states, 446–7

splitting by external magnetic field,
447(F)

nuclear spin transitions, spectroscopy
involving, 378, 379(F)

nuclearity of metal complexes, 841
nucleic acids, 712–13(B), 1332, 1334–41

base-pairings in, 713(B), 1335–6,
1337(B), 1339, 1340(F)

construction from nucleotides, 1334–5
hydrogen bonding in, 712–13(B), 1335,

1338–9, 1341
nomenclature, 1335
see also DNA; RNA

nucleobases, 1333
abbreviations for, 1335

nucleophile(s), 915
alkenes as, 964
alkoxide ions as, 1046
ammonia as, 1101
aromatic ring as, 1137
azide anions as, 1103
cyanide anions as, 1103
enolate ions as, 1232–3
hard and soft, 1027
relative reactivity, 1026–7
substitution reactions affected by,

1026–7
water as, 971, 972, 991, 1017, 1018,

1027
nucleophilic substitution reactions,

1016–30
aromatic compounds, 1171–2
aromatic heterocyclic compounds,

1275–7
carbonyl compounds, 1224–32
in competition with elimination

reactions, 1035–6, 1222
effect of carbenium ion, 1022–5
effect of leaving group, 1027–8, 1056
effect of nucleophile, 1026–7, 1056
effect of solvent, 1028–9
ethers, 1056
halogenoalkanes, 1016–30, 1046–7,

1101–2, 1222
kinetics, 1016–17
rearrangements accompanying, 1029–30
SN1 mechanism, 1017–18
SN2 mechanism, 1018–19
solvents, 1029

steric effects, 1025–6
see also SN1. . .; SN2 mechanism

nucleophilicity, 1026
nucleosides, 1333
nucleotides, 1333, 1334(F)
as building blocks of nucleic acids,

1334–5, 1334(F)
nucleus of atom, 12–13, 86, 88(B)
Nyholm, R.S., 225
nylon, 883, 884, 1185, 1205(F)

ocean floor hydrothermal vents, 719(B)
(Z)-octadec-9-enamide, 1229(B)
octa-1,7-diene, reactions, 981
octahedral complexes/complex ions,

840(F), 844, 844(F)
crystal field splitting for, 859–60,

861(F)
electronic configurations, 862
metal carbonyls, 871(T), 872, 872(F)

octahedral holes, in close-packed arrays,
322–5, 324(B), 326, 327, 336(B)

octahedral molecules/geometry, 214(T),
222(F)

bond angle(s), 214(T)
coordination number, 214(T), 294,

294(F)
dipole moments, 244
distorted structure, 812, 812(F)
examples, 222, 223, 223(T), 224, 232,

766, 787, 793, 802, 804
hybrid orbitals, 265(F), 266
inter-electron repulsion in, 226(F)
in ionic lattices, 294, 295(F), 299,

300(F), 325
Kepert model, 233, 235, 822,

823(WE)
stereoisomers, 236–8
VSEPR model, 228, 231

octane, 887(T)
IR spectrum, 411–12(WE)
physical and thermodynamic

properties, 1415(T)
octane scale (for motor fuel), 934
octasulfur, 31, 129(F)
oct-2-ene, isomers, 906
oct-3-ene, 890
isomers, 891, 891(F)

octet rule, 120
applications, 121(WE), 146, 147, 164,

249–60, 742, 796, 882, 885
expansion of, 120, 231, 256–7, 872–3
localization of charge as formalism,

253
odours/smells
alcohols, 883
amines, 884, 1099(B), 1105
aromatic compounds, 1133, 1161
arsenic oxide, 791
carbonyl compounds, 883, 1088, 1181,

1187, 1188(F)
dimethyl sulfide (thiourea), 975
esters, 883, 1088, 1187, 1188(F)
floral scent compounds, 881(F), 883
hydrogen sulfide, 718
ketones, 1181
ozone, 794
terpenes and terpenoids, 982–3(B)
thiols, 885

Ohm’s Law, 346(N)

-oic ending (on compound’s name), 1184
oil refining, 933
oil of wintergreen, 883, 1240(P)
oils see essential oils; fats and oils
oilseed rape, 267(B), 1218(B)
-ol ending (on compound’s name), 1068
-olane ending (on compound’s name),

1044
oleamide, 1229(B)
oleic acid, 1183, 1301, 1302(F)
oleum (fuming sulfuric acid), 798

in sulfonation of benzene, 1136, 1142
oligo-, meaning of term, 1335
oligonucleotides, 1335, 1338(F)
olmesartan (drug), 1208
omega-3 fatty acids, 1301, 1302
omega-6 fatty acids, 1301
one-electron oxidation, 1160
one-electron reduction, 776
one-electron transfer, 913, 914

see also homolytic bond cleavage/fission
-one ending (on compound’s name), 1182
opaline silica, 758(B)
open systems, 588
opium poppy, 1244(B)
optical density, relationship to

transmittance, 380
optical isomers, 839

see also enantiomers
optically active materials, 838–9

meaning of term, 900
orbital angular momentum of electron,

96, 97(B)
orbital contraction, 171, 284, 826
orbital energy matching, 153, 184–5, 187,

279
orbital hybridization, 262–7

for alkenes and alkynes, 952–3, 953(F)
and molecular shape, 266–8, 882, 952
s-bonds, 269
and unhybridized atomic orbitals,

269–71
VSEPR model, 266–8

orbital mixing, 164–5, 262–7
effects, 164–5, 203–4

orbital overlap, 151, 152, 158
and ring strain, 928

orbital quantum number, 96
for d orbital, 100, 821
for p orbital, 99
for s orbital, 99

orbital symmetry, 101
orbitals see atomic orbitals; d orbitals;

f orbitals; molecular orbitals; p
orbitals; s orbitals

order of reaction, 484
determination of
by graphical methods, 486–9,

496–9(WE)
by half-life method, 490–1,

491–2(WE)
by initial-rates method, 489–90

first-order reactions, 485, 487(F)
overall order, 492
second-order reactions, 486, 487(F)
zero-order reactions, 485, 487(F)

organic chemistry, 2, 878–1347
organic compounds, nomenclature, 52,

53(T), 54(T), 885–92, 886(F)
organoaluminium compounds, 752
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organoboranes, 988
organocopper compounds, 1015(F)
organolead compounds, 934, 935(B)
organolithium compounds/reagents, 995,

1015–16
organomagnesium compounds, 1014

see also Grignard reagents
organomercury compounds, 971, 991
organometallic compounds

as catalysts, 511
cycloalkanes synthesized using, 936,

938
metal carbonyl compounds, 869–73
synthesis, 706(T)

organophosphorus compounds, 787
organosilicon halides, 764
organosilicon polymers, 764, 765(B)
orpiment (mineral), 789, 791
ortho-directing groups, 1142, 1143(T),

1144, 1146, 1147, 1149, 1154(B),
1156, 1166–7, 1171, 1172

ortho-substituents on benzene derivatives,
1132

orthorhombic sulfur, 31, 129(F), 133,
133(T), 331–2, 332(F), 795(F)

orthosilicates, 759
oseltamivir (drug), 1208
osmium

ground state electronic configuration,
679(T), 825(T), 1404(T)

physical and thermodynamic
properties, 343(T), 345(T),
1404(T), 1407(T)

osmium hexafluorido, 815
osmium(VIII) oxide, 815

oxidation of alkenes by, 973, 1074(F)
osteo-arthritis treatment, 1099(B)
Ostwald, Wilhelm, 667
Ostwald process (nitric acid), 778
Ostwald’s Dilution Law, 667,

668–9(WE)
ovalbumin, 1328, 1330(F)
overall order of reaction, 492
overall rate equations, 494, 517
overall reaction mechanisms, 515–16, 517
overall stability constant, for formation

of complexes, 850–1
overlap integral (in molecular orbital

theory), 151
overpotential, 655, 727
oxa nomenclature for ethers, 1043
oxalate anion

as ligand, 829(T)
oxidation of, 384

oxalic acid, 1186(B)
physical and thermodynamic

properties, 1416(T)
pKa values, 561(T)
speciation at various pH values, 562–3

oxazepam (drug), 1359(F)
oxidases (enzymes), 1331
oxidation, 43–4, 172, 636

of alcohols, 1086–8, 1197–8
of aldehydes, 1200
of alkenes, 973–4, 1049, 1071, 1074(F)
of alkylbenzene derivatives, 1200
of alkynes, 992
of aromatic compounds, 529–30(WE),

1152, 1200–1
changes of oxidation states in, 46

electron transfer in, 44, 172
of hydrogen, 546–7, 546(T), 547(F),

602, 640, 699
of oxygen, 172, 718
in redox reactions, 636

oxidation states, 44
assignment rules, 44
changes in, 46, 46–8(WE)
in covalent environment, 743
d-block metals, 743, 743(F), 814, 815,

816, 821, 823
electronegativity dependent on, 193–4,

992
ionic radii affected by, 306
nomenclature, 56
p-block elements, 718, 742–3, 807
working out, 44–5(WE)

oxidizing agents
ammonium nitrate, 771
arsenic acid, 791
bismuthate salts, 792
cerium(IV) ion/salt, 537(P), 644, 699,

1159, 1160, 1266, 1267
chlorates and perchlorates, 734(B),

810–11
chromium(VI) oxide, 1087, 1088, 1197
dibromine, 792
dichromate(VI) salts, 815, 1087, 1152,

1197, 1198, 1200
difluorine, 792, 807, 808
diiodine pentaoxide, 808
dinitrogen pentaoxide, 777
dinitrogen tetraoxide, 776
dioxygen, 43
ferrate salts, 815
halogen oxoacids and oxoanions, 809,

810, 811
hydrogen peroxide, 48(WE),

529–30(WE), 717, 718
iodates, 810
manganate(VII) salts, 46, 384, 511,

512(F), 535(P), 651, 815, 974, 992,
1087, 1152, 1197

for monosaccharides, 1295–6
nitric acid, 778, 1266
osmium(VIII) oxide, 973
perchloric acid, 811
platinum hexafluoride, 816
pyridinium chlorochromate, 1087, 1198
quinone, 1266, 1267
sodium bismuthate, 792
sulfuric acid (conc.), 800
xenon compounds, 812, 813

oxidonitrogen(1þ) cation ([NO]þ),
45(WE), 206–7, 209

oxidovanadium(2þ) ion, 841
oxirane, 1044
industrial manufacture, 1049
industrial output (Europe), 1133(F)
in manufacture of ethylene glycol, 974,

1049, 1056
ring-opening reactions, 1056–7, 1071,

1074(F)
structure, 974, 1044(F), 1052(F)
synthesis, 1049

oxiranes
laboratory synthesis, 1049
polymerization of, 1059, 1062–4
ring-opening reactions, 1048(B), 1056–9
synthesis, 1049

oxo-process, 511, 1180
oxoacids

group 15, 777–8, 781–4, 786, 791–2
group 16, 798–801, 803
group 17, 809–11
meaning of term, 777

oxolane, 1044
see also tetrahydrofuran

oxonium ion ([H3O]þ)
bonding in, 250(F), 251, 253
concentration in aqueous acetic acid,

548, 548–9(WE)
formation of, 547, 548, 548(WE), 551
molecular shape, 220(T), 221, 221(F),

250(F), 251
neutralization of, 550
nomenclature, 56

oxygen
allotropes, 128, 129(F), 175–6(WE)
ground state electronic configuration,

119(T), 121(WE), 163, 198,
199(WE), 250, 679(T), 1401(T)

isotope abundance, 360, 364, 1394(T)
and octet rule, 121(WE), 164, 250–1,

253(WE)
oxidation states, 172, 718
Pauling electronegativity value, 192(T),

700(T), 1400(T)
physical and thermodynamic

properties, 11(T), 79(T), 81(T),
135(T), 136(F), 140(T), 142(T),
192(T), 305(T), 700(T), 1397(T),
1400(T), 1401(T), 1405(T),
1407(T), 1425(T)

standard state, 68
see also dioxygen

oxygen compounds/ions, molecular
shape, 217, 217(F), 218(F), 220(T),
221, 221(F), 250–1

oxygen dichloride, 401(WE), 801,
1420(T)

oxygen difluoride, 121(WE), 217, 217(F),
243(T), 372(F), 801, 1421(T)

oxygen diradical, 164, 521, 524
reaction with ozone, 517, 521

oxygen heterocycles see furan; pyrylium
cation

oxygen hydrides see hydrogen peroxide;
water

oxygen ions
O�, 253(WE)
O2�, 199(WE), 290, 305(T)

‘oxygen mixture’, 794
oxygen–oxygen bonds

cleavage of, 1049
trends in bond order/length/enthalpy,

161(F)
oxygen–oxygen double bonds, bond

enthalpies, 140(T), 161(F)
oxygen–oxygen single bonds, bond

enthalpies, 140(T), 161(F)
oxyluciferin, 785(B)
-oyl ending (in compound’s name), 1187
ozone, 794–5

decomposition of, 517, 520–2
as ‘greenhouse gas’, 756(B)
molecular shape, 31, 129(F), 794(F)
monitoring in air, 399(B)
physical and thermodynamic

properties, 1425(T)
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ozone (continued )
reactions, 517, 521

with alkenes, 974–5
with alkynes, 992

see also trioxygen
ozone layer, 795, 943(B)

depletion of, 943(B)
‘ozone-friendly products’, 943(B)
ozonides, 974–5

p-acceptor ligand, CO, 870–1
p-back donation, in metal carbonyl

complexes, 871
p-back donation in metal carbonyl

complexes, 871
IR spectroscopic evidence, 871–2

p-bonding
in allyl anion/radical, 431(F), 432, 976
in amides, 1215
bond rotation affected by, 953–4, 1195
in boron compounds, 270, 745, 746,

746(F), 747
delocalized, 431(F), 432

in benzene, 1024(B), 1123–4,
1124(F), 1125(B)

in benzyl carbenium ion, 1024(B)
localized, 430, 431(F)
unhybridized orbitals involved, 270,

271, 271(F)
p-conjugation, 430–7

in allyl carbanion, 431(F), 432
in benzene derivatives, 1143, 1145, 1146
in buta-1,3-diene, 432–3, 433(F)
in a,b-unsaturated aldehydes and

ketones, 437
p orbitals, 158, 159(F)

s–p crossover, 165–6, 170, 203
p* orbitals, 158, 159(F)
p-block elements, 27(F), 256(F), 677,

678(F), 741–813
boiling and melting points, 681(F)
coordination numbers, 256
covalent radii, 135(T), 136(F), 1396–7(T)
first row elements

homonuclear covalent bonding in,
161–4, 166–70

molecular shapes, 219–21
octet rule, 249–56

heavier elements, 222(F), 256(F)
molecular shapes, 221–4
octet rule, 256–60

hybrid orbitals and molecular
shape, 266

ionic radii, 305(T), 1396–7(T)
ionization energies, 283(F), 285(F),

286(F), 683, 683(F)
metallic radii, 1396(T), 1397(T)
metals distinguished from non-metals,

342, 342(F)
Pauling electronegativity value, 192(T),

1400(T)
solid-state structures of metals/semi-

metals, 344
van der Waals radii, 135(T), 136(F)
see also group 13; group 14; group 15;

group 16; group 17; group 18
31P NMR spectroscopy, 453

chemical shifts, 452, 453
reference compound, 450(T), 451
resonance frequency, 450(T)

p orbitals, 98
directionality, 100
numbers and shapes, 99–100
overlap of, 1589
radial distribution function plots,

103(F), 107(F)
shapes, 99, 100(F)
surface boundaries, 99, 100
in triply degenerate set, 100

p orbitals, solutions of Schrödinger wave
equation for hydrogen atom,
104(T)

(p–p)p-bonding, 745, 746, 747, 787
p-block elements, covalent radii, 135(T),

136(F), 1396–7(T)
packing of spheres, 319–27
close-packing, 319–25
comparison of close-packed and

non-close-packed arrangements,
326–7

non-close-packing, 325–6
relative efficiency of arrangements, 327
see also body-centred cubic packing;

cubic close-packing; hexagonal
close-packing; simple cubic packing

pain-relief drugs, 1115, 1209, 1210, 1228
paints, 300(B), 791, 883
forensic analysis, 410(B)

palladium
ground state electronic configuration,

679(T), 825(T), 1403(T)
physical and thermodynamic

properties, 343(T), 345(T),
1403(T), 1407(T)

palladium-based catalysts, 510, 717(B),
775(B), 961, 962, 989, 994, 1115,
1134, 1228(F)

palladium(II) tetrachloride anion
([PdCl4]

2�), 235
palmitic acid, 1183, 1186(B), 1301
pancreatic lipases (enzymes), 1303
paper industry applications, 805, 1299,

1300(F)
para-directing groups, 1142, 1143(T),

1144, 1146, 1147, 1149, 1154(B),
1156, 1166–7, 1171, 1172

para-substituents on benzene derivatives,
1132

Paracelsus (alchemist), 984(B)
paracetamol, 1210
paraffins, 881
see also hydrocarbons

paramagnetic compounds/species, 163,
166, 169(T), 171(T), 172, 209(T),
729, 730, 794, 801

meaning of term, 162
paramagnetism, 162, 866(B)
factors affecting, 867

paraquat, 1270–1
paraquinone, 1160
Parkinson’s disease treatment, 1151(B)
partial combustion, 72
partial differentials
partial differentiation, 91(B), 598(B)
partial pressures
calculations, 23–5(WE)
Dalton’s Law, 23, 24(B)
relationship to molar Gibbs

energy, 609
Pascal’s triangle, 467, 467(F)

Paschen series (emission spectrum of
atomic hydrogen), 109(F), 111(T),
112(WE)

passivated metals, 733, 749, 779
Pasteur, Louis, 906
patchouli oil, 904(B)
Pauli, Wolfgang, 115
Pauli exclusion principle, 115, 116,

