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Preface

The preface is almost always the last part of a textbook to be written.
Only when the book has assumed its final form can the author declare to
the reader what he thinks he has accomplished. Thus, what is for stu-
dents the beginning is, in one sense, for authors the culmination of a
long, often difficult journey. In this preface we want to give you some
feeling for the ideas and concepts that have informed our writing of the
text. We also wish to suggest how you can best make use of this book in
your study of chemistry.

You will notice that this is the third edition of Chemastry: The Central
Science. The first two editions have been very successful; apparently many
teachers of chemistry (and many students as well, to judge from letters
we have received) felt that we had developed a good book. But, as with
any human effort, there is bound to be room for improvement. During
the past few years, with the help of our publisher we have asked a great
many teachers and students for suggestions as to how the book might be
improved. In addition, we have watched carefully for the need to make
changes to keep the book up to date. This third edition represents the
end result of more than 2 years of work. The changes we have made are
numerous, and some of them are important, but they need not concern
you. What you should know is that we have adhered to the general
approach and style that distinguished the first two editions. Our aim has
been to present chemistry to you in a clear, readable fashion. We have
tried continually to keep in mind the audience for whom the book is
intended—you, the student.

Most of you are studying chemistry because it has been declared an
essential part of the curriculum in which you are enrolled. That curricu-
lum may be agriculture, dental hygiene, electrical engineering, geology,
microbiology, metallurgy, paleontology, or one of many other related
areas of study. It is fair to ask why it is that so many diverse areas of study
should all relate in an essential way to chemistry. The answer is that
chemistry is, by its nature, the central science. In any area of human
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activity that deals with some aspect of the material world, there must
inevitably be a concern for the fundamental character of the materials
involved—their endurance, their interactions with other materials, and
their changes under a given set of conditions. This is true whether the
materials involved are a polymer used to coat electronics components,
the color used by a Renaissance painter, or the blood cells of a child born
with sickle-cell anemia. It is very likely that chemistry plays an impor-
tant role in the profession to which you now aspire, or may decide later
to pursue. You will be a better professional, a more creative and knowl-
edgeable person, if you understand the chemical concepts applicable to
your work and are able to apply these concepts as needed.

The relationship of chemistry to professional goals is important, and
this factor provides reason enough for you to study chemistry. There is,
however, an even more important reason. Because chemistry is so central
and so intimately involved in almost every aspect of our contact with the
material world, this science is an integral part of our culture. The in-
volvement of chemistry in our lives goes much deeper than the well-
known advertising slogan, “Better things for better living through chem-
istry.” In addition to all the obvious ways in which we use the products of
chemical research and production—plastic bags, children’s toys, counter
tops, weed and insect killers, photographic films—we indirectly use
thousands of chemical products via the foods we eat, the cars we drive,
the medical care we receive, and so forth. During the past several years,
we have become increasingly aware that our use of chemicals has had a
profound and frightening effect on our environment. Indeed, many sci-
entists are convinced that we have so intensely polluted this planet and
so unthinkingly sowed the seeds of future pollution that the fate of civili-
zation is all but sealed. Whether this is so remains to be seen; however, if
you are to be a responsible citizen, you will surely need to be informed on
many complex issues involving chemistry and the use of chemicals. Be-
cause vested interests have a powerful stake in public policy, the public
often is presented with conflicting information and claims. You can more
fully appreciate and analyze the complex issues put before you if you
understand the fundamental principles involved and keep them in mind
during your reading and study.

With all of these considerations in mind, you should now be impatient
and eager to begin your study of chemistry. Now that you are ready to
go, we should say something about how this book can best help you. You
might first take a few minutes to glance through the table of contents.
The particular sequence of chapters that we have chosen is one that we
feel promotes a natural unfolding of the science of chemistry. However,
the order in which the chapters of the book are covered in the classroom
will be determined by your instructor. You should not be disturbed if the
order is not the same as the order in the book. The book has been written
so as to make allowance for alternative chapter orders and, in some
instances, for the complete omission of certain chapters. Notice that
some materials interspersed throughout the book deal with the chemical
aspects of the world in which we live: the air, the earth, and the waters
on the earth’s surface. In these materials we have attempted to connect
the chemical facts and principles introduced in other, usually earlier,
chapters to the familiar (and sometimes not so familiar) aspects of our
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surroundings on earth. Your instructor, the person who will guide you
through this book, may not feel that there is sufficient time to cover some
or all of these environmental topics. We suggest that you read them
anyway; they will help you appreciate the many ways in which chemical
concepts and observations are related to contemporary life.

