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freface

This is a textbook for an introductory, one-year college or university chem-
istry course. It is designed to accompany 60 to 80 one-hour lectures. The
student is expected to have taken high-school algebra, geometry, trigonom-
etry, and chemistry.

We wrote the book because of the widespread opinion that most high-
quality chemistry textbooks are written by professional chemists for future
professional chemists, whereas most students enrolled in elementary college
chemistry courses are premedical students and life-science majors. This
book is therefore directed more to the needs of these students, without
compromising the principles that must be a part of every good, basic chem-
istry course. We have done this primarily by using examples from organic
chemistry and biochemistry and eliminating most of the descriptive in-
organic chemistry found in many introductory texts. We feel that descriptive
chemistry is best learned in the laboratory with the chemicals in one’s hands,
and not just from the printed page. Extensive tables of data are presented
in both the text and the appendixes to further acquaint the student with this
subject. In addition, references are given to other sources of information.

We believe that the material in this book is suitable for all science majors.
We also believe that the order of presentation of the material is superior to
the more common chronological order. The book begins with atoms and
ends with the genetic code.

We are pleased to express our appreciation to our friend and expert
typist, Eleanor Scott, for her skill and patience in typing the several drafts
of our manuscript.

JOHN E. HEARST

October 1975 JAMES B. IFFT



contents

PREFACE xiii

1 INTRODUCTION 1

1. What Is Chemistry? 1

1.2 The Advantages of Ignoring History 2
1.3 The Scientific Method S

1.4  Why Study Chemistry? 6

2 THE FUNDAMENTAL PROPERTIES OF MATTER 8
2.1 The Atomic Hypothesis 8
2.2 Atoms Consist of Protons, Neutrons. and Electrons 11
2.3 Isotopes 12
2.4  Electric Charge is Quantized and Conserved 16
2.5  The Fundamental Force of Chemistry is Electric 16
2.6 Velocity, Momentum, Acceleration 19

2.7 Energy 20
2.8 Mass, Energy, and the Conservation of Energy 21

2.9  The Conservation of Mass 23

2.10 The Wave Nature of Electromagnetic Radiation 25
2.11 The Diffraction and Interference of Waves 27
2.12 The Particulate Nature of Electromagnetic Radiation 32

.13 The Wave Properties of Particles 34

.14 The Heisenberg Uncertainty Principle 37
.15 Wave Equations 38

.16 The Hydrogen Atom 42

.17 Spectroscopy 53

2NNV



viit contents
2.18 Electron Spin and the Pauli Exclusion Principle 59
2.19 The Many-Electron Atom 61
2.20 Hund’'s Rule and the Electron Configurations
of the Elements 62
INTERLUDE: Resources and Pollution /73
3 THE PERIODIC PROPERTIES OF THE ELEMENTS / 80
3.1 The Periodic Table 81
3.2 Binding of Electrons by Atoms 88
3.3 Trends in Several Measures of Atomic Size 97
2.4 Other Physical Properties 104
3.5 Chemical Properties 108
INTERLUDE: Smog/ 121
4 THE CHEMICAL BOND : 133
4.1 The Covalent Bond 134
4.2 The Molecular Orbitals of Homonuclear
Diatomic Molecules 139
4.3 The lonic Bond 141
4.4  Electronegativity and Dipole Moments 145
4.5  Bond Energies and Bond Lengths 148
4.6 lewis Theory 149
4.7 Atomic Orbital Theory 159
4.8  Metals and the Metallic Bond 176
4.9  Valence Shell Electron Pair Repulsion 180
4.10  Bonding and Structure of Transition Metal
Compounds 182
INTERLUDE: The Chemistry of Smell/193
5 THE PROPERTIES OF MOLECULES 200
5.1 Properties of Pure Nonpolar Compounds 201
5.2  London Forces 203
5.3 Dipoiec Moments and Molecular Interactions 205
5.4  Dipole Moments, Molecular Structure, and