116(F), 861(F)
Pauling, Linus, 191, 1337(B)
Pauling electronegativity values, 191–3,

1002
bond dipole moments calculated from,

242, 243
bond enthalpy calculations using,

193(WE)
bond polarity determined using,

699–700, 929, 1002, 1076
dependence on bond order, 194, 992
dependence on oxidation state,

193–4, 992
determination of, 192
limitations, 195
listed for various elements, 192(T), 242,

243, 278, 279, 700(T), 1003(T),
1400(T)

and polar bonds, 1002–3
Pauling’s electroneutrality principle,

836, 870
Pauling’s valence bond model, 191
pelican’s beak, 1329(F)
penetration and shielding, 106–9
penicillamine, 909(T)
pentabasic acids, 783
pentachlorophenol (PCP), 1157, 1158(B)
pentaerythritol tetranitrate (explosive),

1073(B)
pentagonal planar molecules/geometry,

222(F)
example(s), 223(T), 224

pentane, 887(T)
combustion of, 36, 479, 593
mass spectrum, 361, 361(F)
NMR spectrum, 923(F)
physical and thermodynamic

properties, 67(T), 1051(T), 1416(T)
structural representations, 931(F)

1,5-pentanediamine, 1099(B)
pentane-2,4-dione, 373(P), 1416(T)
pentanoic acid, pKa value, 1006(T)
pentan-1-ol, physical properties, 1078(T)
pentan-3-ol, synthesis, 1227
pentan-2-one, 1197

halogenation of, 1221
pentan-3-one, synthesis, 1226
pent-1-ene

isomerization of, 986
reactions, 986

pent-2-ene, 890
isomers, 890, 891(F)
oxidation of, 973

pentoses (monosaccharides), 1287,
1290(F), 1291(F)

peptide link, 1316
peptide sequencing, 1321
peptides, 1316–23

see also dipeptides; polypeptides
peracids, reactions, 1049
perchlorate anion ([ClO4]

�), 260(F),
698(B)
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perchlorates, 698(B), 734(B), 811
perchloric acid, 811, 811(F)

conjugate base, 552(T)
perfluoroacylation, derivatization using,

1358, 1360
periodic group number, 28

recommended names, 28(T)
relationship to number of valence

electrons, 29(WE)
periodic table, (facing inside front cover),

27–9, 27(F), 86, 678(F)
d-block elements, 27(F), 28, 677, 678(F),

741(F), 814(F), 819(F), 824(F)
diagonal line between p-block metals

and non-metals, 342, 342(F), 344,
677, 678(F)

diagonal relationships
aluminium and beryllium, 750
lithium and magnesium, 725, 737

f-block elements, 27(F), 28, 677,
678(F)

IUPAC nomenclature, 27–8, 28(T),
121(N)

p-block elements, 27(F), 677, 678(F),
741(F)

s-block elements, 27(F), 677, 678(F),
691(F), 27(F), 677, 678(F)

periodicity, 28, 120, 134, 136(F), 677–90
covalent radii, 136(F), 686, 686(F)
electron affinities, 683–5
group 1 elements, 687–8
group 18 elements, 687
ionic radii, 306, 306(F), 687
ionization energies, 283–8, 682–3
melting and boiling points, 680–1
metallic radii, 685, 686(F)
standard enthalpies of atomization,

681–2
periplanar geometry, 1033
Perkin, William, 1160, 1161(F)
permanganate salts see manganate(VII)

salts
permethrin, 929
permittivity of vacuum, 114, and facing

inside back cover
peroxide anion ([O2]

2�), 171(T), 172
peroxides

decomposition of, 506–7(WE)
group 1, 727, 729
as radical initiators, 976, 980
reduction of, 706(T)

persistent organic pollutants (POPs),
1158(B)

personal care products, 765(B)
Perspex, 978(B)
pest control, 753, 1060(B)
pesticides, 1041(P)
PET see poly(ethylene terephthalate)
pet food, analysis of, 1351–4
petroleum

sulfur-containing compounds in, 1256
see also motor fuel

petroleum distillates, 933
cracking of, 933–4
reforming of, 934

petroleum ‘ether’ (mixture of
hydrocarbons), 1042

GC analysis, 896(B)
Pfund series (emission spectrum of

atomic hydrogen), 111(T)

pH, 555–60
buffer solutions, 564–5, 565(WE),

568(WE)
effect of addition of acid or base,

568–70
making up given pH solution, 570,

570(WE)
determination of, 555, 555–6(WE),

557(WE), 560(WE)
measurement of, 555, 559(B)
reduction potentials affected by, 650–1
sensitivity of plants to, 559(B)

pH meter, 555, 572
electrodes for, 651, 658, 659(F)

pH scale, 557(F)
pharmaceutical industry, quality control

in, 1366–72
pharmaceuticals
analysis of, 1366–72
carbonyl compounds, 1115, 1208, 1210,

1228, 1241(P)
chiral drugs, 908, 909(T), 1241(P), 1268
ether linkage in, 1047, 1050
heterocyclic compounds in, 1247–8,

1268–9, 1280
metabolism of, 1208
syntheses, 1012, 1047, 1050, 1091,

1102, 1103, 1105, 1115, 1136,
1159, 1228, 1268–9, 1284(P)

phase changes/transitions, 10, 12, 77–8
enthalpy changes accompanying, 78,

79(T)
entropy changes associated with, 620–2

phase diagrams, 10, 10(F), 12(WE)
phases, 10, 12
1,10-phenanthroline, as ligand (phen),

829(T), 830, 833(B)
phenmetrazine, 1359(F)
phenol, 886(F), 1152–60
acidity/pKa value, 1153–4
esterification of, 1159
halogenation of, 1157
industrial manufacture, 1152–3
industrial output (Europe), 1133(F)
nitration of, 1156–7
orientation effects in reactions, 1143–4
oxidation of, 1159–60
physical and thermodynamic

properties, 1153, 1155, 1416(T)
reactions, 1155–60, 1208
resonance structures, 1143
spectroscopy, 422(F), 1155, 1156(F)
structure, 1131
sulfonation of, 1157
synthesis, 1152–3, 1168
uses, 1153, 1154(B)

phenol–formaldehyde resins/polymers,
1150(B), 1154(B)

phenol red (indicator), 579(T), 581
phenolase, 1213(B)
phenolic group, 884, 1152, 1154(B), 1156
phenolic resins, 1150(B), 1153, 1154(B)
phenolphthalein (indicator), 534(P),

579–81, 579(T), 580(F), 581
phenols
acidity, 1080
applications, 1150–1(B)
in biology, 1150–1(B)
test to distinguish from carboxylic

acids, 1156

phenoxide ion/salts, 1047, 1153, 1155,
1156, 1159

phenoxide radical, 1160
phenyl group, 1132

compared with benzyl group, 1132
L-phenylalanine, 1315(T)
phenylamine see aniline
phenyldiazonium chloride, hydrolysis of,

533(P)
pheromone traps, 1060(B), 1176(P)
pheromones, 881(F), 1059, 1060–1(B),

1067(P), 1176(P), Box 34.2
phosgene, 755, 788(B), 1178(P)
phosphane/phosphine, 243(T),

244, 709, 711(F),
1422(T), 1426(T)

phosphate buffer solutions, 570
phosphates, 783–4

pollution by, 783(B)
phosphatidic acids, 1305–7, 1308
phosphatidylcholine, 1309
phosphatidylethanolamine, 1309
phosphatidylglycerol, 1308
phosphatidylinositol, 1308
phosphatidylserine, 1308
phosphinate salts, 786
phosphinic acid, 781, 782(T), 784, 786
phosphoglycerides, 1070(B)
phospholipids, 1070(B)
phosphonates, 784
phosphonic acid, 782(T), 784, 1426(T)
phosphonium salts, 709
phosphoric acid, 781–3, 782(T)

conjugate base, 552(T)
dissociation in aqueous solution, 553,

781
as food additive, 1362(T)
as NMR reference, 450(T), 451
physical and thermodynamic

properties, 1426(T)
reactions, 724, 781–2

phosphorus, 771, 773
allotropes, 68, 333, 341–2
black phosphorus, 68, 333, 342,

342(F), 1426(T)
extraction of, 771, 773
ground state electronic configuration,

119(T), 679(T), 1402(T)
Hittorf’s (violet) phosphorus, 341–2,

341(F)
mass spectra, 358
molecular structures, 129(F), 223,

333(F)
and octet rule, 120
Pauling electronegativity value, 192(T),

700(T), 1400(T)
physical and thermodynamic

properties, 135(T), 136(F),
140(T), 142(T), 174(F), 192(T),
683(F), 700(T), 1397(T),
1400(T), 1402(T), 1405(T),
1407(T), 1426(T)

reactions, 773
red (amorphous) phosphorus, 68, 333,

341, 1426(T)
solid-state structures, 333, 341–2
standard state, 68, 175, 333, 341
uses, 773
valence electronic configuration,

119(WE)

Index 1499



 

phosphorus (continued )
white phosphorus (P4), 68, 175, 333

combustion of, 75(WE)
mass spectrum, 358
molecular structure, 129(F), 223,
333(F), 781(F)

physical properties, 11(T), 68, 175,
333, 1426(T)

see also tetraphosphorus
phosphorus dichlorotrifluorido, 236
phosphorus halides, 787, 789

compared with nitrogen halides, 787
dipole moments, 243(T), 244
physical and thermodynamic

properties, 617(T), 1426(T)
reactions, 706(T), 1012
stereoisomers, 236

phosphorus hexachlorido anion ([PCl6]
�),

787, 789
phosphorus(III) oxide, 780, 781(F)
phosphorus(V) oxide, 780–1, 781(F)
phosphorus oxides, 773, 780–1

formation of, 75(WE)
physical and thermodynamic

properties, 1426(T)
phosphorus oxoacids, 781–4, 786
phosphorus oxychloride, dehydration of

alcohols using, 1085
phosphorus pentachloride, 74, 120, 789,

1012, 1211
phosphorus pentafluoride

bonding in, 257–8, 742
dipole moment, 244
molecular structure, 258, 742, 787
resonance structures, 258, 742
thermodynamic properties, 617(T)

‘phosphorus pentoxide’, 773
phosphorus tetrabromido anion

([PBr4]
�), 223, 223(T), 787

phosphorus trihalides, 787
dipole moments, 243(T), 244
mass spectra, 372–3(F)
molecular shapes, 222, 223(T), 243(T),

244, 372–3(F), 787
31P NMR spectra, 453
reactions, 1012, 1211
thermodynamic properties, 617(T)

phosphoryl trichloride (POCl3), 260(F)
photocatalyst, 300(B)
photochemical reactions, 936, 943(B), 954
photoelectric cells, 803
photoelectron spectroscopy (PES),

169(B), 274, 377(T)
photogenerated species, decay of,

491–2(WE)
photography (non-digital), 731, 801, 805,

1151(B)
photolysis reactions, 934, 936, 939, 941,

942, 954, 976, 1152
photons, 88(B), 90
photoreceptors in eye, 955(B)
photosynthesis

carbon dioxide removed by, 755,
756(B)

cytochromes in, 653(B), 834(B)
Photosystem II (enzyme), 834(B)
photovoltaic cells, 636, 637(B), 756(B)
phthalic acid, 1200, 1201, 1202(F)
phthalimide and salts, 1102, 1202(F)
phthalocyanine-based pigments, 444(P)

phyllosilicates, 760
physical chemistry, 2
physical constants, facing inside back cover
physisorption, 510
phytofiltration, 790
phytoplankton, 629(B)
pi (p) orbitals, 158, 159(F)
s–p crossover, 165–6, 170, 203

pi-star (p*) orbitals, 158, 159(F)
picric acid, 1073(B), 1157, 1171
pigments, 300(B), 374(P), 444(P), 768,

844
in plants, 434–6(B), 1247

Pilkington (float glass) process, 766
a-pinene, 924, 983(B)
enantiomers, 904(B)

b-pinene, 924, 983(B)
piperaquine, 1045(B)
analytical determination of, 1368–9

piperazine, 1136
piperidine ring, 1115
piperonyl butoxide, 1046
pKa, 549
and basicity of species, 1026–7
effect of electron-withdrawing

substituents, 1006
relationship with pKb for conjugate

acid–base pairs, 554–5, 1107
values listed

amines as acids, 1112, 1259(T)
amino acids, 1316
aniline and derivatives, 1162(T),
1259(T)

carboxylic acids, 549, 1006(T),
1212(T)

conjugate acids of amines, 1108(T)
hydrocarbons, 993(T), 1007, 1016
various acids, 550(WE), 552(T),
1006(T)

pKb, 553, 553–4(WE)
relationship with pKa for conjugate

acid–base pairs, 554–5, 1107
values listed, amines, 1108(T)

pKw (self-ionization constant), 551
planar conformation of rings, 925(F)
planar molecules
aromatic compounds, 1122(F), 1132(F)
aromatic heterocyclic compounds,

1251, 1251(F), 1252, 1252(F),
1253, 1253(F), 1273(F), 1280(F)

examples, 748(F), 774, 776(B), 777,
898(B), 968(F)

nucleophilic attack on, 969
see also bent. . .; linear molecules/

geometry
Planck, Max, 88(B), 89(B)
Planck constant, 90, 114, and facing inside

back cover
plane-polarized light, rotation by

enantiomers, 900–1
planes of symmetry, 898(B), 899,

900(WE)
plants
Capsicum (pepper) family, 1215(B)
carbohydrates in, 1286, 1297, 1299
cell-wall components, 1299
chlorophyll in, 732, 834(B)
floral scent compounds in, 881(F), 883
glycosides, 1294(B)
and herbicides, 1150(B), 1200–1

hormones, 1200
hybrid plants, 267(B)
lipids, 1301
pigments in, 434–6(B), 1247
RNA viruses, 1340
silica in, 758(B)
soil pH sensitivity, 559(B)
see also nature, chemistry in

plasma, 1375
in solar flare, 1375(F)
see also inductively coupled plasma. . .

plaster of Paris, 800
plastics

recycling of, 979(B)
uses, 791, 980(F), 984
see also polymers

platinum
ground state electronic configuration,

679(T), 825(T), 1404(T)
physical and thermodynamic

properties, 343(T), 345(T),
1404(T), 1407(T)

platinum-based catalysts, 510, 696,
775(B), 1132, 1134

platinum(II) complexes, stereoisomers,
236, 237(F), 820, 837, 906

platinum-containing anticancer drug, 236,
846(B)

platinum hexafluoride, reactions, 812
platinum(II) hydrido complexes, 702
platinum(II) tetrachlorido anion

([PtCl4]
2�), 235, 236

plumbing materials, 767(B)
plutonium-239, 14(B)
pnictogens, 770–93

see also group 15
point charge, spherical ion treated as (in

electrostatic model), 291
points of charge (in VSEPR model), 228

basic arrangements, 228(T)
polar aprotic solvents, 1029
polar bonds

and electronegativities, 1002–3
SI convention on, 242(F), 1002

polar coordinates, 92–3
polar diatomic molecules, 196–8, 241
polar molecules, 1003–4
polar organic compounds

alcohols, 1068–96
amines, 1097–109
ethers, 1042–67
halogenoalkanes, 1009–41
introduction to, 1002–8
see also alcohols; amines; ethers;

halogenoalkanes
polar solvents, 1028

electrophilic mechanisms in, 963
in nucleophilic substitution reactions,

1029
in reversed-phase HPLC, 907(B)

polarimeter, 901(F)
polarization of ions, 313–14
polarized light, enantiomers interacting

with, 900–1
pollution-control chemicals, 717
polonium, 803

ground state electronic configuration,
679(T), 1404(T)

Pauling electronegativity value, 192(T),
700(T), 1400(T)
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physical and thermodynamic
properties, 192(T), 700(T),
1400(T), 1407(T)

poloxamers, 478(P)
polyacrylamide, 1185, 1187, 1322
polyacrylonitrile, 410(B), 425(P), 885
polyalkylation, in Friedel–Crafts

reactions, 1135, 1147
polyamides, 884, 1205, 1326(B)

see also Kevlar; nylon
polyatomic molecules

bond angles, 213, 214(T), 215
bonding in, 31, 249–77
coordination numbers listed, 214(T),

215
dipole moments, 241–4
homonuclear bond cleavage in, 138–9
IR spectroscopy, 401–13
meaning of term, 31, 213
molecular geometries, 213, 214(T)
molecular orbital (MO) theory, 271–3
resonance structures for, 253–5, 254(F),

256(WE), 257, 258, 260, 437
shapes, 213–48
valence bond (VB) theory,

259–60(WE), 261–7, 268(F),
269(F), 270(F), 271(F)

polybasic acids, 551–2
pH, 561
speciation in aqueous solution, 562–3
stepwise dissociation of, 551–2
titrations, 576–9

polycarbonate, 1178(P)
polycatenasulfur, 332
polychlorinated biphenyls (PCBs), 1158(B)
polychlorinated dibenzo-p-dioxins

(PCDDs), 1158(B), 1355, 1356
polychlorinated dibenzofurans (PCDFs),

1355, 1356
polydentate ligands, 829(T), 830, 848
polydimethylsiloxane, 1079(B)
polyenes, 432

absorption-maximum wavelengths
listed, 436(T)

as colouring agents in plants, 434–6(B)
polyester fibres, 410(B), 1071, 1205
polyethene, 421(F), 978(B), 984
poly(ethylene glycol)s (PEGs), 1062–4

applications, 1063(B), 1064
mass spectrum, 1062, 1064(F)
nomenclature, 1063(B)
structure, 1063(B)

poly(ethylene terephthalate) (PET),
410(B), 1201, 1205

polyfunctional alcohols, sugars, 1069,
1070(B)

polyhalide anions, molecular shape, 217
polyhedra, 226(F), and website

(Appendix 14)
poly(2-hydroxyethyl methacrylate)