If you should at some point encounter a term or concept you are
expected to know but can’t remember, use the index at the back of the
book. A good index is a rarity; we have worked hard to make your index
in this book as complete and accurate as possible. Use it often. (Remem-
ber the index also when you later use the book as a reference, after
having finished the course. It can help you find what you want more
quickly than any other means.)

The difficulties that many chemistry students experience often can be
traced to faulty exposition and confusing explanations in their text. This
book has been worked on very thoroughly by many people to ensure that
it is as clear, concise, and free of confusion as possible. However, you may
find that a single reading of a chapter will not suffice if you are to use the
book effectively as a learning tool. We suggest that you read every as-
signed chapter as early as possible, preferably before the material is
covered in lecture. This will make you aware of important concepts and
terms even before they are treated by the lecturer. Later, you will need to
go through the assigned sections of the book much more carefully, mak-
ing sure that you understand the new terms and problems put before
you. We have inserted a great many sample exercises into the text, so that
you might have clearly worked-out examples of problem solving of vari-
ous types. You should study these exercises carefully, noting every aspect
of them, especially if numerical problem solving is involved.

The review section at the end of each chapter is an integrated package
designed to help you determine whether you have in fact learned all the
material assigned you in each chapter. The summary points out the high-
lights of the chapter; sometimes we say things a little differently in the
summary in order to add an extra element of understanding to what you
have gotten from the chapter itself. The key terms that you should know
are also collected for your convenience. The learning goals are placed at
the end of the chapter to enable you to test yourself. You should make
sure that you can meet each learning goal. This can best be done if you
state a definition and then check it, write a formula and then check it, or
solve a problem and then check it. It may happen, of course, that your
instructor will not have covered part of the material in a chapter. You
can then skip over the learning goals for this material, but you should
still read the complete summary and learn all the key terms. By learning
even nonrequired terms and concepts you can expand your chemical
vocabulary with little effort.

The exercises at the back of each chapter are designed to test your
understanding of the materials covered in the chapter. They are grouped
according to topic, except for a number of additional exercises. The
purpose of the additional exercises is to test your ability to solve a prob-
lem when it is not clearly identified as to topic. Also, some of the ques-
tions in this category require the application of material from more than
one topic area. Problems marked with brackets are, in general, a little
more difficult to solve than the others. We have prepared a solutions
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manual that contains detailed answers to all the end-of-chapter exer-
cises; you should consult this manual only after working out problems on
your own.

Finally, you should note that there are several appendices following
Chapter 26. These are designed to aid you in various ways. You should
get acquainted with what is there by glancing through them before the
course gets under way. In particular, note that answers are provided to
many of the end-of-chapter exercises. Color question numbers in the text
indicate that the answer to the question is in the answer section following
the appendices.

Your instructor may have elected to have you purchase the Student’s
Guide designed for use with the text. This guide, written by Professor
James C. Hill, of California State University, Sacramento, is a nicely
organized and well-written supplement to the text. You will find it filled
with helpful ideas, problem-solving techniques, and fresh insights into
the materials presented in the text. We are very happy that Jim has
agreed to write the study guide; we feel that it is a valuable learning aid
for use with the text.

Most general chemistry courses involve laboratory as well as classroom
work. There is a very good reason for this. Chemistry is an experimental
science; the entire theoretical structure of chemistry is based on the re-
sults of laboratory experiments. As you study chemistry, you should try
to relate what you learn in the classroom and from the text to operations
and observations made in the course of your laboratory work. A very fine
laboratory manual for use with this text has been written by Professors
John H. Nelson and Kenneth C. Kemp of the Department of Chemistry,
University of Nevada, Reno. We believe that it is also an important
learning tool in your study of chemistry.

During the many years that we have been practicing chemists, we
have found chemistry to be an exciting intellectual challenge and an
extraordinarily rich and varied part of our human cultural heritage. We
hope that all the hassles you must face regarding course grades will not
keep you from sharing with us some of that enthusiasm and apprecia-
tion. We have, in effect, been engaged by your instructor to help you
learn chemistry. We are confident that we’ve done that job well. In any
case, we would appreciate your writing us, either to tell us of the book’s
shortcomings, so that we might do better, or of its virtues, so that we’ll
know where we have helped you most.