Chemical Reactivity 207



contents ix

5.5 Hydrogen Bonds 209

5.6 The Solubility of Substances in Liquids 213
5.7  Optical Activity and Optical Isomerism 216
5.8 Infrared Spectroscopy 221

5.9  Absorption of Visible Light 226

INTERLUDE: The Molecular Basis of Night Vision /233

6 THE STATES OF MATTER 239

6.1 Gases 243
6.2  Liquids 271
6.3  Solids 282

INTERLUDE: Those Incredible Transistors /309

7 CHEMICAL THERMODYNAMICS 318

7.1  Systems 318

7.2 Conservation of Energy — The First Law of
Thermodynamics 320

7.3 Thermochemistry — Heats of Reaction 328

7.4  Heat Capacities 334

7.5  Systems of Many Particles — Statistical Mechanics 338

7.6  The Relation between Entropy and Randomness 345

7.7 The Second Law of Thermodynamics— Entropy
Calculations 346

7.8  The Third Law of Thermodynamics 347

7.9  Free Energy, Indicator for the Direction of All
Spontaneous Processes in Nature at Constant
Temperature and Pressure 348

7.10  Colligative Properties 352

INTERLUDE: Energy Sources for Society / 365

8 CHEMICAL KINETICS ’ 379

8.1  Units of Concentration 383

8.2 The Effect of Concentration on Rate 384
8.3  The Mechanism of a Reaction 388

8.4  Experimental Methods 392



8.5 Comparison of Experimental Data with
Theoretical Rate Equations 396

8.6  Relation of Kinetics to Equilibrium 403

8.7  The Effect of Temperature on Rate 406

8.8  The Effect of Catalysts on Rate 417

8.9  Theories of Chemical Kinetics 429

contents

INTERLUDE: The Supersonic Transport/ 441

9 CHEMICAL EQUILIBRIUM

9.1  External Effects on Equilibrium 452
9.2  Heterogeneous Equilibria 454
9.3  Homogeneous Equilibria 467

449

INTERLUDE: Making Hard Water Soft / 533

10 OXIDATION-REDUCTION REACTIONS

10.1 Balancing Redox Reactions 547

10.2 Electrochemical Cells 551

10.3 The Concentration Dependence of Cell Potentials

10.4 Concentration Cells 571

10.5 The Relation between Standard Cell Potential
and Equilibrium Constant 573

10.6 Oxidation-Reduction in Living Systems 575

545

567

INTERLUDE: Fuel Cells / 589

11 THE CHEMISTRY OF LIFE

Small Biological Molecules —-The Monomers 600
I1.1 The Amino Acids 600
11.2  The Monosaccharides 614
1.3 The Nucleotide« IO
General Aspects of Polymerization 629
11.4  Modes of Polymerization 630
11.5  Distribution of Monomers in Polymers 632
Biopolymers 634
[1.6  Proteins 634
11.7 Polysaccharides = 651
11.8 Nucleic Acids 654

598



contents Xi

The Genetic Code 665
11.9  Replication 666
11.10 Transcription 672
11.11 Translation 672

INTERLUDE: Winemaking / 687

GENERAL BIBLIOGRAPHY 697
APPENDIXES 701

A Physical Constants, Units, and Conversion Factors 701

B Exponentials and Logarithms 704

C Nomenclature of Inorganic Compounds 710

D Thermodynamic Properties 74

E Application of Calculus to Rate Equations 722

F Solubility Products 725

G Dissociation Constants of Acids

in Aqueous Solution 727
Stability Constants of Complex lons 729
Standard Reduction Potentials 732

-z

INDEX 739



1 introduction

This chapter is about science, p!irticularly the science of chemistry —what
it is, how it is practiced, and what it is “good for.” Perhaps this material
will help you formulate some questions for yourself about the nature of
chemistry and why anyone should bother studying it. We hope you will be
encouraged to seek the answers. Afthough we may never get to know you
personally, we aﬁready know something about each other: you are begin-
ning a course in chemistry and we have written a textbook about chemistry.
Why are you taking chemistry? And why have we written this book? At
least it can be said that we all have an interest in, a need for, or possibly
an amazement at the subject of chemistry. Although we cannot get to know
each other well through the pages of a book, we hope that, by reading this
book, you will be able to learn something about us and why we are interested
in chemistry.