(PHEMA), 1079(B)
polymerization

of alkenes, 752, 977–81, 984–5
of aromatic heterocyclic

compounds, 1260
of epoxides, 1048(B), 1059, 1062

polymers
applications, 791, 883, 978–9(B), 984,

1064, 1154(B), 1255, 1299
atactic polymers, 979(B)

in contact lenses, 1079(B)
copolymers, 978(B)
cross-linked polymers, 1048(B),

1154(B)
isotactic polymers, 979(B)
meaning of term, 977
precursors for, 933–4
recycling of, 979(B)
syndiotactic polymers, 979(B)
thermosetting polymers, 1048(B),

1154(B)
uses, 791, 980(F), 984

poly(methyl methacrylate) (PMMA),
978(B), 1079(B)

polymorphs, 301–2, 344, 629(B),
749–50, 798

polymyxin, 1321
polynuclear complexes, 833(B)
polypeptides, 884, 1215, 1318–23
electrophoretic separation of, 1321–3
in nature, 1318–21
synthesis, 1318, 1319(F)
see also proteins

polyphenols, 1151(B)
polypropene, 978(B), 979(B)
polypyrrole, 1255, 1260
polysaccharides, 73(B), 1297, 1299–300
polystyrene, 978(B), 984
polytetrafluoroethene (PTFE), 978(B), 984
polythiophene, 1256
polyunsaturated fatty acids, 267(B), 1301
poly(vinyl chloride) (PVC), 885, 978(B),

980(F), 984
Ponceau 4R (dye), 1170(F)
pond liners, 984
pond storage of spent nuclear fuel, 806(B)
porphyrin ligands, 834(B)
porphyrins, pyrrole ring in, 1255
positive differential, in rate equation, 484
potash alum, 440(B), 752, 752(F)
potassium, 726
electrochemical properties, 642(T),

1430(T)
electron affinity, 684(F), 1405(T)
flame colour, 734(B)
ground state electronic configuration,

119(T), 173(T), 679(T), 688(T),
1402(T)

ionization energies, 285(F), 286(F),
683(F), 688(T), 1402(T)

Pauling electronegativity value, 192(T),
1400(T)

physical and thermodynamic
properties, 11(T), 142(T), 192(T),
305(T), 306(F), 343(T), 345(T),
350(T), 682(F), 683(F), 684(F),
686(F), 688(T), 1396(T), 1400(T),
1402(T), 1405(T), 1407(T),
1426(T)

synthesis, 726
see also dipotassium

potassium amide, 985, 993, 1077
potassium bromide, 295(T), 313(T),

665(T), 1426(T)
potassium carbonate, 1426(T)
potassium chlorate, 734(B), 811, 1424(T),

1426(T)
potassium chloride
Born–Haber cycle for, 312(F)
dissolution in water, 624–6

entropy change, 625–6
hydration shells, 715, 715(F)
reasons, 626
standard enthalpy of solution, 624–5

lattice energy, 312, 313(T), 624
molar conductivity, 664(F), 665(T)
physical and thermodynamic

properties, 664(F), 665(T), 1426(T)
potassium cyanide, 1426(T)
potassium dichromate(VI), 384, 1087,

1152, 1197, 1198, 1200
potassium ethoxide, 1077
potassium fluoride, 313(T), 1426(T)
potassium halides

lattice energies listed, 313(T)
physical and thermodynamic

properties, 313(T), 1426(T)
potassium hydride, 700, 701(F), 1422(T)
potassium hydroxide

formation of, 688, 727
physical and thermodynamic

properties, 603(T), 1426(T)
reactions, 38(WE), 40(WE), 550, 552

potassium iodate, 1426(T)
potassium iodide, 44(WE), 295(T),

313(T), 617(T), 1426(T)
potassium ion, 625(T), 665(T), 670(T),

715, 715(F)
potassium manganate(VII)

extinction coefficient, 381(WE)
as oxidizing agent, 651, 815, 974, 992,

1087
physical and thermodynamic

properties, 603(T), 1424(T),
1427(T)

solubility data, 603(T)
see also manganate(VII) salts

potassium nitrate, physical and
thermodynamic properties, 665(T),
1427(T)

potassium nitrite, 1362(T), 1427(T)
potassium oxide, 729, 1427(T)
potassium perchlorate, 734(B), 1427(T)
potassium permanganate see

manganate(VII) salts
potassium phthalimide, 1102
potassium sulfate, 1427(T)
potassium superoxide, 729
potential difference, in galvanic cell, 638
potential energy curves

argon atoms, 123(F), 124(F)
hydrogen atoms, 136(F), 153(F)

potential energy due to atomic
interactions, 122–4

powder (from amorphous solids), 327
Powell, C., 225
praseodymium, 679(T), 681(F), 1403(T)
precipitation reactions, 37–8(WE), 41,

41–2(WE), 723, 733
in conductometric titrations, 672, 672(F)
see also sparingly soluble compounds

pre-equilibrium, 519–20
examples, 521, 522

pressure
definition, 18, 591
gaseous equilibria affected by, 540
rate of reaction affected by, 482, 697(B)
standard pressure, 18, 20, and facing

inside back cover
units, 4, 4(T), 18, 591
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primary alcohols, 882, 1068
conversion to halogenoalkanes, 1012,

1086
oxidation of, 1087, 1088, 1197–8,

1199–200
relative reactivity, 1012, 1084, 1086
synthesis, 1014(F), 1072, 1074(F), 1226,

1295
primary amines, 884, 1097

nomenclature, 1097
reactions, 1104, 1105, 1111, 1227, 1257
synthesis, 1101, 1102, 1103, 1104, 1227

primary carbenium ions
nucleophilic substitution reactions

affected by, 1023, 1025
relative stability, 965, 972, 988, 1022,

1084, 1139
primary carbon atom, 892, 893

nucleophilic attack on, 1018, 1058
radical derived from, 944, 945, 946,

947, 948
primary halogenoalkanes, 1010

in Friedel–Crafts alkylation, 1139–40
hydrolysis of, 1023, 1025
nucleophilic substitution reactions,

1017, 1018–19, 1222
vs elimination reactions, 1035–6, 1046

primary structure of proteins, 1323
primary valence number

d-block elements, 821
see also oxidation state

principal moments of inertia, 414
principal quantum number, 96

relationship to orbital types, 101–2
principles see laws and principles
prion, 462(B)
priority assignment rules (for

stereoisomers), 891, 902
probability density of electron, 93–4
probability of finding electron, 91, 94
prodrugs, 1189, 1207–8
L-proline, 1313, 1315(T)
propadiene, 892
propagation steps (in radical chain

reaction), 523, 524, 699, 941,
976, 980–1

propanal, 1181, 1191(T), 1193(T)
propanamide, 1230
propane, 52, 887(T)

chlorination of, 944–6
combustion of, 39(WE)
physical and thermodynamic

properties, 1051(T), 1416(T)
propanedial, acidity, 1216, 1217(T)
propane-1,3-diol, 883
propane-2,4-dione, 373(P)

see also acetylacetonate anion
propanenitrile, IR spectrum, 411–12(WE)
propane-1,2,3-triol

common/trivial name, 1069(T)
esters, 1072, 1187, 1206, 1207(F), 1303–4
industrial manufacture, 1072

propane-1,2,3-triyl trioctadec-9-enoate,
424(F)

propanimine, 1227–8
propanoic acid

physical and thermodynamic
properties, 1416(T)

pKa value, 1006(T), 1212(T)
synthesis, 1197

propan-1-ol
hydrogen bonding in, 1076
IR spectrum, 408(F)

effect of deuteration, 413(WE)
NMR spectrum, 469, 469(F)
physical and thermodynamic

properties, 1078(T), 1191(T), 1416(T)
propan-2-ol
common/trivial name, 1069(T)
IR spectrum, 408(F)
physical and thermodynamic

properties, 1078(T), 1416(T)
reaction with sodium, 1086

propanone see acetone
propene
electrophilic addition of HBr, 965–6
industrial output (Europe), 1133(F)
physical and thermodynamic

properties, 1416(T)
reactions, 1180

propofol (anaesthetic), 277(F)
propranolol (drug), 1159
propyl group, 894
see also isopropyl group

1-propylamine, 1003, 1106(T), 1108(T)
2-propylamine, 1106(T)
propylene oxide see methyloxirane
propyne, 463, 1417(T)
reactions, 989–90

prostaglandins, 1301, 1305, 1307(F)
prostate cancer treatment, 1241(P)
prosthetic groups in proteins, 1328, 1331(F)
protecting groups
for alcohols, 1075, 1089–91, 1231–2
for amine group, 1115, 1228, 1317
for carbonyl compounds, 1231–2
for carboxyl OH group, 1091
examples of use, 1091
factors affecting choice, 1090–1
for terminal alkynes, 995–6, 1089

protection–deprotection strategies, 995–6,
1089–91, 1115, 1228

Protein Data Bank, 1337(B)
protein-specific dye, 1323
proteins, 884, 1323–33
a-helices, 1324–5, 1327, 1328, 1329(F),

1330(F)
b-sheets, 1325, 1326(B), 1327, 1332(F)
b-strands in, 1325, 1332(F)
calorific values, 73(B)
disulfide bridges in, 1323, 1325(T), 1328
electrophoretic separation of, 1321–3
enzymes as, 1331
fibrous proteins, 1328, 1329(F)
globular proteins, 1328, 1330(F)
hydrogen bonding in, 1325, 1325(T),

1328
intermolecular interactions (listed),

1325(T)
NMR spectroscopy, 462(B)
primary structure, 1323
with prosthetic groups, 1328, 1330–1
quaternary structure, 1327
role of DNA in formation of, 713(B)
salt bridges in, 1325(T), 1328
secondary structure, 1324
tertiary structure, 1324–5
X-ray diffraction, 462(B)

protic solvents, 1028, 1029
protium, 12, 13, 86

protoactinium, 679(T), 681(F)
proton, 7, 86

properties, 7(T), and inside back cover
proton-coupled 13C NMR spectra, 474(F)
proton-decoupled 13C NMR spectra,

456(F), 457(F), 459(WE), 474
aromatic compounds, 1128(F), 1129,

1148, 1148(F), 1155, 1156(F),
1164, 1164(F)

carbonyl compounds, 1194–5, 1195(F)
pentane compared with cyclopentane,

923(F)
proton-decoupled 2H NMR spectra, 473(B)
proton mobility, 671
proton NMR spectroscopy see 1H NMR

spectroscopy
proton transfer, in tautomerism, 990
protonation of pyrrole, 1258–60
protoporphyrin group, 529(F)
Prozac (antidepressant), 920(T), 1012,

1047, 1072, 1075, 1102, 1368
Prussian blue, 844, 845
‘pseudo-atom’, methyl group as,

218(F), 219
pseudo-first order kinetics, 494
pseudo-first order rate constant,

498–9(WE)
pseudo-second order rate equation,

500(WE)
psilocybin, 1248, 1359(F)
PTFE see polytetrafluoroethene
puckered rings, 342(F), 924
purine, 1280, 1333
purine bases (in nucleic acids), 1333
putrescine, 1099(B)
PVC see poly(vinyl chloride)
4H-pyran, 1242, 1270
pyranose form (of monosaccharides),

1070(B), 1289(B), 1292(F), 1293
pyrazine, 1280
pyrazole, 1251
pyrethrin I, 929
pyrethrum (insecticide), 929, 1046
PyrexTM glass, 744
pyridazine, 1280
pyridine, 886(F)

activation towards electrophilic
substitution, 1272–5

pyridine N-oxide used, 1272–3
pyridones used, 1274–5

in alkaloids, 1244(B)
as base, 1270–1
bonding in, 1251, 1252(F)
electrophilic substitution reactions,

1271–5
and Friedel–Crafts reactions, 1272
Lewis acid adducts, 747, 914, 1272
as ligand (py), 238, 814, 828(T)
lithiation of, 1277
nitration of, 1273
nucleophilic substitution reactions,

1275–7
numbering of ring, 1250
physical and thermodynamic

properties, 1254, 1417(T)
reactivity, 1270–7
structure, 245(F), 246, 1242, 1251,

1251(F)
synthesis, 1265–9
uses, 1254
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pyridine-containing complexes, 238,
238(F), 814

pyridine N-oxide, 1272–3, 1273(F)
pyridinium cation, 1270
pyridinium chlorochromate (PCC), as

oxidizing agent, 1087, 1198
pyridinium salts, 1270
pyridones, 1274
pyridoxal/pyridoxamine/pyridoxine

(vitamin B6), 1242, 1243(F)
pyridoxamine, 1099(B)
pyrimidine, 1244(B), 1248, 1280, 1333

numbering of ring, 1251
pyrimidine bases (in nucleic acids), 1333
pyriproxyfen (insecticide), 1254, 1255(F)
pyrite (mineral), 327(F), 558(B), 795(F)
pyrogallol, 1151(B)
pyroxenes (minerals), 754, 760
pyrrole

as acid, 1259–60
acylation of, 1262–3
aromaticity, 1253–4
bonding in, 1252, 1252(F)
halogenation of, 1262
nitration of, 1263
physical properties, 1254–5
polymerization of, 1260
protonation of, 1258–60
structure, 1252
sulfonation of, 1264
synthesis, 1257–8
uses, 1255

pyrrole-2-carbaldehyde, 1262–3
pyrrolidine, 1259
pyrrolidine derivatives, 1249(B)
pyrylium cation

bonding in, 1251
reactions, 1277–8
structure, 1250
synthesis, 1269–70

pyrylium derivatives, 1247

quadricyclane, 951(P)
quadruple bond, 252(N)
quality control

in food industry, 1362–6
in pharmaceutical industry, 1366–72

quanta, 90
quantization, 90

of electromagnetic radiation, 88(B)
quantized model of atom, 87–9
quantum mechanics, 90
quantum numbers, 95–8

for atomic orbital, 92, 95–6
for electron in atom, 95–6, 98(WE)
magnetic quantum number, 96, 99, 100
magnetic spin quantum number, 98, 447
nuclear spin quantum number, 446
orbital quantum number, 96, 99, 100
principal quantum number, 96
rotational quantum number, 416
spin quantum number, 98
vibrational quantum number, 393
worked examples, 96–7(WE), 98(WE)

quartet in NMR spectrum, 48, 467
quartz forms of silica, 757
quartz (mineral), 754, 762, 762(F)
quaternary ammonium ions/salts,

1098, 1100
in Hofmann elimination, 1113

quaternary carbon atom, 892, 893
quaternary pyridinium salts, 1270–1
quaternary structure of proteins, 1327
quenching, of superconducting magnets,

329(B)
quinine, 1244(B)
as internal standard, 1368(F), 1369

quinoline, 1244(B), 1251
quinone, 1150(B)
as oxidizing agent, 1266, 1267

quinones, 1150(B), 1151(B), 1159–60
quintet in NMR spectra, 467
(R) notation (for enantiomers), 902,

903(WE), 905
racemates, 845, 848(F), 906–7
notation, 906
separation of, 906–7

racemization of enantiomers, 908
enzymic catalysis of, 1332

radial distribution functions, 94–5, 102–3
plots for various atomic orbitals,

95(F), 102(F), 103(F), 107(F)
radial nodes, 103
radian, 3
radical addition polymerization of

alkenes, 980–1, 984
radical addition reactions, alkenes, 976–7,

1011
radical anion, 172
radical cation, 172, 353
radical chain reactions, 523–6, 941–2
branched chain processes, 524,

524(F), 699
competitive processes, 944–8
examples, 523, 524, 699, 721, 942,

943(B), 944–8, 975–7
inhibition step, 524
initiation step, 523, 524, 699, 941,

976, 980
kinetics, 524, 525(B)
linear chain processes, 523, 524(F)
propagation steps, 523, 524, 699, 941,

975, 976, 980–1
termination step, 523, 524, 941–2,

976, 981
radical initiators, 941, 963, 976, 980
radical reactions see intramolecular

radical reactions
radical scavengers, 1151(B), 1204(B),

1280
radical substitution reactions
alkanes, 942, 944–8, 1010, 1011
alkenes, 975–6

radicals, 29
in interstellar clouds, 417(B)
relative stability, 945–6, 975, 976

radioactive decay, 501–3, 503–4(WE)
radiocarbon dating, 502(B)
radiofrequency region of electromagnetic

spectrum, 379(F), 447, 1391(F)
radionuclides
artifically produced, 501, 504(B)
half-lives, 501, 502(B), 503,

503–4(WE), 504(T)
naturally occurring, 502(B), 504(T)

radium
ground state electronic configuration,

679(T), 1404(T)
physical and thermodynamic

properties, 1404(T)

radon, 812
ground state electronic configuration,

121(T), 679(T), 1404(T)
health risks, 812
physical and thermodynamic

properties, 122(T), 681(F), 683(F),
1404(T)

radon-222 (222Rn), 503–4(WE), 504(T)
Raman spectroscopy, 377(T)
random copolymer, 978(B)
ranitidine (drug), 1050, 1248
rapeseed oil, 267(B)
Raschig reaction (hydrazine

manufacture), 709
rate constant(s), 484

determination of, 487–9(WE)
for reversible reaction, 513–14(WE)

ratio of, 508, 509(F)
units, 484, 485, 486

rate-determining step, 481
in electrophilic addition reactions, 964,

966, 972
in electrophilic substitution reactions,

1137, 1221
in elimination reactions, 1031, 1032
molecularity of, 516
in nucleophilic substitution reactions,

1017, 1018
rate equations

for acid-catalysed halogenation of
aldehydes and ketones, 1221

for bimolecular reactions, 517, 1017
as differential equations, 483–4
for elementary steps, 517
for first-order reactions, 485, 1017
general equations, 484, 492
integrated rate equations, 494–6,

496–501(WE)
for more than one reactant, 492–4
for nucleophilic substitution reactions,