THEODORE L. BROWN
School of Chemical Sciences

Unuersity of Illinois

Urbana 61801

H. EUGENE LEMAY, JR.

Department of Chemistry
Unuwersity of Nevada
Reno 89557

PREFACE



Acknowledgments

This book owes its final shape and form to the assistance and hard work
of many people. Several colleagues reviewed the manuscript and helped
us immensely by sharing their insights and criticizing our initial writing
efforts. We would like especially to thank the following:

David L. Adams, North Shore Community College
George Brubaker, Illinois Institute of Technology
Ronald J. Clark, Florida State University

A. Wallace Cordes, University of Arkansas
Lawrence M. Epstein, University of Pittsburgh
Daniel T. Haworth, Marquette University

James C. Hill, California State University

Edwin M. Larsen, University of Wisconsin, Madison
John D. Petersen, Clemson University

George H. Schenk, Wayne State University

Robert P. Stewart, Jr., Miami University, Oxford
Charles R. Ward, University of North Carolina, Wilmington
Charles A. Wilkie, Marquette University

We deeply appreciate the assistance of the following members of Pren-
tice-Hall’s College Division: Betsy Perry and Nancy Forsyth, our Chem-
istry Editors, and Tim Moore, Marketing Manager, each of whom pro-
vided guidance, support, and counsel throughout the project; Raymond
Mullaney, Director, Product Development Department, who has been
with this project from its beginnings; Karen J. Clemments, Senior Pro-
duction Editor, who has guided this edition through production; and
Janet Schmid, Senior Designer.

Finally, special thanks are due to Becky Lazaro and Mary Kaylor,
who so ably typed manuscript copy from our rough drafts.

xxi



Contents

PREFACE

ACKNOWLEDGMENTS

xvii

xxi

1 INTRODUCTION: SOME BASIC CONCEPTS

1.1 The Emergence of Chemistry: A Historical

Perspective 2
1.2 The Scientific Approach 5

1.3 Measurement and the Metric System 6

1.4 Uncertainty in Measurement 13

1.5 Dimensional Analysis—An Approach

to Problem Solving 17
FOR REVIEW 19
EXERCISES 20

2 ATOMS, MOLECULES, AND IONS

23

2.1 States of Matter 23

2.2 Elements, Compounds, and Mixtures 24

2.3 The Atomic Theory 28
2.4 The Structure of the Atom 31

2.5 The Periodic Table: A Preview 40

2.6 Molecules and lons 42

2.7 Naming of Inorganic Compounds
FOR REVIEW 52
EXERCISES 53

47

vii



3 STOICHIOMETRY 58
3.1 Law of Conservation of Mass 58
3.2 Chemical Equations 59
3.3 Chemical Reactions 62
3.4 Atomic and Molecular Weights 67
3.5 The Mass Spectrometer 71
3.6 The Chemical Mole 72
3.7 Empirical Formulas from Analyses 75
3.8 Quantitative Information from Balanced
Equations 77
3.9 Molarity and Solution Stoichiometry 82
FOR REVIEW 87
EXERCISES 89
4 ENERGY RELATIONSHIPS: THE FIRST LAW
OF THERMODYNAMICS 95
4.1 Thermodynamics 96
4.2 The Nature of Energy 96
4.3 Chemical Changes at Constant Pressure;
Enthalpy 102
4.4 Hess’s Law 106
4.5 Heats of Formation 108
4.6 Measurements of Energy Changes;
Calorimetry 111
4.7 Fuel Values of Fuels and Foods 115
4.8 Energy Usage: Trends and Prospects 117
FOR REVIEW 121
EXERCISES 123
5 ELECTRONIC STRUCTURES OF ATOMS: BASIC CONCEPTS 128
5.1 Radiant Energy 128
5.2 The Quantum Theory 131
5.3 Bohr’s Model of Hydrogen 136
5.4 Matter Waves 139
5.5 The Quantum-Mechanical Description
of the Atom 141
5.6 Representation of Orbitals 145

viii

FOR REVIEW 148
EXERCISES 150

CONTENTS



6 ELECTRONIC STRUCTURE: PERIODIC RELATIONSHIPS

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8

Orbitals in Many-Electron Atoms 154

Electron Spin and the Pauli Exclusion Principle 156
The Periodic Table and Electron Configurations 157
Electron Shells in Atoms 166