1.1 WHAT IS CHEMISTRY?

Since the beginnings of history, science has been studied and practiced by
only a small portion of humanity. The knowledge obtained by the pracnce
of science has, however, played a dominant role in the history of civiliza-
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tion. The first “chemists” lived in the Stone Age and discovered how to
control fire, then start it at will. To the Stone Age man, wood was changed
to heat by fire. With the control of heat came the beginnings of the common
chemistry of daily life, such as cooking, which altered the taste, color, and
texture of food. The heating of clay made the production of bricks and
pottery possible. The heating of the mineral kaohmte produced glazes and ~
the heating of sand produced glass. e

As early as 4000 B.c., man discovered that heating certam blue rocks
produced dropléts of copper. Thus began the science of metallurgy, which
ushered in the Bronze Age and Iron Age. We see early in recorded history
that those who made systématic observations of matter, its properties, and
the changes it undergoes contributed enormously to the culture of man. The
metal frying pan doubtless came into being simultaneously with metal spear
heads and swords. Science served man’s comfort and fostered his self-
destruction. The amoral character of techni rg:al knowledge became apparent.

The origin of the word chemtstry is obscufe, but it comes to us via the
Greek word chémeia, meaning ‘‘the art of metalworking.” In 900 B.C. the
Egyptians were knowledgeable in metallurgy, in the production of pigments
from minerals, and in the extraction of juices from plants. Chemeia may be
derived from the word K ham, the Egyptians’ name for their land. It has also
been suggesteq that chemeia derives from the Greek word chymos, meaning
‘“the juice of a plant,” or from the Cantonese word kem-mai, meaning
“gone astray in search of gold.”

For those of us “going astray’’ today, chemistry is the observation and
description of maltter, its properties, and the changes it undergoes. Our
knowledge is still amoral and is, unfortunately, still limited to a small
portion of humanity. It remains a dominant influence upon human endeavors,
however, and the quality of its use will ultimately determine how long the
human race will survive on Mother Earth.

1.2 THE ADVANTAGES OF IGNORING HISTORY

People have been posing chemical questions —and answering some of them
—for a very long time. In 2500 B.c. the Chinese postulated, in the Shu-ching,
the Canonical Book of Records, that there were five elements. Progress in
understanding matter was painfully slow from that time until about two
centuries ago, when scientific knowledge began its present period of explo-
sive growth.

The question raiser! by these thoughts is whether or not the arrangement
of a general chemistry textbook should reflect the historical development
of the subject. Apparently, many authors believe that it should. Most
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textbooks begin with a discussion of gases—~ one of the first areas of science
to be treated quantitatively—and end with the most recent concepts in
nuclear chemistry.

If you turn to the outline of this book, you will find a rather different
approach. Qur sequence of topics does not correspond to the historical
development of science in general or chemistry in particular. We are not
antihistory —not at all! The study of history provides invaluable insights
into the development of man’s understanding of everything that he has
thought and written about: economics, government, philosophy, as well as
science. However, two factors deter us from the historical approach. First,
the progress of science has often been confusing at its best and illogical at
its worst. To follow the actual, chronological progress of chemistry is an
exercise in frustration. Second, we are writing a book about science, not
the history of science. Many books have been written about the history of
science and numerous courses in this fascinating field are available at our
major universities. We encourage your pursuit of these studies as a supple-
ment to the material presented here.