1016–17
one-reactant, 483–4
overall rate equations, 494, 517
for second-order reactions, 486, 1017
for unimolecular reactions, 517, 1017
for zero-order reactions, 485

rate of reaction, 481–2
catalysts affecting, 509–12
concentration dependence, 483–6,

526–7, 527(F)
factors affecting, 482–3
methods of measuring, 384, 385(F),

481–2, 483
temperature dependence, 483, 505–9
units, 481, 485, 486

ratio of rate constants, 508, 509(F)
Rayleigh, Lord, 88(B)
RDX (cyclonite), 373(P), 1073(B)
reaction intermediates see carbenium ions
reaction isotherm, 609–14

deriving, 609–12
using, 612–13, 613–14(WE), 851,

851–2(WE)
reaction kinetics, 479–538

acid-catalysed halogenation of
aldehydes and ketones, 496–8(WE)

concentration dependence, 483–6
esterification, 498–9(WE)
Michaelis–Menten kinetics, 526–8,

529–30(WE)
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reaction kinetics (continued )
nucleophilic substitution reactions,

1016–17
order of reaction, 484, 485–6, 492

graphical methods to determine,
486–7, 487–9(WE)

half-life method to determine, 490–1,
491–2(WE)

initial-rates method to determine,
489–90

radioactive decay, 501, 502(B), 503,
503–4(WE)

temperature dependence, 483, 505–9
and thermodynamics, 479–81

reaction mechanisms, 515–16
general features, 912–15
see also mechanisms

reaction pathway, 480
reaction profiles, 480

alkyl radical formation, 946(F)
electrophilic addition reactions, 964(F)
electrophilic substitution reactions,

1137(F), 1261(F)
elimination reactions, 1032(F)
nucleophilic substitution reactions,

1019(F)
single-step reactions, 506(F), 946(F),

1019(F)
effect of catalysts, 509

three-step reactions, 481(F), 515(F)
two-step reactions, 480(F), 964(F),

1019(F), 1137(F), 1261(F)
reaction quotient, 609–10

determination of, 610–11(WE)
reaction rate see rate of reaction
reaction spontaneity, 615, 623
reaction stoichiometry, 36–43

calculations, 36–8(WE), 39–41(WE),
41–3(WE)

realgar (mineral), 789, 791, 795
rearrangement of carbenium ion(s),

1029–30, 1084–5
reciprocal centimetres, 111, 1390
recycling of plastics, 979(B)
red lead (Pb3O4), 768
red phosphorus, 68, 333, 341, 1426(T)

reactions, 724
red shift, 436, 437
redox couple, 638
redox reactions, 636

in biological systems, 652–3(B)
changes in oxidation states, 46
enzymic catalysis of, 652(B), 1331
in lithium–ion battery, 728(B)
in nature, 652–3(B)
see also oxidation; reduction

reduced mass, of diatomic molecule,
394–5, 415

reducing agents
alkali metals, 729
alkali metals in liquid ammonia, 730
aluminium, 608
ammonia, 775(B)
borane and adducts (THF�BH3), 704
carbon, 46–7(WE), 607, 755
diborane, 704
dihydrogen, 696, 699
diisobutylaluminium hydride, 1198
dimethyl sulfide (thiourea), 975
hydrazine, 709

hydrogen peroxide, 718
hydrogen sulfide, 720
iron(II) ions, 46
LiAlH4, 705, 706(T), 1072, 1075, 1103,

1115, 1232
LiBH4, 1075
lithium tri-tert-butoxyaluminium

hydride, 1198
NaBH4, 704, 705, 971, 990, 1072, 1075,

1103, 1105, 1295
NaBH3CN, 1105
phosphane, 709
sodium thiosulfate, 801
sulfur dioxide, 796, 800, 1213(B)
tetracyanoethene (TCNE), 992
tetrahydridoborate(1�) salts, 704,

1072, 1075
tin(II) chloride, 770, 1161

reducing sugars, 1295–6
tests for, 1295–6, 1296(F)

reductases (enzymes), 1331
reduction, 43–4, 636
of acid (acyl) chlorides and esters,

706(T), 1198
of aldehydes, 706(T)
of amides, 706(T), 1115
of azides, 706(T)
of carboxylic acids, 706(T)
changes of oxidation states in, 46
of dioxygen, 172, 546–7, 546(T),

547(F)
electron transfer in, 44
of esters, 1075, 1198
of halogenoalkanes, 706(T)
of hydroperoxides, 706(T)
of ketones, 706(T), 1072, 1075
of metal oxides, 606–7, 607–8(WE)
of monosaccharides, 1295
of nitriles, 706(T), 1103
of nitrobenzene, 1160, 1165, 1166
of peroxides, 706(T)
in redox reactions, 636

reduction potentials
in biological systems, 652(B)
effect of pH, 650–1
effect of solution concentration, 648–9,

649(WE), 650, 657
hexaaqua metal ions, 855–6
see also standard reduction potentials

reductive amination of aldehydes and
ketones, 1104–5, 1115, 1227–8

reductive hydrolysis of ozonides, 975
reference electrodes, 640, 651
calomel, 651
silver/silver chloride, 651, 651(F)
standard hydrogen, 640, 641(F), 651
see also electrodes

refining of crude oil, 933
reforming of petroleum distillates, 934
refractory materials, 735
refrigerants, 763, 943(B)
regioselective reactions, 966, 987, 1011,

1031, 1058
relative atomic mass, 13, 15(WE)
listed, inside front cover

relative molecular mass, 32
alcohols, 1078(T)
amines, 1106(T)
carbonyl compounds, 1191(T)
ethers, 1051(T), 1052(T)

relaxation processes, in NMR
spectroscopy, 447, 455–6

renewable energy sources, 756(B),
1083(B)

see also biomass; photovoltaic cells;
solar panels

reprocessing of nuclear fuels, 806(B)
repulsion between atoms and ions, 87,

122–3, 292, 309
resins

applications, 1048(B), 1071
see also epoxy resins; phenolic resins;

resorcinol–formaldehyde resins
resistance, unit, 4(T)
resistivity, electrical, 340, 663

listed for various elements, 339, 341(T),
349(T)

resolution of enantiomers, 906–7
resolution of vectors, 1005
resonance frequencies (NMR

spectroscopy), 449
listed for various elements, 450(T)

resonance stabilization
aromatic heterocyclic compounds,

1252, 1253, 1261, 1271–2,
1274, 1275

carbonyl compounds and ions, 1196,
1211, 1215, 1216, 1217

resonance stabilization energy, aromatic
heterocyclic compounds, 1254

resonance structures
acetylacetonate anion, 1216
acyl cation, 1141
allyl carbenium ion, 1022
allyl radical, 975
aromatic carbenium ions, 1022, 1137,

1144, 1145
aromatic compounds and ions, 1121,

1127, 1143, 1145, 1153, 1163,
1168, 1172

aromatic heterocyclic compounds and
ions, 1252, 1253, 1259, 1261,
1271–2, 1274, 1275

boron trifluoride, 255, 255(F)
carbanions, 432, 986
carbon monoxide, 200
carbonyl compounds, 1211, 1215,

1216, 1217
carboxylate anion, 1211
conjugate base of amide, 1214–15
cyanide ion, 206
diazonium cation, 1168
dihydrogen molecule, 150, 181
enolate ion, 1196
heteronuclear diatomic molecules and

ions, 181, 182, 183(F), 200, 206
homonuclear molecules, 150, 181
nitrogen oxides and oxoacid ions,

256(WE), 776(F), 778(F)
nitromethane, 885
nitrosyl cation, 206
ozone, 794(F)
phenoxide ion, 1155
phosphorus pentafluoride, 258
polyatomic molecules, 253–5, 254(F),

256(WE), 257, 258, 260, 437,
776(F), 778(F)

sulfate ion, 257
sulfur dioxide, 260, 796
sulfur tetrafluoride, 257
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sulfur trioxide, 260(F), 798
trichloroacetic acid, 1006
water molecule, 254, 254(F)
see also valence bond (VB) theory

resorcinol, 1150(B), 1153
resorcinol–formaldehyde resins, 1150(B)
restoring force (for oscillator), 392
retention of configuration, in nucleophilic

substitution reactions, 1020, 1021,
1074(F)

retention times (in chromatography),
896(B), 1352

(11Z)-retinal, 955(B), 1181
retinoids, 955(B)
retrosynthesis, 1246

see also disconnection approach
reversed-phase HPLC, 1363
reversible process, heat energy change

for, 616
reversible reactions, 512–14

equilibrium position, 539
kinetics, 512–13, 513–14(WE)

rhenium
ground state electronic configuration,

679(T), 825(T), 1404(T)
physical and thermodynamic

properties, 343(T), 345(T), 681(F),
1404(T), 1407(T)

rhenium(VII) hydrido complexes, 702
rhodium

ground state electronic configuration,
679(T), 825(T), 1403(T)

physical and thermodynamic
properties, 343(T), 345(T),
1403(T), 1407(T)

rhodium-based catalysts, 510, 511, 775(B)
rhodium carbonyl compounds, 511
rhodium complex ions, 238, 238(F), 511
rhodopsin, 955(B)
rhombohedral antimony, 342
rhombohedral arsenic, 342
rhombohedral bismuth, 342
rhombohedral boron, a- and b-forms,

337–8
rhombohedral phosphorus, 342
rhombohedral sulfur (S6)

mass spectrum, 363, 363(F)
molecular structure, 133(F), 331, 331(F)

riboflavin (vitamin B2), 1242, 1243(F)
ribonuclease (enzyme), 1332
ribonucleic acid see RNA
ribonucleotides, 1243, 1333, 1334(F)
D-ribose, 1180, 1290(F)
ribosomal RNA (rRNA), 1336
ribozymes (in RNA), 1340
rigid rotor model, rotating diatomic

molecules, 416
ring closure and opening in

monosaccharides, 1290–3
ring-closure reactions, 937–8, 957–60,

1050, 1071, 1266
ring conformations, 331

cycloalkanes, 924–6
cycloalkenes, 956

ring ‘flipping’/inversion, 925, 925(F),
968, 1057

ring molecules
monosaccharides, 1289–93

homonuclear bond cleavage in, 139,
139(F)

sulfur, 31, 129(F), 133(T), 331–2,
331(F), 332(F)

see also cycloalkanes; cycloalkenes
ring-opening polymerization of epoxides,

1048(B), 1059, 1062
ring-opening reactions, 948, 1048(B),

1056–9, 1071
ring strain
in cyclic ethers, 1056
in cycloalkanes, 924, 925, 926–8

RNA (ribonucleic acid), 1332, 1336,
1338–41

base-pairings in, 1339, 1340(F)
cellular RNA, 1338
complementary bases in, 1339, 1340(F)
hydrogen bonding in, 1338–9, 1341
hydrolysis of, 1332
messenger RNA (mRNA), 1336,

1338, 1340
nucleobases in, 1333
nucleotides in, 1333, 1334(F)
ribosomal RNA (rRNA), 1336
secondary structure, 1340
transfer RNA (tRNA), 1338, 1340

rock salt (NaCl) structure type, 294,
295(F)

see also sodium chloride structure type
rocket fuels/propellants, 696, 698(B), 709,

776, 811, 1073(B)
rocking mode (vibrational mode), 403(F)
RoHS Directive (on hazardous

substances in electronic
equipment), 1373

rotating molecules, moments of inertia
for, 414–15, 415(B), 415–16(WE)

rotation about bonds, see also bond
rotation

rotational constant, 418
determination of bond distance from,

419(WE)
rotational degrees of freedom, 401, 414
rotational energy levels, 416, 418
transitions between, 418–19(WE)

rotational quantum number, 416
rotational spectroscopy, 377(T), 379,

379(F), 390, 416–19
application in astronomy, 417(B)
of linear rigid molecules, 416–19
selection rules, 418

rotational transitions, and spectral lines,
418, 418–19(WE)

rubber see butyl rubber
rubidium
electron affinity, 684(F), 1405(T)
ground state electronic configuration,

173(T), 679(T), 688(T), 1402(T)
ionization energies, 286(F), 683(F),

688(T), 1402(T)
Pauling electronegativity value, 192(T),

1400(T)
physical and thermodynamic

properties, 192(T), 305(T), 306(F),
343(T), 345(T), 350(T), 682(F),
683(F), 684(F), 686(F), 688(T),
1396(T), 1400(T), 1402(T),
1405(T), 1407(T)

synthesis, 726
see also dirubidium

rubidium hydride, 702
rubidium hydroxide, 727

rules
cosine rule, 132(WE)
18-electron rule, 120
Hückel (4n þ 2) rule, 1124
Hund’s rule, 115, 116
Laporte selection rule, 109, 859
nitrogen rule, 362
octet rule, 120, 121(WE)
selection rules (for spectroscopic

transitions), 109, 393, 396–7, 418,
464(B), 465(B)

sequence rules, 891, 902, 1287
sine rule, 132(WE)
Slater’s rules, 107, 196
Trouton’s rule, 621, 711, 1193
see also laws and principles

ruthenium
ground state electronic configuration,

679(T), 825(T), 1402(T)
physical and thermodynamic

properties, 343(T), 345(T),
1402(T), 1407(T)

ruthenium complexes, 354–5(B)
Rutherford, Ernest, 87, 88(B)
Rutherford’s model of atom, 87, 88(B)
rutile (mineral), 299, 300(B)
rutile (TiO2) structure type, 299

example compounds, 301(T), 736, 766,
814

Madelung constant for, 308(T)
unit cell, 300(F)

Ruzicka, Leopold, 982(B)
Rydberg constant, 111, 112, and facing

inside back cover
Rydberg equation, 111–12, 112(WE)

s-bonding framework, 269, 274
s orbitals, 155, 183–4

s–p crossover, 165–6, 170, 203
s* orbitals, 155, 183–4
s-block elements, 27(F), 677, 678(F),

691(F)
boiling and melting points, 343(T),

681(F)
electron affinities, 684(F)
homonuclear covalent bonding in, 156–8
hydrides, 700–2
ionic radii, 305(T), 1396(T)
ionization energies, 283(F), 285(F),

683(F)
metallic radii, 345(T), 685, 686(F),

1396(T)
Pauling electronegativity value, 192(T),

1400(T)
solid-state structures of metals, 342–3,

343(T)
see also group 1; group 2; hydrogen

s-cis conformation, 958
(S) notation (for enantiomers), 902,

903(WE), 905
s orbitals, 94, 98, 99

numbers and shapes, 99, 100(F)
overlap of, 151–2
radial distribution function plots,

95(F), 102(F), 103(F), 107(F)
shape, 94, 99, 100(F)
solutions of Schrödinger wave equation

for hydrogen atom, 94, 104(T)
stability of 1s2 configuration, 134–5,

283
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sabinene, 983(B)
saccharin, 1298(B), 1362(T)
safety matches, 811
safety shields, 1206
Salbutamol (drug), 920(T)
salicylic acid, 60(P), 1209
salt bridges

in electrochemical cells, 638
in proteins, 1325(T), 1328

‘salting out’ (in ether extraction
technique), 1053, 1112

sandalwood oil, 904(B)
Sandmeyer reaction, 1168–9
saponifiable lipids, 1300
saponification, 1206, 1207(F)
Sarin (nerve agent), 788(B)
satellite peaks in NMR spectra, 472(B)
saturated fats and oils, manufacture of,

696
saturated fatty acids, 267(B), 1301
saturated hydrocarbons, 881

see also alkanes; cycloalkanes
saturated solutions, 626

solubility of salts in, 586(P)
Saturn (planet), 692(B), 709, 710
sawhorse drawings (of conformers),

910(F), 911
scalar quantities, 87
scandium

ground state electronic configuration,
679(T), 825(T), 1402(T)

physical and thermodynamic
properties, 343(T), 345(T), 686(F),
1398(T), 1402(T), 1407(T)

scandium(III) complex ions, 832(F), 854
scarlet red (stain), 441(B)
scattering power of atom, factors

affecting, 130
scheelite, 8(B)
Schiff bases, 1228
Schrödinger, Erwin, 91
Schrödinger wave equation, 88(B), 91–3

for hydrogen atom, 94, 104–6, 147
information available from, 92, 100,

280, 821
scissoring of molecule (vibrational mode),

400, 400(F), 403(F)
SDS-PAGE, 1322–3, 1366
‘sea of electrons’, 346
sea salt, 725, 725(F)
seawater, 725(F), 731, 732(F), 805

dissolution of CO2, 879(B)
second ionization energy, 282, 286, 287

listed for various elements, 287(F),
1401–4(T)

see also ionization energy
Second Law of Thermodynamics, 616,

623–4
second-order kinetics, 486, 487(F),

495–6
elimination reactions, 1032
nucleophilic substitution reactions,

1017, 1018–19
secondary alcohols, 883, 1068

conversion to halogenoalkanes, 1012,
1086

oxidation of, 1087, 1197
relative reactivity, 1012, 1084, 1086
synthesis, 1014(F), 1072, 1074(F), 1075,

1227, 1295

secondary amines, 884, 1097
nomenclature, 1098
reactions, 1104, 1112, 1113, 1227, 1257
synthesis, 1101, 1104, 1105

secondary carbenium ions
nucleophilic substitution mechanism

favoured by, 1025
relative stability, 965, 972, 988, 1139

secondary carbon atom, 892, 893
in halogenoalkanes, 963
nucleophilic attack on, 1058
radical derived from, 944, 945, 946

secondary halogenoalkanes, 1010
elimination reactions, 1031

vs nucleophilic substitution
reactions, 1035–6

hydrolysis of, 1023, 1025
nucleophilic substitution reactions,

1222
secondary structure of proteins, 1324
‘see-saw’ structure see disphenoidal

molecules/geometry
selection rules (for spectroscopic

transitions)
emission spectroscopy, 109
NMR spectroscopy, 464(B), 465(B)
rotational spectroscopy, 418
vibrational spectroscopy, 393, 396–7

selective catalytic reduction, 775(B)
selenium, 803
allotropes, 333
ground state electronic configuration,