lonization Energy 168

Electron Affinities 170

Atomic Sizes 173

The Group 1 and Group 2 Metals 174

FOR REVIEW 178
EXERCISES 179

7 BASIC CONCEPTS OF CHEMICAL BONDING 182

7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
7.10

Lewis Symbols and the Octet Rule 183
lonic Bonding 183

Sizes of lons 188

Covalent Bonding 191

Drawing Lewis Structures 193
Resonance Forms 196

Exceptions to the Octet Rule 198
Strength of Covalent Bonds 200

Bond Polarity; Electronegativities 203
Oxidation Numbers 205

FOR REVIEW 213
EXERCISES 215

8 GEOMETRIES OF MOLECULES; MOLECULAR ORBITALS

8.1

8.2
8.3
8.4

8.5
8.6
8.7

The Valence-Shell Electron-Pair Repulsion
(VSEPR) Model 220

Dipole Moments 226
Hybrid Orbitals and Molecular Shape 228

Hybridization in Molecules Containing
Multiple Bonds 233

Molecular Orbitals 238
Molecular-orbital Diagrams for Diatomic Molecules 244
Structures of the Nonmetallic Elements 249

FOR REVIEW 253
EXERCISES 255

CONTENTS ix



9 GASES 259
9.1 Characteristics of Gases 259
9.2 Pressure 260
9.3 The Gas Laws 263
9.4 The ldeal-gas Equation 265
9.5 Dalton’s Law of Partial Pressures 269
9.6 Typical Problems Involving Gases 271
9.7 Kinetic-molecular Theory 275
9.8 Molecular Effusion and Diffusion; Graham’s Law 278
9.9 Nonideal Gases; Departures from the Ideal-gas
Equation 282
FOR REVIEW 285
EXERCISES 287
10 LIQUIDS, SOLIDS, AND INTERMOLECULAR FORCES 293
10.1 The Kinetic-molecular Description of Liquids
and Solids 293
10.2 Equilibria Between Phases 295
10.3 Properties of Liquids 298
10.4 Intermolecular Attractive Forces 304
10.5 Solids 313
10.6 Phase Diagrams 326
FOR REVIEW 329
EXERCISES 331
11 SOLUTIONS 336
11.1 Ways of Expressing Concentration 337
11.2 The Solution Process 341
11.3 Factors Affecting Solubility 346
11.4 Electrolyte Solutions 352
11.5 Colligative Properties 354
11.6 Reactions in Aqueous Solution 361
11.7 Colloids 365
FOR REVIEW 369
EXERCISES 371
12 CHEMISTRY OF THE ENVIRONMENT 376

12.1 Earth’s Atmosphere 376
12.2 The Outer Regions 380
12.3 Ozone in the Upper Atmosphere 382

CONTENTS



12.4
12.5
12.6

Chemistry of the Troposphere 385
The World Ocean 394
Fresh Water 398

FOR REVIEW 403
EXERCISES 405

13 CHEMICAL KINETICS: REACTION RATES 408
13.1 Reaction Rate 408
13.2 Dependence of Reaction Rate on Concentrations 411
13.3 Relation Between Reactant Concentration
and Time 414
13.4 The Temperature Dependence of Reaction Rates 418
13.5 Reaction Mechanisms 422
13.6 Catalysis 428
FOR REVIEW 434
EXERCISES 436
14 CHEMICAL EQUILIBRIUM 442
14.1 The Haber Process 442
14.2 The Equilibrium Constant 444
14.3 Heterogeneous Equilibria 450
14.4 Uses of Equilibrium Constants 451
14.5 Factors Affecting Equilibrium:
Le Chatelier’s Principle 454
14.6 The Relationship Between Chemical Equilibrium and
Chemical Kinetics 458
FOR REVIEW 462
EXERCISES 463
15 AQUEOUS EQUILIBRIA: ACIDS AND BASES 468

15.1
15.2
15.3
15.4
15.5
15.6
15.7
15.8
15.9
15.10

Water and Acidic Solutions 469

Brgnsted-Lowry Theory of Acids and Bases 471
The Dissociation of Water and the pH Scale 473
Strong Acids and Strong Bases 478

Weak Acids 480

Weak Bases 487

Relation Between K, and K, 490

Acid-Base Properties of Salt Solutions 492
Acid-Base Character and Chemical Structure 494
The Lewis Theory of Acids and Bases 497