If we have rejected the traditional, historical approach to the presentation
of general chemistry, what approach have we taken? One of our goals is
that you learn enough basic chemistry from the earlier portions of this book
to be able to understand some of the elementary aspects of molecular
biology (that branch of biology in which the structure and development of
biological systems are analyzed in terms of the physics and chemistry of
their molecilar constituents). The book builds up to and concludes with a
discussion of the structure of proteins and nucleic acids and a description
of the genetic code.

In order to achieve this goal, an elementary understanding of a number
of areas of physical chemistry, such as thermodynamics, kinetics, and
oxidation-reduction, is necessary. It is difficult to understand the structure
and properties of a gigantic molecule without first understanding the struc-
ture and properties of the smallest molecules. It is impossible to understand
a molecule without understanding the bonds that hold atoms together in a
molecule. And finally, one cannot comprehend bonds between atoms with-
out some appreciation of what atoms are really like.

And so our book begins—with atoms. The description of the atom is
elementary but modern. Chapter 2 presents an introduction to the properties
of waves and the associated concept of quantum states. In this way a
rationale for atomic structure is provided. Chapter 3 presents a survey of
some of the physical and chemical properties of the elements, as correlated
by the periodic table of the elements. We believe that most of you are more
interested in the biological implications of chemistry than in the descriptive
inorganic chemistry that constitutes a large part of many general chemistry
texts. Although the emphasis in this book is decidedly on such biological
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implications, Chapter 3 does give a brief introduction to the properties of
inorganic compounds. If you wish to pursue inorganic chemistry further
(and you should!), we refer you to such works as E. S. Gould’s Inorganic
Reactions and Structure, revised ed. (Holt, Rinehart and Winston, New
York, 1962), R. T. Sanderson’s Inorganic Chemistry (Reinhold, New York,
1967), or the monumental series by J. W. Mellor and G. D. Parkes, 4 Com-
prehensive Treatise on Inorganic and Theoretical Chemistry (Wiley, New
York, 1922-), to which new volumes are added periodically.

Chapters 4 and S describe the bonds that hold atoms together to form
molecules, and molecules to form liquids and solids. These intramolecular
and intermolecular forces are very close to the heart of much of modern
scientific research. Several theories of bond formation are included in
Chapter 4, along with information about which theory does the better job
of predicting bond energies or molecular geometries in various instances.
A number of modern experimental techniques that are useful in the study
of the properties of molecules are included in Chapter 5.

The chapter on the states of matter describes the properties of large
collections of atoms or molecules in the gaseous, liquid, and solid states.
It begins with the best understood state of matter, the gaseous, and presents
and compares two descriptions, the experimental and the theoretical.
Quantitative relations for the liquid and solid states are much more difficult
to derive and understand, so the descriptions of these states are more
qualitative.

Chapters 7 and 8 present introductions to two very important branches
of physical chemistry, namely, thermodynamics and kinetics. These chap-
ters are necessarily more mathematical than any others in the book. If this
is a problem for you, we recommend that you spend extra time trying to
understand the underlying concepts of these two disciplines rather than
memorizing formulas. The best way to gain understanding is to practice
solving problems, and then practice some more. After all, solving problems
in order to understand nature is what science is all about.

The chapter on chemical equilibrium is one of the longest in the book.
Many things chemists do concern systems at equilibrium; hence there is
much information to assimilate. The mathematical level seldom ranges
beyond algebra here. As is always true, an understanding of the underlying
principles should be the primary goal of your study. So—solve problems!
The chapter on oxidation-reduction reactions is concise, but it explains
the methods for calculating electrochemical potentials of galvanic and
electrolytic cells and the use of such potentials in determining equilibrium
constants. The chapter ends with a description of the electrochemical
processes in living cells.