679(T), 1402(T)
Pauling electronegativity value, 192(T),

700(T), 1400(T)
physical and thermodynamic

properties, 135(T), 136(F), 140(T),
192(T), 305(T), 700(T), 1397(T),
1400(T), 1402(T), 1406(T),
1407(T)

solid-state structures, 332(F), 333
standard state, 333

selenium dioxide, 803
selenium halides, 223(T), 224, 803–4
selenium hexachlorido anion ([SeCl6]

2�),
232, 804

selenium oxoacids, 803
self-assembly of proteins, 1326(B)
self-condensation, 1235
self-ionization constant, 551
self-ionization of water, 551
self-ionizing liquids, 708, 722, 776, 798
semiconductor industry applications,

637(B), 753, 766, 789, 791, 811
semiconductors, 347–8, 803
semi-metals, 7, 341, 344, 347, 677, 678(F)
separation of liquid mixtures, 1053, 1112
sequence rules, 891, 902, 1287
sequestering agents, 783
L-serine, 1315(T)
(�)-sesquiphellandrene, 983(B)
sevoflurane (anaesthetic), 940, 940(F),

1012
sextet of electrons, 936, 1018
sheet structures, 760–1, 761(F), 769,

769(F)
shielding of electrons, 107, 284
(�)shikimic acid, 1049–50
SI conventions, bond dipole moments,

242(F), 1002

SI units, 3–6
base quantities, 3–4, 3(T), 503
calculations, 5(WE), 6(WE), 21–2(WE)
derived units, 4, 4(T), 22(WE), 62, 196,

197(B)
large and small numbers, 5
prefixes used with, 5, 6(T)

sickle cell anaemia, 355(B)
Sidgwick, N., 225
sigma (s) orbitals, 155, 183–4

s–p crossover, 165–6, 170, 203
sigma-star (s*) orbitals, 155, 156, 183–4
signal-to-noise ratio, in NMR

spectroscopy, 447
silanes, 222, 223(T), 707, 1422(T)
sildenafil (Viagra ), 208(B), 1136
silica, 757–9

as catalyst, 759, 940–1
reactions, 759
structural forms, 757
see also silicon dioxide

silica gel, 759
silica glass, etching of, 721
silicate minerals, weathering of, 758(B)
silicates, 759
silicic acid, reactions, 758(B)
silicon

ground state electronic configuration,
119(T), 679(T), 1401(T)

Pauling electronegativity value, 192(T),
700(T), 1400(T)

physical and thermodynamic
properties, 11(T), 135(T),
140(T), 192(T), 341(T), 349(T),
682(F), 684(F), 700(T),
1397(T), 1400(T), 1401(T),
1407(T), 1427(T)

production of pure silicon, 754, 755(F)
as semiconductor, 348, 637(B)
solid-state structure, 341, 344

silicon alkoxides, 764
silicon dioxide, 757–9

compared with carbon dioxide, 217,
222, 757, 759

physical and thermodynamic
properties, 1427(T)

reactions, 759
silicon hydrides see silanes
silicon monoxide, 757
silicon–oxygen–silicon (Si�O�Si) bridged

compounds, 760, 761(F), 764,
765(B)

silicon tetrahalides, 222, 223(T), 764,
1427(T)

reactions, 706(T), 764
silicones, 764, 765(B)

see also siloxane polymers
siloxane polymers, 764, 765(B), 1079(B)
silver

Agþ(aq)/Ag(s) couple, 642(T),
643(WE), 646–7, 649(WE), 1432(T)

electrochemical properties, 642(T),
643(WE), 856(T), 1432(T)

ground state electronic configuration,
679(T), 825(T), 1403(T)

physical and thermodynamic
properties, 11(T), 67(T), 343(T),
345(T), 617(T), 1403(T), 1407(T),
1427(T)

silver acetylides, 993

1506 Index



 

silver bromide
physical and thermodynamic

properties, 313(T), 1427(T)
solubility/precipitation, 41, 628(T), 724

silver chloride
physical and thermodynamic

properties, 313(T), 1427(T)
solid-state structure, 295(T)
solubility/precipitation, 627, 628(T),

723
silver chromate

physical and thermodynamic
properties, 1427(T)

solubility/precipitation, 41–2(WE),
628(T)

silver(I) complexes, 833(B)
silver fluoride, 295(T), 313(T), 1427(T)
silver(I) halides

lattice energies listed, 313(T)
physical and thermodynamic

properties, 313(T), 1427(T)
solubility/precipitation, 37–8(WE), 41,

628(T), 723, 724
silver iodide

physical and thermodynamic
properties, 313(T), 1427(T)

solid-state structure, 312
solubility/precipitation, 37–8(WE),

628(T), 724
silver ion, conductivity properties,

665(T), 670(T)
silver nitrate

conductometric titration, 672, 672(F)
physical and thermodynamic

properties, 603(T), 1427(T)
reactions, 37–8(WE), 41, 723, 724
solubility, 603(T)

silver(I) oxide, reduction of, 696, 699
silver/silver chloride (reference) electrode,

651, 651(F)
silver sulfate, solubility in water, 628(T)
silyl-protected alkynes, 995
Simmons–Smith reaction, 936
simple cubic packing, 325–6, 325(F), 327

examples, 344
simple harmonic oscillator, 392–3

energy curves, 392(F)
limitations of model, 393–4

sine rule, 132(WE)
single bond covalent radius, 134

listed for various p-block elements,
135(T)

single crystal growth technique, 754,
755(F)

single-step reactions, reaction profile for,
506(F)

singlet-oxygen, 435(B)
singlets in NMR spectra, 464, 464(B),

464(F)
singly degenerate orbitals, 99
skew conformations, 716, 716(F), 717,

910
skin cancer, factors affecting, 943
skunks, 885
Slater’s rules, 107, 196
sleep-inducing amides, 1229(B)
slowest (reaction) step see rate-

determining step
small numbers, 5
Smalley, Richard, 335(B)

‘smelling salts’, 818(P)
smells see odours
smoking cessation drugs, 1244(B)
SN1 mechanism, 1017–18
in competition with E1 mechanism,

1031, 1035
examples, 1056, 1058
factors affecting, 1022–9
leaving group in, 1018, 1027–8
reaction profile for, 1018, 1019(F)
rearrangements accompanying,

1029–30
solvents affecting, 1028–9
stereochemistry, 1019–21

SN2 mechanism, 1018–19
in competition with E2 mechanism,

1035–6
examples, 1056, 1058, 1103
factors affecting, 1022–9
leaving group in, 1019, 1027–8
reaction profile for, 1019(F)
solvents affecting, 1029
stereochemistry, 1019–21
steric effects, 1025–6

SNIF–NMR spectroscopy, 473(B)
soaps, 783, 1072, 1206, 1207(F), 1218(B),

1303
sodium, 725–6
electrochemical properties, 642(T),

1430(T)
electron affinity, 684(F), 1405(T)
flame colour, 734(B)
ground state electronic configuration,

118, 118(WE), 119(T), 173(T), 280,
286, 287(F), 679(T), 688(T), 1401(T)

industrial synthesis, 636, 655, 725–6,
726(F)

ionization energies, 285(F), 286–7,
286(F), 287(F), 683(F), 688(T),
1401(T)

in liquid ammonia, 708, 730, 984, 989
and octet rule, 120
Pauling electronegativity value, 192(T),

1400(T)
physical and thermodynamic

properties, 11(T), 67(T), 142(T),
192(T), 305(T), 306(F), 343(T),
345(T), 350(T), 682(F), 683(F),
684(F), 686(F), 688(T), 1396(T),
1400(T), 1401(T), 1405(T),
1407(T)

reactions, 47(WE)
see also disodium

sodium acetate, physical and
thermodynamic properties,
1417(T)

sodium amide, reaction with pyridine,
1276

sodium ammonium tartrate, enantiomers,
906

sodium azide, 317(F), 773–4
sodium borohydride see sodium

tetrahydridoborate
sodium bromide, 313(T), 1427(T)
sodium carbonate, 1428(T)
sodium chlorate, molar conductivity,

665(T)
sodium chloride
bonding in, 32
dissolution in water, 63

electrolysis of aqueous solution, 655, 727
electrolysis of molten NaCl, 636, 654,

725–6, 726(F)
electron density map, 304(F)
formation of, 688
interactions between ions, 291–2,

292(WE)
internuclear distance, 303(F), 304, 305(B)
lattice energy, 313(T)
molar conductivity, 664(F), 665(T)
nomenclature, 53
occurrence, 725, 725(F), 729
physical and thermodynamic

properties, 603(T), 1428(T)
solid-state structure, 293, 294, 295(F)
solubility data, 603(T)

sodium chloride (NaCl) structure type,
294

example compounds, 295(T), 312
Madelung constant for, 308(B), 308(T)
representation as close-packed array,

324(B)
stoichiometry of NaCl determined,

296–7
unit cell, 295(F), 297(F)

sodium cryptate complex, 684, 685(F)
sodium cyanide, 1428(T)
sodium cyanoborohydride, as reducing

agent, 1105
sodium D line, 901
sodium dodecyl sulfate, 1322

see also SDS-PAGE
sodium ethoxide, 730, 1077, 1086
sodium fluoride

bonding in, 32, 278–80
internuclear distance, 303(F), 305(B)
lattice energy, 313(T)
physical and thermodynamic

properties, 1428(T)
solid-state structure, 295(T)

sodium halides
lattice energies listed, 313(T)
physical and thermodynamic

properties, 313(T), 1428(T)
sodium hydride, 295(T), 701, 1422(T)

reactions, 705, 1077
sodium hydroxide, 726–7

aqueous solution, 557(F), 557(WE), 727
industrial synthesis, 655, 726–7
physical and thermodynamic

properties, 1428(T)
reactions, 65(WE), 550
titrations, 572–5, 576–9, 669, 671,

672(F)
sodium iodide, 313(T), 603(T), 665(T),

1428(T)
sodium ion, 625(T), 665(T), 670(T)
sodium isopropoxide, 1086
sodium nitrate, 1428(T)
sodium nitrite, 1362(T), 1428(T)
sodium oxide, 729, 1428(T)
sodium peroxide, 727
sodium silicate, 759, 1427(T)
sodium stearate, 1206, 1207(F)
sodium sulfate, 45(WE), 1428(T)
sodium sulfide, 53
sodium superoxide, 729
sodium tetrahydridoborate, as reducing

agent, 704, 705, 971, 990, 1072,
1075, 1103, 1105, 1295

Index 1507



 

sodium thiosulfate, 801, 808–9
soft metal ions and ligands, 854–5, 855(T)
soft nucleophiles, 1027
soil pH, 558(B), 559(B)
solar cells, 636, 637(B), 756(B)
solar flare, 1375(F)
solar panels, 637(B)
solders, 766, 767(B)
solid

abbreviation for, 10
fusion/melting of, 77–8
meaning of term, 9

solid CO2 (‘dry ice’)
in Grignard reactions, 1201
in low-temperature baths, 757, 757(T)

solid-phase separation (SPE), 1364
solid-state structures

of carbonyl compounds, 1190, 1190(F)
of dihydrogen, 328, 330
of elements, 319–51

group 13, 337–8
group 14, 333–7, 339–41
group 15, 333, 341–2
group 16, 331–3
group 17, 328, 330–1
group 18, 122, 328

homonuclear molecules, 328, 330–1
and hydrogen bonding, 714
of metallic elements, 342–4

d-block metals, 343–4
p-block metals and semi-metals, 344
s-block metals, 342–3

solubility
and enthalpy changes, 603–4
in saturated solutions, 626
in water, listed for various inorganic

compounds, 603(T), 628(T)
see also water, solubility in

solubility product constant (Ksp), 627
determination of, 627, 657–8
listed for various compounds, 628(T)
solubility of compound determined

from, 628(WE), 630(WE)
solution concentration, reduction

potential affected by, 648–9,
649(WE), 650

solutions
concentrations, 33, 34(WE), 35–6(WE)
dilution of, 34–5(WE)
making up to given volume, 35–6(WE)

solvates, 50–1
solvation, 624, 715

and hydrogen bonding, 714–15
nucleophilic substitution reactions

affected by, 1029
solvation enthalpy, 624
Solvay process, 735
solvent of crystallization, 50–1
solvents

acetone, 67(T), 430, 452, 883, 1029
acetonitrile, 67(T), 429–30, 885,

1029
alcohols, 67(T), 882, 1029, 1071, 1350
aprotic solvents, 1029
aromatic compounds, 1133, 1147, 1166
N,N-dimethylformamide (DMF),

886(F), 1029, 1187
dimethylsulfoxide (DMSO), 975, 1029
ethers, 883, 1014, 1042, 1052–3
for Friedel–Crafts reactions, 1166

for Grignard reagents, 883, 1014
halogenoalkanes, 763, 943(B), 1013
heterocyclic compounds, 67(T), 1014,

1254, 1255, 1256
‘hexanes’, 894
ionic liquids, 751–2
ketones, 67(T), 430, 452, 883
liquid ammonia, 708, 715
liquid dinitrogen tetraoxide, 715, 776
liquid hydrogen fluoride, 715, 722, 813
liquid sulfur dioxide, 715, 796
nitrobenzene, 1166
nitromethane, 885
for NMR spectroscopy, 452
in nucleophilic substitution reactions,

1028–9
petroleum ‘ether’, 896(B)
polar solvents, 907(B), 963, 1028,

1029
protic solvents, 1028, 1029
specific heat capacities (listed), 67(T)
tetrahydrofuran, 67(T), 1014, 1255
for UV–VIS spectroscopy, 429–30
water, 242, 715, 1029
see also non-aqueous solvents

Soman (nerve agent), 788(B)
Sonogashira coupling method, 994
‘sooty’ flame, 938
sorbitol, 1298(B), 1362(T)
soybean oil, methyl esters, 1218(B)
sp hybrid orbitals, 262, 262(F), 266
examples, 270, 271(F)
molecular shape associated with,

262(F), 266, 270–1
in organic compounds, 882, 953,

953(F)
sp2 hybrid orbitals, 262, 263(F)
directionality, 264–5(B)
examples, 269, 269(F), 270, 270(F),

746(F)
molecular shape associated with, 262,

263(F), 266, 269
normalized wavefunctions for,

264–5(B)
in organic compounds, 882, 952,

953(F)
sp3 hybrid orbitals, 263, 263(F)
examples, 266, 266(F), 269, 269(F),

701, 701(F)
molecular shape associated with, 263,

263(F), 266, 266(F), 269, 746(F)
in organic compounds, 882, 928(F)

space-filling diagrams, compared with
tube models, 1329(F)

space shuttle, 698(B), 740(P)
sparingly soluble compounds, 41, 626–7,

629(B), 770
Ksp values listed, 628(T)
see also precipitation

spatially directed orbitals, 262
sp3d hybrid orbitals, 263, 265(F)
examples, 268(F)
molecular shape associated with, 263,

265(F), 266, 268(F), 269
sp3d2 hybrid orbitals, 265(F), 266
examples, 268(F)
molecular shape associated with,

265(F), 266, 268(F), 269
speciation, acids and bases in aqueous

solutions, 561–3

speciation curves
aluminium ions in aqueous solutions,

558–9(B)
oxalic acid in aqueous solutions,

562(F), 563
specific heat capacity, 64

determination of, 66, 67–8(WE)
units, 64
values listed, 67(T)
for water, 64, 67(T), 78

specific rotation (of plane-polarized
light), 900–1

and absolute configuration, 901, 903
experimental determination of, 901

spectator ions, 41, 43
spectral lines, for atomic hydrogen,

108–11, 126(P), 378
spectrochemical series, 862–3
spectrophotometer, 380–1, 380(F)
spectroscopy, 376–478

absorption and emission spectra,
108–11, 110(B), 376–8

air-quality monitoring applications,
399(B)

Beer–Lambert Law, 380–1
and electromagnetic spectrum, 378–9
emission spectra, 108–11, 110(B)
introduction to, 376–89
techniques listed, 377(T)
timescales, 379–80
see also electronic spectroscopy;

IR spectroscopy; NMR
spectroscopy; rotational
spectroscopy; UV–VIS
spectroscopy; vibrational
spectroscopy

speed of light, 1390, and facing inside back
cover

sphalerite (mineral), 795
see also zinc blende

spheres, packing of, 319–27
see also packing of spheres

spherical polar coordinates, 92–3
spherical shell, probability of finding

electron in, 95
sphingosine, 1312
spices, 983(B), 1180–1
spider silk, 1326–7(B)
spin angular momentum of electron, 98
spin-only formula, 867–9, 869(WE)
spin quantum number, 98, 868
spin–spin coupling, between nuclei,

463–75, 1164
first-order compared with second-order

effects, 470(B)
spirocyclics, 924
spontaneous process, 623
spontaneous redox reactions, 636, 638,

646(F)
anticlockwise rule, 647
in cell diagram, 639, 641

spontaneously inflammable materials,
702, 710, 773

sports drugs testing, 1358–61
spring analogy (for vibrating molecules),

391
square-based pyramidal molecules/

geometry, 214(T), 222(F)
conversion to trigonal bipyramidal

geometry, 239–41
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in solid state, 239–40
in solution, 240–1

coordination number, 214(T)
dipole moments, 244
examples, 223, 223(T), 224, 823(WE)

square brackets, 539, 823
square planar complexes, 822, 845,

846(B)
square planar molecules/geometry,

214(T), 222(F)
bond angle(s), 214(T)
coordination number, 214(T)
dipole moments, 244
examples, 223(T), 224, 231, 812
and Kepert model, 235
stereoisomers, 236

stability, meaning of term, 76
stability constants, coordination

complexes, 849–51, 851–2(WE)
stable compound, meaning of term, 76
staggered conformation, 910, 910(F)

examples, 748, 748(F), 786, 787(F),
910(F), 911(F), 912(F), 968(F),
969, 973, 974, 1033, 1034(F)

standard cell potential, 639
determination from standard reduction

potentials, 644, 646–7
lead–acid battery, 768(B)
reactions predicted using, 641, 857

standard electrode potential, 640
standard enthalpy of atomization, 141–4

and bond dissociation enthalpy, 143,
143–4(WE)

calculations, 141–3(WE)
group 1 elements, 681, 682(F), 688(T),

1407(T)
listed for various elements, 142(T),

682(F), 1407(T)
periodicity, 681–2, 682(F)

standard enthalpy of combustion, 71–3
calculations, 72(WE)
experimental determination of,