FOR REVIEW 500
EXERCISES 502

CONTENTS

Xi



16 AQUEOUS EQUILIBRIA: FURTHER CONSIDERATIONS

506
16.1 The Common-ion Effect 506
16.2 Buffer Solutions 509
16.3 Titration Curves 515
16.4 Solubility Equilibria 521
16.5 Criteria for Precipitation or Dissolution 524
16.6 AQualitative Analyses for Metallic Elements 532
FOR REVIEW 534
EXERCISES 535
17 CHEMICAL THERMODYNAMICS 540
17.1 Spontaneous Processes 541
17.2 Spontaneity, Enthalpy, and Entropy 542
17.3 A Molecular Interpretation of Entropy 547
17.4 Caiculations of Entropy Changes 550
17.5 The Free-energy Function 551
17.6 Free Energy and the Equilibrium Constant 555
17.7 Free Energy and Work 557
FOR REVIEW 559
EXERCISES 561
18 ELECTROCHEMISTRY 565
18.1 Oxidation-reduction Reactions 565
18.2 Voltaic Cells 569
18.3 Cell EMF 572
18.4 Spontaneity and Extent of Redox Reactions 576
18.5 Some Commercial Voltaic Cells 581
18.6 Electrolysis and Electrolytic Cells 585
18.7 Quantitative Aspects of Electrolysis 588
18.8 Corrosion 591
FOR REVIEW 595
EXERCISES 597
19 NUCLEAR CHEMISTRY 603

xii

19.1 Nuclear Reactions: An Overview 604
19.2 Radioactivity 605

19.3 Preparation of New Nuclei 610

19.4 Half-life 612

CONTENTS



19.5 Detection of Radioactivity 616
19.6 Mass-energy Conversions 618
19.7 Nuclear Fission 622

19.8 Nuclear Fusion 627

19.9 Biological Effects of Radiation 628
FOR REVIEW 631

EXERCISES 632

20 CHEMISTRY OF HYDROGEN, OXYGEN, NITROGEN,
AND CARBON 637

20.1 Periodic Trends 637
20.2 Chemical Reactions 641
20.3 Hydrogen 642

20.4 Oxygen 649

20.5 Nitrogen 656

20.6 Carbon 666

FOR REVIEW 674

EXERCISES 675

21 FURTHER CHEMISTRY OF THE
NONMETALLIC ELEMENTS 680

21.1 The Noble Gas Elements 680
21.2 The Halogens 682

21.3 The Group 6A Elements 692
21.4 The Group 5A Elements 701

21.5 The Group 4A Elements 709

21.6 Boron 716

FOR REVIEW 717

EXERCISES 719

22 METALLURGY, METALLIC STRUCTURE, AND ALLOYS 723

22.1 Occurrence and Distribution of Metals 723
22.2 Extractive Metallurgy 726

22.3 Pyrometallurgy 728

22.4 Hydrometallurgy 734

22.5 Electrometallurgy 736

22.6 The Electronic Structures of Metals 741
22.7 Alloys 747

FOR REVIEW 751

EXERCISES 753

CONTENTS xiii



23 CHEMISTRY OF THE

TRANSITION ELEMENTS 756

23.1
23.2
23.3
23.4
23.5
23.6

Physical Properties of the Transition Elements 757
Oxidation States 760

Selected Chemical Properties 764

Transition Metal Oxides 768

Magnetism in Transition Element Compounds 771
Metals as Strategic Materials 774

FOR REVIEW 776
EXERCISES 778

24 CHEMISTRY OF COORDINATION COMPOUNDS 780
24.1 The Structure of Complexes 780
24.2 Chelates 783
24.3 Nomenclature 788
24.4 lIsomerism 790
24.5 Ligand Exchange Rates 795
24.6 Structure and Isomerism: A Historical
Perspective 795
24.7 Color and Magnetism 797
24.8 Crystal-field Theory 800

FOR REVIEW 810
EXERCISES 812

25 ORGANIC CHEMISTRY 815
25.1 The Hydrocarbons 816
25.2 Petroleum 826
25.3 Reactions of Hydrocarbons 828
25.4 Hydrocarbon Derivatives 833
25.5 Polymers 841

FOR REVIEW 843
EXERCISES 846

26 BIOCHEMISTRY

850

xiv

26.1
26.2
26.3
26.4
26.5
26.6

Energy Requirements of Organisms 850
Proteins 853

Enzymes 859
Carbohydrates 863
Fats and Oils 867
Nucleic Acids 869

FOR REVIEW 871
EXERCISES 873

CONTENTS