The book concludes with an extensive discussion of biological molecules,
both small and large. This chapter represents the climax of a year’s study,
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in that nearly all the principles learned are applied in the description of the
chemistry of life. The amino acid side chains are classified according to -
their acidity and polarity. The structures of monosaccharides and nucleo-
tides are presented. The relation between molecular structure and optical
properties, first introduced in Chapter 5, is a recurrent theme throughout
Chapter 11. Polymerization and some general properties of polymers are
then discussed, culminating in a description of the biopolymers: proteins,
polysaccharides, and nucleic acids. The chapter concludes with a brief
illustration of the central dogma of molecular biology, or molecular genetics.
The final objective of the book is thus an explanation in molecular terms of
the essential features of all life as we know it. It describes the molecular
mechanism for the propagation and transfer of biological information.

1.3 THE SCIENTIFIC METHOD

What do you do when you are confronted with a refrigerator that doesn’t
work, a zipper that’s stuck, or a jib sail that can’t be raised? If you can
stifle your anger or impatience for a few minutes, think about the probable
source of the problem, postulate how the problem might be solved, and
then try your solution, your life becomes somewhat less frustrating than
it might otherwise be.

These are precisely the skills that the scientist must develop. If we
replace the concept of a problem with the concept of a question, we have the
first step in a scientific inquiry. A broken appliance is an obvious problem.
“How can it be repaired?” is the obvious question. In scientific research
it is easy to think of questions, but not all questions are likely to lead to
productive lines of investigation. The formulation of a good question by a
scientist is far more difficult. It requires a disciplined and highly trained
mind as well as the crucial ingredient of curiosity. If people were not really
interested in why nature behaves as it does, they would ask no questions
and there would be no science.

Once a question is formulated, thereby defining a scientific problem, an
experiment or set of experiments must be devised to provide data that will
have a direct bearing on the question. Depending on the results of the initial
experiments, further experiments may be indicated. If the question was
perceived with sufficient insight and the initial experiments carried out with
sufficient ingenuity and precision, the investi'gator may be able to proceed
directly to the next step, which is the formulation of a hypothesis to explain
his resuits, i.e., answer the question he originally asked. He can then devise
further experiments to test this hypothesis and, if it seems valid, use it to
provoke new, more sophisticated questions so that the cycle can start again.
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Scientists seldom work within such a rigid framework of inquiry. The
problems they work on -are infinitely varied, and the kinds of insight and
approach they use on these problems are often utterly different and highly
personal in style. In one form or another, however, the elements of the
scientific method described above enter every investigation.

14 WHY STUDY CHEMISTRY?

From our experience with several thousand. students over the past decade,
there are a number of answers to this question. Some of them are not very
good: “Most people seem to take it,” “My girlfriend is in the class,” or
“It’s constdered a snap course.” Other answers are at least practical: “I've
got to have it to get into medical school,” *“My engineering major requires
it,” or ‘1 want to be a patent lawyer for a chemical company.” The first
group of students could benefit from some alterrative answers, and the
second group could also. In addition, there is a third group. These are the
students who do not really know what chemistry is or what it is good for,
but may suspect it has something to do with many of society’s problems
(e.g., problems of health, the environment, energy resources, and eco-
nomics), and would like to find out. We are particularly interested in these
students. _

One reason for studying chemistry has already been provided in the pre-
ceding section: it gives experience in using the scientific method in solving
problems or answering questions. This should considerably strengthen
your ability to think carefully and analjtically about the many problems you
face daily”

If you are at all curious about why things behave as they do, you have
undoubtedly asked many questions about the world around you. The course
of study you are about to begin will provide some immediate answers and
enough background information that you can begin digging out other
answers for yourself. Some questions vou will soon be able to answer are:
Why does a cake rise? Why is blood red and grass green? What is smog?
Why can I see better several minutes after entering a dark room? How do
those glasses that become darker in the sunlight work? Why do children
tend to look like their parents? How does antifreeze keep a car radiator
from freezing? How do you make wine? Why does a warm bottle of cola
froth when it is opened? And on and on.