72, 938
listed for various compounds, 927(T),

1082
and ring strain in cycloalkanes, 927

standard enthalpy of formation, 68–9
for anions, 289(WE)
determination from combustion

data, 938
for elements, 68
listed for various compounds, 540,

602(T), 1409–29(T)
variation with temperature, 601(F)

standard enthalpy of hydration, 624–5
values listed for various ions, 625(T)

standard enthalpy of reaction, 62
calculations, 69, 69–71(WE)

standard enthalpy of solution, 603
listed for various compounds, 603(T)

standard enthalpy of solvation, 624
standard Gibbs energy change, 604, 614,

615
for dissolution of salts in water, 626
in electrochemical reactions, 639,

640(WE), 646, 857
and equilibrium constant, 609–13,

613–14(WE)
temperature dependence, 606–7

standard Gibbs energy of formation,
604, 605

listed for various compounds, 602(T),
1409–29(T)

temperature dependence, 606–7
standard Gibbs energy of reaction, 604,

609
calculations, 605(WE), 607–8(WE)

standard hydrogen reference electrode,
640–1, 641(F), 651

cell diagrams for, 640, 644
standard molar entropy, 617
listed for various compounds and

elements, 617(T), 1409–29(T)
temperature dependence, 617–19,

620(WE)
standard pressure, 18, 20, 589, and facing

inside back cover
standard reduction potentials, 640–3,

643(WE)
application in redox equilibria,

647–8(WE)
calculations, 643(WE)
for d-block hexaaqua ions, 856(T)
for halogens and oxoacids, 807(T),

810(T)
listed for various half-cells, 642(T),

728(B), 856(T), 1430–3(T)
for nitrate and nitrite ions, 779(T)
reactions predicted using, 647–8(WE)
standard cell potential calculated from,

644, 646–7
standard state temperature, 20(N)
standard states, 62
examples for elements, 68, 142(T),

174, 175, 331, 332(F), 333,
337, 339, 341

standard temperature, 20, 589
stannane (SnH4), 707
starch, 73(B), 1286, 1297, 1299
hydrolysis of, 1297, 1332
reaction with iodine, 809

state functions, 589, 590, 597, 604, 614
states of matter, 9–12
stationary phase (chromatography), 759,

896(B), 907(B), 908
stationary state approximation, 518
steady state approximation, 518–19
applications, 521, 523, 524, 525(B)

stearic acid, 1206, 1301, 1302(F)
steel production, 773
stepwise stability constants, complex

formation, 849, 850(WE)
steradian, 3
stereochemical inert pair effect, 232
stereochemically active lone pair (of

electrons), 232
stereochemically inactive lone pair (of

electrons), 232, 804, 812
stereochemically non-rigid molecules,

240, 241, 702, 787, 812
stereochemically non-specific reactions,

1021
stereochemistry, 820, 878
representations, 910–11
SN1 and SN2 reactions, 1019–21

stereogenic centres, 897, 1100(F)
in monosaccharides, 1289, 1290(F),

1291(F)

stereoisomerism, 235–9, 893(F), 897–909
and double bonds, 238–9, 890
octahedral structures, 236–8, 820
square planar structures, 236
trigonal bipyramidal structures, 235–6

stereoisomers, 893(F), 897
alkenes, 890
hydroxy compounds, 1069
meaning of term, 235, 893
see also chiral compounds; cis-isomers;

diastereoisomers; (E)-isomers;
enantiomers; fac-isomers;
mer-isomers; trans-isomers;
(Z)-isomers

stereoregular polymers, 752
stereoselective reactions, 959–60,

967–8
stereospecific reactions, 1020, 1049, 1304
steric energy changes, in alkanes, 911,

911(F)
steric interactions

alkanes, 911–12
alkenes, 954
in elimination reactions, 1031, 1034
in nucleophilic substitution reactions,

1025–6
in peptide synthesis, 1317
silicon halides, 764
see also Kepert model

sterically demanding substitutients,
911–12

sterically hindered molecules,
diisopropylamide ion, 1113

steroids, 1070(B), 1182, 1304
analysis, 1358

sterols, 1304–5
stibane/stibine, 710, 711(F), 1422(T)
stibnite (mineral), 789, 795
stimulant drugs, 1099(B), 1105, 1112,

1244(B), 1358, 1359(F)
Stock numbering system (for oxidation

states), 56
stoichiometric equations, 36

and rate equations, 492–3
stoichiometry of compound,

determination from solid-state
structure, 296–7, 298, 299

straight chain alkanes
curling up of, 888(B), 912
densities, 932(F)
melting and boiling points, 931(F)
molecular structure, 245(F), 246
nomenclature, 52, 53(T), 886, 887(T)
reactions, 938–41
structural formulae, 51, 887(T)

straight chain alkenes, nomenclature,
890–2

strained rings, 924, 925, 928
‘stretched’ bonds

in electrophilic addition
reactions, 965

in nucleophilic substitution reactions,
1018, 1019, 1026, 1028

stretching frequency, relationship to
wavenumber, 395

stretching modes
diatomic molecules, 391, 391(F)
triatomic molecules, 398, 398(F), 400,

400(F)
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strong acid, 548
examples, 548, 555(WE), 778, 800, 810,

1141
pH of aqueous solution, 555, 555(WE),

557(F)
strong acid–strong base titration,

572–3
conductometric titration, 669, 671,

672(F)
equivalence point in, 573
indicators, 581

strong acid–weak base titration,
575–6

conductometric titration, 671, 672(F)
equivalence point in, 576
indicators, 581

strong base, 548
examples, 548, 993, 1007, 1016, 1035,

1046, 1077
pH of aqueous solution, 557(F),

557(WE)
strong base–strong acid titration see

strong acid–strong base titration
strong base–weak acid titration, 573–5

conductometric titration, 671, 672(F)
equivalence point in, 574, 575
indicators, 581

strong electrolyte(s), 664
examples, 664, 665(T)
molar conductivities, 664–5, 664(F),

665(T), 666(F)
strong field ligands, 862, 863
strontium, 732

flame colour, 734(B)
ground state electronic configuration,

679(T), 1402(T)
Pauling electronegativity value, 192(T),

1400(T)
physical and thermodynamic

properties, 192(T), 343(T), 345(T),
684(F), 731(T), 1396(T), 1400(T),
1402(T), 1407(T)

strontium halides, 736
strontium oxide, 607(F)
structural formulae, 51, 878–80

alkanes, 887(T), 889(T), 922, 924
structure–activity relationship studies,

1045(B)
structure types, 293, 294–302

caesium chloride, 298, 298(F)
fluorite (CaF2), 298, 299(F)
rock salt (NaCl), 294, 295(F)
rutile (TiO2), 299, 300(F)
wurtzite (a-ZnS), 302, 302(F)
zinc blende (b-ZnS), 301–2, 301(F)

strychnine, 906, 1244(B), 1245(B)
styrene, 978(B), 1130(T)

industrial output (Europe), 1133(F)
structure, 1131

sublimation, 11, 12(WE), 769
substitution reactions

benzene, 1134–6
cycloalkanes, 948
halogenation of alkanes, 939

sucrose, 73(B), 1296–7, 1298(B)
dehydration of, 799–800
and Fehling’s test, 1296
hydrolysis of, 492, 1297
structure, 493(F)

Sudan dyes, 438–9, 441(B)

sugar cane, 970, 1083(B)
sugars
disaccharides, 73(B), 1296–7
monosaccharides, 73(B), 1070(B), 1180,

1286–96
naturally occurring, 73(B), 1287, 1289,

1298(B)
D-sugars, as naturally occurring

configuration, 1287
sugars, representation of structures,

1287–8(B)
sulfadoxine, 458–60(WE)
sulfamethoxazole, 458–60(WE)
sulfamic acid, mass spectrum, 367, 368(F)
sulfanes, 718
sulfanilic acid, 1171
sulfate ion, 796, 798
bonding in, 256–7, 259
conductivity properties, 665(T), 670(T)
molecular shape, 223(T), 224, 256, 259
resonance structures, 257
test for, 733

sulfate salts, 800
sulfide minerals, 719(B)
sulfides, soluble, 720
sulfite ion, molecular shape, 223(T), 224
sulfites, 800, 1213(B)
sulfonamide drugs, 13C NMR

spectroscopy, 458–60(WE)
sulfonation
aromatic compounds, 1136, 1142, 1157
aromatic heterocyclic compounds, 1264

sulfonyl chloride, 215, 216
sulfoxy (SO3H) group, 1143(T)
sulfur, 795
allotropes, 129(F), 176(WE), 331–3
chain molecules, 133(T), 332–3
covalent radius, 134
electrochemical properties, 642(T),

1430(T)
extraction of, 795
fibrous sulfur, 333
ground state electronic configuration,

119(T), 198, 679(T), 1402(T)
helical chains, 332–3
internuclear distances (listed), 133(T)
isotope abundance, 357, 363, 1395(T)
laminar sulfur, 333
mass spectra, 357–8, 357(F), 363,

363(F)
monoclinic (b-S8) sulfur, 133(T), 332,

357–8
orthorhombic (a-S8) sulfur, 31, 129(F),

133, 133(T), 331–2, 332(F)
Pauling electronegativity value, 192(T),

700(T), 1400(T)
physical and thermodynamic

properties, 67(T), 134, 135(T),
136(F), 140(T), 142(T), 192(T),
331, 332, 700(T), 1397(T),
1400(T), 1402(T), 1405(T),
1407(T), 1428(T)

rhombohedral sulfur (S6), 133(F), 331,
331(F), 363, 363(F)

ring molecules, 31, 129(F), 133(T),
331–2, 331(F), 332(F)

homonuclear bond cleavage in, 139,
139(F)

solid-state structures, 331–3
sources, 795

standard state, 68, 331, 332(F)
uses, 795, 799(F)
X-ray diffraction, 133

sulfur chlorides, 802
molecular formula determination,

50(WE)
sulfur dichloride, 802
sulfur difluoride, 217, 217(F), 223(T),

224, 243(T), 259(WE), 802
sulfur dioxide, 795–8

bonding in, 259–60(WE)
degrees of vibrational freedom, 402
dipole moment, 242, 242(F), 243(T)
effusion rate, 26(T)
as food preservative, 1362(T)
formation of, 795–6
Lewis structure, 230
liquid, as non-aqueous solvent,

715, 796
mass spectrum, 364, 365(F), 366
molecular shape, 217, 217(F), 223(T),

224, 230, 259, 365(F), 796
monitoring in air, 399(B)
nomenclature, 56
oxidation of, 593, 796, 796(F), 797(B)
physical and thermodynamic

properties, 602(T), 796, 1428(T)
reactions, 796
as reducing agent, 796, 800, 1213(B)
resonance structures, 260, 796

sulfur fluorides, 802
sulfur hexafluoride, 32, 236, 244, 802,

1428(T)
as ‘greenhouse gas’, 756(B)

sulfur hydrides, 718
sulfur oxides, 795–8
sulfur oxoacids and salts, 798–801
sulfur tetrafluoride, 802

bonding in, 257, 798
dipole moment, 243(T), 244
Lewis structure, 230
molecular shape, 230, 257
physical and thermodynamic

properties, 1428(T)
resonance structures, 257

sulfur trioxide
as electrophile, 1142
formation of, 593
molecular structure, 224, 260(F)
physical and thermodynamic

properties, 1428(T)
polymorphs, 798
resonance structures, 260(F), 798

sulfuric acid, 798–800, 799(F)
concentrated, 799–800
as catalyst, 957, 970, 1046, 1071,

1082, 1084
as oxidizing agent, 800

conjugate base, 552(T)
dissociation of, 551–2
as food additive, 1362(T)
formation in atmosphere, 797(B)
fuming see oleum
manufacture of, 796, 798
physical and thermodynamic

properties, 1428(T)
pKa values, 552(T), 561(T)
reactions, 39–40(WE), 61, 550, 552
structure, 799(T)
uses, 799(F)
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sulfurous acid, 799(T), 800
conjugate base, 552(T)
formation of, 796, 797(B), 798

summation, 69, 589
sunscreen creams/lotions, 1204(B)
super-acid, 793
superconductors, 2, 318(P), 329(B),

336–7(B), 791
supercritical carbon dioxide, 12
supercritical fluids, 10, 10(F), 12,

12(WE)
superoxide anion ([O2]

�), 171(T),
172, 729

superoxides, 729
surface area

of catalysts, 511
rate of reaction affected by, 483

surface tension, 9
surroundings (thermodynamic), meaning

of term, 588
sweeteners, 1072, 1091, 1298(B)

E-numbers for, 1298(B), 1362(T)
symbiotic relationships, 719(B), 772(B)
symbols (listed)

general symbols, 1385–9(T)
mathematical symbols, 1383(T)
SI units, 3(T), 4(T)
units and quantities, 1385–9(T)

symmetric bending of molecule, 400,
400(F)

symmetric cleavage (of diborane or
digallane), 707

symmetric stretching of molecule
(vibrational mode), 398, 398(F),
400, 400(F), 403(F), 407(WE)

symmetrical alkenes, addition of
hydrogen halides, 964–5

symmetrical amines, nomenclature, 1098
symmetrical ethers, 1043

synthesis, 1036, 1046, 1082
symmetrical ketones, synthesis, 1015(F)
symmetry, in ligand group orbital

approach, 272
symmetry operations, 898(B)
syn-addition, 968–9, 973–4, 989, 994
syn-elimination, 1033, 1034(F)
synclinial conformation, 912, 912(F)
syndiotactic polymers, 979(B)
synergic effect, 871, 871(F)
synergists, 1046
synperiplanar conformation, 912, 912(F),

1033
see also eclipsed conformation

synthesis gas, 694
synthetic fibres, 1205(F)

see also acrylic fibres; cellulose acetate;
polyamides; polyester fibres;
polypropene

system (thermodynamic), meaning of
term, 588, 592(F)

2,4,5-T (herbicide), 1200, 1201
t2g set of d orbitals, 860, 861(F), 862(B)
T-shaped molecules/geometry, 214(T),

222(F)
bond angle(s), 214(T)
coordination number, 214(T)
examples, 223(T), 224, 232

talc, 761
Tamiflu (drug), 1049–50

tangents to curve, 482, 482(F), 489,
489(WE), 490, 490(F)

tantalum
ground state electronic configuration,

679(T), 825(T), 1403(T)
phase transitions and entropy changes,

620(F)
physical and properties, 343(T), 345(T),

620(WE), 1403(T), 1407(T)
standard entropy, 620(WE)

tartaric acid, 908, 1362(T)
sodium ammonium salt, 906

tartrazine, 444(P), 1169–70, 1170(F),
1362(T)

tautomerism, 990–1, 1195
enzymic catalysis of, 1332

TCDD (2,3,7,8-tetrachlorobenzo-p-
dioxin), 1044, 1355

TCNE (tetracyanoethene), 992
TCP antiseptic, 1157
tea, compounds in, 1151(B)
technetium
ground state electronic configuration,

679(T), 825(T), 1402(T)
physical and thermodynamic

properties, 343(T), 345(T), 681(F),
1402(T), 1407(T)

techniques, see laboratory practical
techniques

teeth, 784
Teflon, 978(B)
tellurium, 803
ground state electronic configuration,

679(T), 1403(T)
Pauling electronegativity value, 192(T),

700(T), 1400(T)
physical and thermodynamic

properties, 135(T), 136(F), 192(T),
1397(T), 1400(T), 1403(T),
1406(T), 1407(T)

solid-state structure, 333
tellurium dioxide, 803
tellurium halides, 803, 804
tellurium hexachlorido anion ([TeCl6]

2�),
232, 804

tellurium oxoacids, 803
temperature
critical temperature, 9, 10(F)
enthalpy changes affected by, 600–1
entropy affected by, 617–19, 620(WE)
equilibria affected by, 540–1
equilibrium constant affected by,

546–7
Gibbs energy affected by, 606–7
heat capacity (constant pressure)

affected by, 599–600, 599(F),
618–19

rate of reaction affected by, 483,
505–9, 697(B)

standard temperature, 20
units, 3(T)

templating of DNA, 1336
Tenormin (drug), 1210
terephthalic acid, 1192, 1192(F), 1201,

1205
condensation with diols, 1205

terminal alkynes, 988
acidity, 992–3
protection of CH group, 995–6
reactions, 989, 992

terminal diynes, reactions, 994
termination step (in radical chain

reaction), 523, 524, 941–2, 976,
981

termolecular reactions, 522–3
terpenes, 904(B), 924, 982(B)
terpenoids, 982(B)
2,2’:6’,2’’-terpyridine, as ligand (tpy),

829(T), 830, 831(F), 848
tertiary alcohols, 883, 1068

conversion to halogenoalkanes, 1012,
1086

relative reactivity, 1012, 1084, 1086
synthesis, 1014(F), 1074(F), 1075, 1076,

1227
tertiary amines, 884, 1097

as leaving groups, 1113
nomenclature, 884, 1098
reactions, 1112
synthesis, 1101, 1102, 1104, 1105, 1113

tertiary carbenium ions
in elimination reactions, 1031
formation of, 971
nucleophilic substitution mechanism

favoured by, 1025
relative stability, 965, 1084, 1086, 1139

tertiary carbon atom, 892, 893
in halogenoalkanes, 963
nucleophilic attack on, 1058
radical derived from, 945, 946,

947, 948
tertiary halogenoalkanes, 1010

elimination reactions, 1030–2
and nucleophilic substitution

reactions, 1035, 1046
hydrolysis of, 1023, 1025
nucleophilic substitution reactions,

1016–17, 1017–18
tertiary structure of proteins, 1324–5
testosterone, 1358, 1359(F)
tests

As/Sb, 710, 710(F)
C¼¼C bond, 805, 962, 963(F), 1122–3
chirality, 839, 839(F), 840(F)
Cl�chloride ions in aqueous solution,

723
CO2, 733
Fe(II) and Fe(III) ions, 845
flame tests, 734(B)
H2, 699
H2S, 720
HCl gas, 722
I2, 809
[NO2]

� ion, 1073(B), 1171
[NO3]

� ion, 779–80, 780(F)
phenol vs carboxylic acid, 1156
reducing sugars, 1295–6, 1296(F)
[SO4]

2� ion, 733
tetraalkylammonium salts, 1098, 1100
tetrabasic acids, 848
tetrabromomethane, 763, 1417(T)
tetracaine (local anaesthetic), 277(F)
2,3,7,8-tetrachlorodibenzo-p-dioxin

(TCDD), 1044, 1355
analysis of, 1356, 1357(F)

tetrachloroethene, mass spectrum, 363–4,
364(F)

tetrachloromethane, 763
bond enthalpies, 190
IR spectrum, 406(F), 407(WE)
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tetrachloromethane (continued )
mass spectrum, 359(WE)
physical and thermodynamic

properties, 1417(T)
tetrachloropalladate(II) anion

([PdCl4]
2�), 235

tetrachloroplatinate(II) anion ([PtCl4]
2�),

235
tetracyanoethene (TCNE), 992
tetradentate ligands, 827, 830, 833(B)
tetraethyllead, 934, 935(B)
tetrafluoridoborate anion ([BF4]

�)
bonding in, 252, 253, 747
molecular shape, 220, 221(T)

tetrafluoridoboric acid, 747
tetrafluoromethane, 243(T), 244, 763
tetrahalomethanes, 763
tetrahedral complexes, 843, 845

metal carbonyls, 871(T), 872, 872(F)
tetrahedral holes, in close-packed arrays,

322–5, 324(B), 326, 327, 336(B)
tetrahedral molecules/geometry, 214(T),

219(F)
bond angle(s), 214(T)
carbon compounds, 220, 246, 880, 882,

888(B), 1017, 1018
coordination number, 214(T), 294,

294(F)
and cubic framework, 271(F)
dipole moments, 243(T), 244
examples, 216, 220, 220(T), 221,

221(F), 222, 223, 223(T), 224, 229,
234, 245(F), 246, 251, 251(F), 714,
745, 746(F), 787, 811(F)

hybrid orbitals, 263, 263(F), 266,
268(WE), 882

inter-electron repulsion in, 226(F)
in ionic lattices, 298, 299(F), 301,

301(F), 302, 302(F)
and Kepert model, 233, 234, 822,

823(WE), 872
and VSEPR model, 228, 229,

268(WE)
tetrahydridoaluminate(1�) salts, 221,

223(T), 705, 706(T)
see also lithium tetrahydridoaluminate

tetrahydridoborate(1�) salts
as reducing agents, 704–5, 971, 990,

1072, 1075, 1103, 1105
structure of anion, 220, 220(T), 221(F),

252(WE), 703(F), 704
D9-tetrahydrocannabinol, 1360, 1361
tetrahydrofuran (THF), 1042, 1044

IR spectrum, 1055, 1055(F)
Lewis base adduct with BF3,

703(F), 704
as ligand (thf), 828(T), 831, 832(F)
physical and thermodynamic

properties, 67(T), 1052(T),
1417(T)

as solvent, 67(T), 1014
structure, 1044(F), 1052(F), 1242
synthesis, 1050
systematic name, 53(T), 1044

tetrahydropyranyl (THP) group, as
protecting group, 1090

tetramethyllead, 935(B)
tetramethyloxirane, 1049
tetramethylsilane, as NMR reference,

450(T), 451

tetramethyltin
1H NMR spectra, 472(B)
mass spectrometry, 366–7, 366(F)
as NMR reference, 450(T)

tetramethylurea, as NMR reference,
473(B)

2,5,8,11-tetraoxadodecane, 1043(T)
tetraphosphorus (P4)
bonding in, 174(F), 175
enthalpy change of formation, 175
molecular structure, 129(F), 223,

333(F), 781(F)
see also white phosphorus

tetroses (monosaccharides), 1287,
1290(F), 1291(F)

textile fibres, 883, 984, 1071, 1205, 1206,
1299, 1300(F)

forensic analysis, 410(B), 425(P)
Thalidomide, 908
thallium, 753
ground state electronic configuration,

679(T), 1404(T)
Pauling electronegativity value, 192(T),

700(T), 1400(T)
physical and thermodynamic

properties, 135(T), 192(T), 683(F),
686(F), 700(T), 753, 1396(T),
1400(T), 1404(T), 1407(T)

solid-state structure, 344
thallium-207 (207Tl), radioactive decay

of, 503
thallium halides, 298, 754
thallium(III) hydroxide, 753
thallium oxides, 753
thallium sulfate, 753
theaflavin, 1151(B)
theories see models and theories
thermal cracking of hydrocarbons, 934
thermal decomposition, reaction kinetics,

487–9(WE)
thermite reaction, 608, 609(F)
thermochemical cycles, 74, 75(WE),

76(WE), 142(WE)
enthalpy changes used, 281–2, 288

thermochemical quantity, 62, 587
listed for various inorganic

compounds, 1418–29(T)
listed for various organic compounds,

1409–17(T)
thermochemistry, 61–85
meaning of term, 61–2

thermodynamic equilibrium constants,
541, 542–3

determination of, 543–4(WE)
thermodynamic factors affecting

reactions, 61
thermodynamic favourability/viability of

reactions, 77, 479–80, 644, 646
thermodynamic reversibility, 621
thermodynamic 6s inert pair effect, 742
thermodynamic stability, 76–7
thermodynamically favourable reactions,

695, 696, 723–4(WE), 802
thermodynamically unfavourable

compounds/reactions, 77, 696, 717
thermodynamics, 587–635
of coordination complex formation,

851–2(WE)
First Law, 590–1
and kinetics, 479–81

Second Law, 616, 623–4
Third Law, 617

thermosetting polymers, 1048(B), 1154(B)
thiamine (vitamin B1), 1242, 1243(F)
thiocyanate anion ([NCS]�), 216, 216(F),

838
as ligand, 828(T), 838, 863

thioethers see cyclic thioethers
thioglucosides, 267(B)
thiol group, S–H stretching frequencies,

408(T)
thiols, 885

functional group in, 54(T), 885
thionyl chloride

molecular structure, 223(T), 224, 796
physical properties, 1428(T)
preparation of, 796
reactions, 1012, 1211

thiophene
acylation of, 1263
aromaticity, 1253–4
bonding in, 1253
nitration of, 1263
physical properties, 1256
structure, 1252–3
sulfonation of, 1264
synthesis, 1258
uses, 1256

thiosulfate salts, 801, 808–9
thiosulfinates, 1067(P)
thiosulfuric acid, 799(F), 801
thiourea, 975

see also dimethyl sulfide
third ionization energy, 282, 287

listed for various elements, 287(F),
1401–4(T)

see also ionization energy
Third Law of Thermodynamics, 617
thorium, 679(T), 681(F), 1404(T)
three-centre two-electron (3c–2e)

bonding, 701, 704, 705
three-dimensional silicates, 762–3
three-fold degenerate atomic orbitals, 101
three-step reactions, 481, 515
threo-stereoisomers, 970, 970(F)
L-threonine, 1315(T)
D-threose, 970, 1289, 1290(F)
thromboxanes, 1305, 1307(F)
thymine, 712(B), 1333

in DNA, 713(B)
nucleotide, 1334(F)

thymol blue (indicator), 579(T), 581
time unit, 3(T), 503
timescales, spectroscopic, 379–80, 460
timolol (drug), 909(T)
tin, 766

allotropes, 11(T), 344
grey tin, 341(T), 344, 348, 1428(T)
ground state electronic configuration,

679(T), 1403(T)
isotope abundance, 366(F), 450(T),

472(B), 1395(T)
Pauling electronegativity value, 192(T),

700(T), 1400(T)
physical and thermodynamic

properties, 11(T), 140(T), 142(T),
192(T), 341(T), 344, 349(T),
681(F), 682(F), 684(F), 686(F),
700(T), 766, 1397(T), 1400(T),
1403(T), 1407(T), 1428(T)
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polymorphs, 344
solid-state structure, 341
transition between allotropes, 344
white tin, 11(T), 344, 1428(T)

tin-based alloys, 766, 767(B)
tin halides, 56, 222, 223(T), 769–70,

1429(T)
reactions, 706(T), 769, 770

tin hydride, 707
tin(II) oxide, 766
tin(IV) oxide, 301(T), 607(F), 766,

1429(T)
reduction of, 608(WE)

tin pentachlorido ([SnCl5]
�) anion, 222,

223(T)
titanium

electrochemical properties, 856(T),
1430(T), 1431(T)

ground state electronic configuration,
679(T), 824, 825(T), 1402(T)

oxidation states, 743(F), 814
physical and thermodynamic

properties, 305(T), 343(T), 345(T),
346(WE), 1398(T), 1402(T),
1407(T)

titanium(III) complex ions, electronic
configuration, 863(WE)

titanium dioxide see titanium(IV) oxide
titanium(IV) halides, 814
titanium(III) hydrated (hexaaqua) cation,

841, 844
colour, 439(T), 858(T)
electronic spectrum, 439, 858, 865

titanium(IV) oxide
commercial applications, 300(B)
in Grätzel cell, 637(B)
IR spectrum, 410(B)
solid-state structure, 301(T)
see also rutile structure type

titrations
acid–base titration, 572–9
conductometric titration, 669–72
indicators used, 579–81, 809
Karl Fischer titration, 1349, 1351

TNT (trinitrotoluene), 373(P), 885,
1073(B)

a-tocopherol, 1204(B), 1362(T)
tocopherols, 1204(B), 1362(T)
a-tocopheryl acetate, 1204(B)
tolerance daily intake (TDI)

coumarin, 1366
dioxins, 1356

Tollen’s reagent, 1295
toluene, 886(F), 1121

halogenation of, 1149–50
industrial manufacture, 1147
industrial output (Europe), 1133(F)
nitration of, 1149
orientation effects in reactions, 1146
oxidation of methyl group, 1152
physical and thermodynamic

properties, 67(T), 1147, 1417(T)
reactions, 1149–50
spectroscopy, 422(F), 1147–8
structure, 1131
synthesis, 1140, 1147

tomatoes, polyenes in, 434–6(B)
torsion angles, 213(N), 716, 716(F)
torsional strain in cycloalkanes, 928, 929
tosylate ion, as leaving group, 1028

total spin quantum number, 868
toxic materials
alkaloids, 1244–5(B)
aromatic compounds, 1133, 1161
aromatic heterocyclic compounds,

1254, 1255
barium compounds, 733
beryllium, 731
capsaicin (in excess), 1215(B)
carbon monoxide, 201(B), 755, 870,

938
carbonyl dichloride (phosgene), 755
dibromine, 805
dioxins, 1044
group 15 elements and compounds,

789, 790(B), 791
halogenoalkanes, 1037
hydrogen sulfide, 718
iron(III) cyanido complex ion, 844
methanol, 1071
oxalic acid, 1186(B)
oxygen difluoride, 801
paraquat, 1271
(R)-(þ)-penicillamine, 909(T)
phosphorus compounds, 787
sulfur compounds, 718, 802
tellurium and compounds, 803
thallium compounds, 753
see also carcinogenic compounds

tranquillizers, 1248
trans-isomers, 236 & N, 786, 820, 837
transesterification, 1218(B)
transfer RNA (tRNA), 1338, 1340
transferases (enzymes), 1332
transition elements, 28
see also d-block elements

transition state(s), 480, 480(F), 1018,
1019, 1019(F), 1261

compared with carbenium ions, 1028
translational motion of molecule,

390, 401
transmembrane proteins, 1309, 1310,

1311(F)
transmittance, 380
relationship with absorbance, 380,

380(F)
transverse waves
constructive and destructive

interference of, 152, 152(F)
nodes in, 100(F)

triads (in periodic table), 28, 680, 824(F)
trialkylboranes, synthesis, 1015(F)
trialkylsilyl (protecting) groups, 995, 1089
trianion, 30
triatomic molecules, 31, 216–18
bent geometry, 217–18, 400, 401(WE)
bonding in, 31
IR spectroscopy, 398, 400, 401(WE)
linear geometry, 216–17, 398, 400,

401(WE)
1,4,7-triazaheptane, as ligand (dien),

829(T), 847, 848(F)
tribasic acids, 553
examples, 553, 781, 791
pKa values, 552(T)
titrations, 578–9

equivalence points in, 578–9
1,1,1-tribromoethene, 898(B)
tricapped trigonal prismatic structure,

702(F)

tricarboxylic acids, 1213(B)
trication, 30
trichloroacetic acid, 1006, 1212(T)
1,1,1-trichloroethane, physical and

thermodynamic properties,
1417(T)

trichloromethane, 1007, 1013, 1417(T)
see also chloroform

2,4,6-trichlorophenol (TCP), 1157
tridentate ligands, 827, 829(T), 830,

831(F), 847–8
displacement of monodentate ligands

by, 847
triene

benzene modelled as, 1122
nomenclature, 892

triethylamine, 1106(T), 1107(F), 1108(T),
1110(F), 1259(T), 1417(T)

triethylborane
formation of, 987
oxidation of, 988, 1074(F)

trifluoroacetic acid
13C NMR spectrum, 477(P)
esterification of, 498–9(WE)

trifluoromethyl (CF3) group, 1012
triglycerides, 267(B), 424(F),

1070(B), 1218(B), 1303–4,
1304(F), 1307

triglyme, 1043
trigonal bipyramidal complexes, metal

carbonyls, 872, 872(F)
trigonal bipyramidal molecules/geometry,

214(T), 222(F)
bond angle(s), 214(T)
conversion to square-based pyramidal

geometry, 239–41
in solid state, 239–40
in solution, 240–1

coordination number, 214(T)
dipole moments, 244
examples, 222, 223, 223(T), 224, 234,

244, 742, 787, 792, 793, 1097
hybrid orbitals in, 263, 265(F), 266
inter-electron repulsion in, 226(F)
and Kepert model, 233, 234, 822,

823(WE), 872
stereoisomers, 235–6
in VSEPR model, 228, 230

trigonal planar molecules/geometry,
214(T), 219(F)

bond angle(s), 214(T), 215(F)
bonding in, 252, 261, 261(F), 270,

270(F)
carbon compounds, 220, 245–6,

245(F), 335, 880, 882, 952, 953,
1017, 1031, 1192

coordination number, 214(T)
dipole moments, 243–4, 243(T)
examples, 215, 215(F), 216, 220,

220(T), 221, 223(T), 224, 233,
242(F), 243, 243(T), 245–6,
245(F), 335, 745, 746, 746(F),
747(F), 798

hybrid orbitals in, 262, 263(F), 266,
270, 270(F), 882

inter-electron repulsion in, 225, 225(F)
in ionic lattices, 299, 300(F)
and Kepert model, 233, 822
in Lewis acid catalysts, 1138
in VSEPR model, 228, 230
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trigonal pyramidal molecules/geometry,
214(T), 219(F)

bond angle(s), 214(T)
coordination number, 214(T)
dipole moments, 243(T), 244
examples, 129(F), 220, 220(T),

221, 221(F), 222, 223,
223(T), 224, 243(T),
244, 250(F), 251, 708,
787, 792, 796

trigonometry, bond angles determined
using, 132(WE)

triiodide anion ([I3]
�), molecular shape,

217, 223(T), 224
triiodide cation ([I3]

þ), molecular shape,
217, 223(T), 224

triisopropylsilyl (TIPS) group, as
protecting group, 1089, 1090

trimethylboron, molecular shape, 220,
220(F), 220(T)

trimethylphosphite, as NMR
reference, 451

trimethylsilyl (TMS) derivative
(in GC-MS), 1360

trimethylsilyl (TMS) group, as protecting
group, 995–6

2,4,6-trinitrobromobenzene, 1172
2,4,6-trinitrochlorobenzene, 1171
2,4,6-trinitrochlorobenzenonitrile,

1172
trinitrotoluene (TNT), 373(P), 885,

1073(B)
trinuclear complexes, 841
triols, 1069, 1070(B)

see also propane-1,2,3-triol
1,4,7-trioxacyclononane, 1044
2,5,8-trioxanonane, 1043(T)
trioxygen, 31

see also ozone
triphosphoric acid, 782(T), 783
triplet in NMR spectrum, 466(F), 467,

468
triply degenerate orbitals, 100, 860,

861(F), 862(B)
1,4,7-trithiacyclononane, as ligand, 831,

832(F)
tritium, 13
trivial names

inorganic compounds, 55(T), website
(Appendix 13)

organic compounds, 54(T),
886(F), 1043(T), 1069(T), 1183,
1186(B), 1187, and website
(Appendix 13)

Trouton’s rule, 621, 711, 1193
trypsin, 512, 512(F)
trypsinogen, hydrolysis of, 512, 512(F)
L-tryptophan, 1315(T)
tube models, 51

compared with space-filling diagrams,
1329(F)

tubeworms in ocean floor hydrothermal
vents, 719(B)

tungsten
ground state electronic configuration,

679(T), 825(T), 1403(T)
origin of name and symbol, 8(B)

physical and thermodynamic
properties, 343(T), 345(T), 681(F),
682(F), 1403(T), 1407(T)