A third and very important reason for studying chemistry has to do w1th
the quality of the environment in which you will spend the next half-century.
Mercury poisoning, smog, overpopulation, water pollution, lead contamina-
tion, DDT, food shortages, radioactive wastes, thermal pollution. If you
have read a newsmagazine or a newspaper or talked with a friend during
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the past year, you have undoubtedly heard of all these problems and many
more. Who is going to solve them? '

Chemists will certainly not do it alone. These are extremely complex
problems that will require the coordinated efforts of govemmental agencies,
scientists, engineers, sociologists, economlsts etc. But the chemist will
certainly play a major role because most of these problems are, at least in
part, chemical. {Smog consists of a varlety of gaseous compounds and
particulate matter generated in large part by the internal combustion éngine.
Chemists are playing a major role in identifying the components of smog,
studying the microscopic atmospheric particles on which many chemical
reactions occur, and working with automotive engineers to design cleaner-
burning engines.

DDT is a chemical. It has virtually destroyed the osprey population of
Long Island, found its way into the penguins of Antarctica, even though it
has never been sprayed there, and accumulated sufficiently in the fat of
some fish that they are unfit for humans to eat. Chemists made DDT; they
must now make a safe substitute.

Mercury poisoning has eliminated the West Coast swordfish fleet. The
reality of mercury poisoning has been demonstrated by the death and
grotesque deformation of many of the residents of the tragic town of
Minamata, Japan. A chemical plant discharged mercury into the bay, where
it entered the fish that were caught by local fishermen and eaten by the
townspeople. Chemists must find substitutes for certain mercury compounds
and advise legislators how to prevent the further release of mercury into
the environment.

To increase your interest in chemistry and keep you conscious of the
relations between your studies and the world around you, we have included
an Interlude at the end of each chapter except this one. Each Interlude is
related to the chemistry you have learned from the preceding chapter The
Interludes may be divided into three classes. Four come under the héading
of Ecology; they deal with resources and pollution, smog, energy sources
for society, and the supersonic transport. Three we classify as Biology; they
describe the chemical bases for smell and night vision and the scientific
aspects of winemaking. The remaining three pertam to Technology, as
represented by transistors, water softening, and fuel cells.

Many more Interludes could be written. We hope that the ones in this
book will stimulate your desire to find out more aboui the role of chemis-
try in human endedvors. and that some of them will demonstrate to you that,
in order for society to deal intelligently with many of its problems, we, the
people, need as much technical knowledge as we can get. Furthermore, we
need professional »hem‘sil;? who are willing to devote their time and energy
to help clean up our befouled cnvironment and keep it clean. and provide
us with better health and a better understanding of what we are.



the fundamental properties
of matter

2.1 THE ATOMIC HYPOTHESIS

The hypothesis that all matter consists of atoms is central to a modern
scientific description of matter. For reasons that will become apparent
throughout this book, the evidence in favor of this hypothesis is overwhelm-
ing. It is also very recent (less than two centuries old), considering that the
atomic hypothesis was first propounded by the Greek philosopher Demok-
ritos about 24Q0 years ago.

If we could magnify a drop of water about 50 million times, we would see
clusters of three atoms in constant, rapid motion. Figure 2-1 is a two-
dimensional representation of what magnified water might look like. Each
group of three atoms is called a molecule. We will discuss the definition of
a molecule in more detail later, but for now, a molecule can be thought of
as a distrete group of atoms having a fixed. unvarying composition.

There are several noteworthy features of Figure 2-1. Not all atoms are
the same size. There are, in fact, 105 known kinds of atoms having distinct
values of physical properties such as radius and mass. Furthermore, the
clusters of atoms (molecules) have a definite geometry. Each of the larger
atoms (0xygen) has two smaller atoms (hydrogen) connected to it. The
angle between the two center lines from hydrogen atom to oxygen atom is
104.5” and the distance between the center of each hydrogen and the center