Turnbull’s blue, 844, 845
twist-boat conformation, 925, 925(F)
twisting of molecule (vibrational mode),

403(F)
two-centre two-electron (2c–2e) bonding,

148, 736
two-dimensional NMR spectra, 462(B)
two-electron transfer, 913–14
see also heterolytic bond cleavage

two-step reactions, 480, 964
and pre-equilibrium, 519–20
and steady state approximation,

518–19
tyre inner tubes, 984
L-tyrosine, 1315(T)

ulcer treatment drugs, 1050, 1248
‘ultraviolet catastrophe’, 88(B), 89(B), 90
ultraviolet light
absorption of, 427–9
health hazards, 943(B), 1204(B)

ultraviolet spectroscopy see UV–VIS
spectroscopy

uncertainty principle, 88(B), 90–1
unhybridized atomic orbitals, 269–71
unimolecular reactions, 516
elimination reactions, 1030–2
nucleophilic substitution reactions,

1017–18
rate equations for, 517, 1017, 1030
see also E1 mechanism; SN1 mechanism

unit cell(s), 293
body-centred cubic, 298(F), 326(F)
caesium chloride structure, 298(F),

303(F)
cubic close-packing, 320, 322(F)
face-centred cubic, 299(F), 320,

322(F)
fluorite (CaF2) structure, 299(F)
hexagonal close-packing, 320, 322(F)
rutile (TiO2) structure, 300(F)
sharing of ions between, 296
sodium chloride structure, 295(F),

297(F)
wurtzite (ZnS) structure, 302(F)
zinc blende (ZnS) structure, 301(F),

324(B)
units, 3–6
calculations, 5(WE), 6(WE)
enthalpy change, 62
importance of consistency, 5(B), 6
large and small numbers, 5
prefixes used with, 5, 6(T)
in reaction kinetics, 485, 486, 503
symbols (listed), 3(T), 4(T), 1385–9(T)
see also SI units

unpaired electrons
number in d-block complexes, 865, 868,

869(WE)
in paramagnetic species, 867

a,b-unsaturated aldehydes and ketones,
437, 1234

p-conjugation in, 437
unsaturated fatty acids, 267(B), 1301

unsaturated hydrocarbons, 881
see also alkenes; alkynes; cycloalkenes

unsymmetrical alkenes
addition of hydrogen halides, 965–6,

976–7
hydroboration of, 987

unsymmetrical amines, nomenclature,
1098

unsymmetrical ethers, 1043
synthesis, 1036, 1046–7

ununbium (element 112), 28
uracil, 1333

nucleotide, 1334(F)
in RNA, 1339

uranium, 679(T), 1404(T)
uranium-235 (235U), 501, 504(T), 806(B)
uranium hexafluoride, 805, 806(B)
uranium(IV) oxide, 299(T)
Uranus (planet), 709
urea, 697(B), 1210

in catalytic converter injection system,
775(B)

‘urea peroxide’, 740(P)
uric acid, 1246
UV detectors, 1364, 1366, 1368
UV diode array detectors (UV-DAD),

1366
UV–VIS region of electromagnetic

spectrum, 379(F), 428(F), 1391(F)
absorption of radiation, 427–9, 943(B)

UV–VIS spectroscopy, 377(T), 427–30
absorbance range, 380
applications
in HPLC analysis, 1364, 1366
reaction kinetics, 491–2(WE),

496–8(WE), 529–30(WE)
solvents for, 429–30
wavelength range, 377(T), 379,

379(F), 427

V-shaped molecules see bent molecules/
geometry

vacuum-UV region in electromagnetic
spectrum, 428(F), 1391(F)

electronic transitions in, 429
see also far-UV region

vacuum-UV spectroscopy, 377(T)
valence atomic orbitals

overlap of, 158–9, 185
see also molecular orbital (MO) theory

valence bond (VB) theory, 148, 149
compared with other approaches, 148,

156, 274
for H2 molecule, 149–50, 156
for heteronuclear diatomic

molecules and ions, 181–3,
200, 202, 206–7

for homonuclear diatomic molecules,
148, 149–50, 156, 181

hybridization in, 266–71
for ions, 206–7, 1155
for isoelectronic species, 206–7
Pauling’s model, 191
for polyatomic molecules, 259–60(WE),

261–7, 268(F), 269(F), 270(F),
271(F), 432

see also resonance structures
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valence electronic configuration, 118,
119(WE), 678, 680

hydrogen atom, 134–6, 136(F)
see also ground state electronic

configuration
valence electrons, 28–9, 118, 119(WE)

relationship to periodic group number,
29(WE)

removal of, ionization energy and,
281–2

valence-shell electron-pair repulsion
model, 225–31

see also VSEPR model
valeric acid, 1186(B)
L-valine, 1315(T)

protection of carboxylic acid group,
1317, 1318

Valium see diazepam
van der Waals, Johannes, 80, 81
van der Waals equation, 80–1

constants, values listed for various
gases, 81(T)

van der Waals forces/interactions, 81
examples, 319, 328, 331, 334(B), 510

van der Waals radius, 124
compared with covalent radius for

various p-block elements, 135(T),
136(F)

listed for various elements, 122(T),
135(T), 136(F), 330(T), 1396–9(T)

noble gases (listed), 122(T)
trends, 136(F)

vanadium
electrochemical properties, 856(T),

1431(T)
ground state electronic configuration,

679(T), 825(T), 1402(T)
oxidation states, 743(F), 814
physical and thermodynamic

properties, 343(T), 345(T),
681(F), 682(F), 1398(T),
1402(T), 1407(T)

vanadium(II) complex ion ([V(en)3]Cl2),
869(WE)

vanadium(III) hydrated (hexaaqua) ion,
439(T), 841

vanadium hydroxido-bridged
complexes, 841

vanadium(V) oxide, 814, 815
vanadium(V) oxide catalyst, 775(B), 796
vanadyl ion, 841 & N
vanilla extract

analysis of, 1365, 1366, 1366(F)
constituent compounds, 1365

vanillin, 884, 1180, 1181, 1365
van’t Hoff, Jacobus H., 615
van’t Hoff isochore, 607(N), 615–16
vaporization, 77–8

see also enthalpy change of vaporization
vapour

condensation/liquefaction of, 10, 78
meaning of term, 9, 10

vardenafil (drug), 1284(P)
varenicline, 1244(B), 1247
vasoconstrictor drugs, 1099(B)
vasodilator drugs, 374(P)
vasopressin, 1321, 1321(F)

vectors, 87, 89, 97(B), 242, 243–4, 1003
resolution of, 1005

velocity of reaction, 526
see also reaction kinetics

Viagra (drug), 208(B), 1136, 1247
vibrational degrees of freedom, 401–2,

403(F)
vibrational energies
anharmonic oscillator, 393
simple harmonic oscillator, 392–3

vibrational ground state of molecule, 138,
391

vibrational modes
of triatomic molecules, 398, 400–1
see also IR spectroscopy, vibrational

modes
vibrational quantum number, 393
vibrational selection rules, 393, 396–7
vibrational spectroscopy, 377(T), 379,

379(F), 390, 391–413
diatomic molecules, 391–7
triatomic molecules, 398, 400–1
see also IR spectroscopy; Raman

spectroscopy
vibrational wavenumber, 395, 397(WE)
vicinal coupling (between 1H nuclei),

468–9
vicinal dihalides
elimination of HX, 988
formation of, 962, 1011

vicinal diols, 973
Vilsmeier reaction, 1262
vinyl chloride, 884–5
see also chloroethene; PVC

vinylic halides, formation of, 989
vinylic hydrogen atom, 975
violet phosphorus, 341–2, 341(F)
virtual orbitals, 106
visible light, absorption of, 427–9
visible region of electromagnetic

spectrum, 383(T), 1391(F)
see also UV–VIS. . .

visual pigment, 955(B)
vitamins, 1242–3, 1243(F)
A (retinyl esters), 955(B)
B1 (thiamine), 1242, 1243(B)
B2 (riboflavin), 1242, 1243(B)
B3 (nicotinic acid), 1242, 1243(B),

1254
B6 (pyridoxal), 1099(B), 1242,

1243(B)
B7 (biotin), 1243, 1243(F)
B7 (folic acid), 1183
B12 (cobalamin), 1243, 1243(F)
C (ascorbic acid), 1362(T)
E (tocopherols), 1204(B), 1362(T)

volcanic vents (on ocean floor), 719(B)
volcanoes, SO2 emissions, 797(B)
volume, SI unit, 6(WE), 591
volume changes in gas-producing

reactions, 592–3, 593–4(WE)
volumetric analytical techniques, 1350
VSEPR (valence-shell electron-pair

repulsion) model, 225–31
ambiguities, 231–2
applicability to d-block metal

compounds, 233

applications, 228–31, 251, 252, 401
basis, 225
and hybridized orbitals, 266–8
and Kepert model, 233
and lone pairs of electrons, 226–7
minimizing inter-electron repulsion,

225–6
relative magnitude of inter-electron

repulsions, 227–8
summary of procedure, 228–9

VX (nerve agent), 788(B)

Wacker process (ethanal), 2
wagging mode (vibrational mode),

403(F)
Walden inversion, 1020, 1074(F)
wallach, Otto, 982(B)
washing powders, 759, 763, 781, 783

see also detergents
water

analysis of, 675–6(P), 1372–3
as Brønsted acid, 547
as Brønsted base, 547
dipole moment, 242, 242(F), 243(T)
electrolysis of, 655, 794
in foods, 1349
formation of, 546–7
heating known mass, 64–5(WE)
hydrogen bonding in, 622, 715
Lewis structure, 147, 148, 229,

268(WE)
lone pairs of electrons in, 147, 148,

226, 227(F)
molecular structure, 216, 217(F), 229,

268(WE), 715
as nucleophile, 971, 972, 991, 1017,

1018, 1027
pH, 557(F)
phase changes, 77
physical and thermodynamic

properties, 64, 67(T), 79(T),
711(F), 715, 1078(T), 1422(T)

resonance structures, 254, 254(F)
self-ionization of, 551
solid state
hydrogen bonding in, 714, 714(F)
see also ice

solubility in
of amines, 1107
of aromatic compounds, 1153, 1161
of aromatic heterocyclic compounds,

1254
of CO2, 552(T), 561(T), 566(B),

755, 757
listed for various inorganic

compounds, 603(T), 628(T)
of metal carbonates and hydroxides,

559(B), 628(T), 628(WE),
630(WE)

of silver(I) halides, 37–8(WE), 41,
628(T), 723, 724

as solvent, 242, 715, 1029
specific heat capacity, 64, 67(T), 78
UV–VIS transparency, 429(F), 430
vibrational modes of molecule, 400,

400(F)
see also drinking water
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water content in foodstuffs,
determination of, 1349–51

water–gas shift reaction, 694, 755
water glass, 759
water hyacinths, 790(B)
water-treatment chemicals, 752, 763, 773,

783, 805
water vapour, physical and

thermodynamic properties,
78, 81(T)

Watson, James, 1337(B)
wave–particle duality, 88(B), 89–90
wavefunctions, 91, 92

amplitude and phase, 99
angular component, 93, 104(T)
normalization of, 94, 150
radial component, 93, 104(T)
see also molecular wavefunctions

wavelength
electromagnetic radiation, 1391(F)
reciprocal, 111, 378, 1390
relationship to frequency, 89(B), 1390

wavenumber, 111, 378, 416, 1390
electromagnetic radiation, 379(F),

1391(F)
relationship to frequency, 111, 395
units, 111, 378, 1390

weak acid
in buffer solution, 564–5, 565(WE)
equilibrium constant for, 548
examples, 548, 549, 555–6(WE), 809,

1077, 1112–13, 1153, 1211, 1259,
1270, 1279

pH of aqueous solution, 555, 555–
6(WE), 557(F)

weak acid–strong base titration, 573–5
conductometric titration, 671, 672(F)
equivalence point in, 574, 575
indicators, 581

weak base
in buffer solution, 565, 568(WE)
equilibrium constant for, 553
examples, 560(WE), 1077, 1111–12,

1161–2
pH in aqueous solution, 560(WE)

weak base–strong acid titration,
575–6

conductometric titration, 671, 672(F)
equivalence point in, 576
indicators, 581

weak electrolyte(s), 666
molar conductivities, 666–7
and Ostwald’s Dilution Law, 667,

668–9(WE)
weak field ligands, 862, 863
wedge representation (of conformers),

910(F), 911
Werner, Alfred, 820
wheat gluten, contamination of,

1351, 1354
whipped cream dispensers, 773
white phosphorus (P4), 68, 175, 333

combustion of, 75(WE)
enthalpy change of formation, 175
mass spectrum, 358
molecular structure, 129(F), 223,

333(F), 781(F)

physical and thermodynamic
properties, 11(T), 175, 333,
1426(T)

reactions, 773
white tin, 344
physical and thermodynamic

properties, 11(T), 344, 1428(T)
transition to grey tin, 344

Wilkins, Maurice, 1337(B)
Williamson synthesis, 1036, 1046–7
applications, 1047, 1048(B), 1159

wine
analysis of, 473(B), 935(B), 1364,

1365(F)
as monitor of lead pollution, 935(B)
potassium hydrogen tartrate in,

586(P)
wolframite, 8(B)
wood alcohol, 1071
wood preservatives, 744–5, 1063(B),

1157, 1158(B)
work done by system on surroundings,

590–1, 592, 594–5(WE)
in galvanic cell, 636
and internal-energy change, 590,

594–5(WE)
SI units, 591

World Heath Organization
drinking water standards, 778, 790(B),

935(B), 1171
on safe levels of melamine, 1354

Wurtz reaction, 937
wurtzite (a-ZnS) structure type, 302
example compounds, 312
Madelung constant for, 308(T)
unit cell, 302(F)

Wüthrich, Kurt, 462(B)

X-ray diffraction, 129, 132–3, 327
compared with other diffraction

methods, 130, 130(T), 131(B)
DNA, 1337(B)
hydrogen nucleus located using,

131(B)
internuclear distances measured using,

132–3, 303, 303(F)
sulfur, 133

X-ray diffractometer, 131(B)
X-ray region (of electromagnetic

spectrum), 1391(F)
X-ray scattering power of atom, 130
X-ray tubes, 731
xanthophylls, 434(B), 435(B), 436(B)
see also astaxanthin; lutein; zeaxanthin

xanthylium derivative, 1247
xenon, 812
ground state electronic configuration,

121(T), 679(T), 1403(T)
ionization energies, 122(T), 683(F),

1403(T)
physical and thermodynamic

properties, 122(T), 124(F),
681(F), 683(F), 684(F),
1397(T), 1403(T)

reactions, 687, 812, 816
xenon fluorides, 687, 812–13
IR spectra, 401(WE)

xenon oxides, 687, 813
xylene isomers, 1121

industrial output (Europe), 1133(F)
isomerization of, 763
oxidation of, 1200
synthesis, 1140

-yne ending (on compound’s name), 886
ytterbium, 679(T), 681(F), 686(F),

1403(T)
yttrium

ground state electronic configuration,
679(T), 825(T), 1402(T)

physical and thermodynamic
properties, 343(T), 345(T), 686(F),
1402(T), 1407(T)

yttrium(III) complex ions, 832(F), 854

(Z)-alkenes
formation of, 989, 990, 1032, 1033,

1034(F), 1085
syn-addition to, 973

(Z)–(E) isomerization, 955(B)
(Z)-isomers, 238–9, 890, 1033,

1034(F)
moth pheromones, 1060(B), 1061(B)
nomenclature, 891–2, 891(F),

892(F)
origin of term (Z), 239(N), 891(F)

Zantac (drug), 1050, 1248
zeaxanthin, 435(B), 436(B)
zeolites, 762–3

as catalysts, 510, 511, 763, 934
see also aluminosilicates

zero-order kinetics, 485, 487(F), 494–5
enzyme reactions, 526

zero point energy, 138, 391, 392(F), 393,
693, 694(F)

Ziegler–Natta catalysts, 752
zinc

electrochemical properties, 642(T),
856(T), 1430(T)

in galvanic cell, 638, 639, 640(WE)
ground state electronic configuration,

286, 679(T), 825(T), 1402(T)
physical and thermodynamic

properties, 11(T), 67(T), 305(T),
343(T), 345(T), 682(F), 683(F),
1399(T), 1402(T), 1407(T),
1429(T)

reactions, 36–7(WE), 39, 39–40(WE),
42(WE), 61, 695, 695(F),
723–4(WE)

stability of atom, 286
in standard hydrogen reference

electrode, 640–1
zinc(II) aqua ion, 439, 842
zinc blende (mineral), 795
zinc blende (b-ZnS) structure type,

301–2, 301(F)
compared with diamond structure,

340(B)
Madelung constant for, 308(T)
representation as close-packed array,

324(B)
unit cell, 301(F), 324(B)

zinc bromide, 1429(T)
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zinc carbonate, 1429(T)
zinc chloride, 1429(T)
zinc ion, conductivity properties, 670(T)
zinc oxide, 607(F), 1429(T)
zinc sulfate, 1429(T)
zinc sulfide

physical and thermodynamic
properties, 1429(T)

polymorphs (structural forms),
301–2

solubility in water, 628(T)
see also wurtzite; zinc blende

(�)-zingiberene, 983(B)
zirconium
ground state electronic configuration,

679(T), 824, 825(T), 1402(T)

physical and thermodynamic
properties, 343(T), 345(T),
1402(T), 1407(T)

zirconium(IV) oxide, 299(T)
zwitterion, 1313

neutral zwitterion, 1109, 1313
zwitterionic character of amino acids,

1313, 1316
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