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To the Instructor

The order of topics in this text is, for the most part, the traditional one found in most

physical chemistry texts and, apparently, the one preferred by most instructors—
namely, thermodynamics, kinetics, then quantum theory. However, as always, the
instructor has the option of teaching.the chapters in any order. Those who prefer
another order may also find this book wiseful; the chapters on quantum theory and
spectroscopy, 11 through 14, are relatively self-contained. One of the problems with
teaching thermodynamics before quantum theory is the placement of statistical
mechanics. On one hand, one would like to teach it with thermodynamics, where its
utility is more immediately apparent to the student. On the other hand, the founda-
tions of this topic cannot be understood without a firm background in quantum
theory. Physical Chemistry attempts to resolve this dichotomy by placing statistical
mechanics in both places. In Chapter 5, the major emphasis is on the calculation of
thermodynamic functions. This not only provides a deeper insight into the molecular

significance of macroscopic thermodynamics, but also gives an important motivation

to the student for the coverage of quantum theory to come. Then, in Chapter 15,
statistical mechanics is revisited with more rigorous derivations and additional appli-
cations. Those who do not like this approach can, with small loss, simply omit
Chapter 5 and cover it later, together with Chapter 15; the subsequent applications
(mostly in Chapter 6) can be avoided by a judicious choice of material and problems.
One of the things you will no doubt notice when reading the Table of Contents is
the absence of the usual topical chapters such as “Solids,” “Liquids,” “Polymers,”
“Spectroscopy.” *Surfaces,” and the like. The reason for this absence is that Physical
Chemistry is organized around theoretical principles, and such chapters would cut
cross-grain. Closer inspection will reveal that many of these topics are there, but are
distributed into various chapters. For example, surfaces are discussed in Chapters 4
and 10, and polymers are discussed in Chapters 3, 5, 7, 9, 10. Spectroscopy is
integrated into the teaching of quantum theory. In the matter of choice of topical
material and examples, physical chemistry is so broad that only an encyelopedia.could
cover all of the material that is interesting, relevant, and important. The choices are
somewhat arbitrary, so, since I was the author, I made them. Generally, I tried to
choose topics and applications that, in my judgment, would best fit in with the
principal subject of the chapter and that would best provide an illustration of the
theoretical principles the student could follow at that point. It is likely that you may
disagree in some cases, or that your favorite topic has been omitted —on the other
hand, I'm certain you will find some way to put it back in. This book is intended to
be a teaching text, not an encyclopedia, and the students should not be left to think
that any one book contains all they will need to know about physical chemistry:
they should be encouraged to explore other resources. A major objective in thisbook
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is developing the students’ vocabulary so that they can read more specialized books
in the various areas of physical chemistry. ~ ~ '

The coverage of quantum mechanics (Chapters 11 to 14) may, at first glance, appear
to be excessively difficult and deep. However, closer inspection will reveal that many
derivations are worked out in detail that in many other texts is left to the imagination
of the student or to the travail of the instructor. The principal difficulty that students P
find with this approach is its linearity — each chapter must be understood well before
the next one makes much sense. You can help them with this by encouraging them to
review frequently; for example, it is a good idea to reread parts of Chapter 11 while

- studying Chapters 12 and 13. There has been a deliberate effort to limit the level of
‘mathematics in these chapters. Operator algebra is used because it is relatively easy
to teach and learn at this level. Differential equations and matrix algebra are avoided
as much as possible. ‘ ‘

With electronic calculators, not to mention computers, today’s students have more
computational power available than G. N. Lewis ever dreamed of — yet few of them
know how to use this power effectively. For that reason, this text emphasizes numeri-
cal analysis to an unusual degree. Throughout, the student is encouraged, even
required, to use techniques such as numerical integration, differentiation, root finding,
and linear regression. These techniques are easily implemented with pocket calcu-
lators costing scarcely more than this book. Since they are used in a number 'of
different chapters, they are discussed together in a general way in Appendix I. The use

«, of numerical methods together with “real” data is, I believe, helpful in showing the
student the relevance of mathematical formulas and abstract functions to experimental

v+ results. Particularly in thermodynamics, this approach permits the use of realistic
models and avoids leaving the student under the impression that the world is an
ideal gas. \

Although the problems in this text take full advantage of the capabilities of the
electronic calculator, they do not take into account the now ubiquitous microcomputer.
This deficiency will be remedied by a separate volume, The Microcomputer in
Physical Chemistry, which will be published in early 1985. A Solutions Manual with
worked out solutions to most of the problems is also available.
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Physical chemistry is not a variety of chemistry; it is the
chemistry of the future.

-Wilhelm Ostwald

... lecture courses that consisted of descriptive facts and
recipes for separations bored me; my desire was to under-
stand phenomena. ! discovered physical chemistry on my
own and was inspired.

~joel H. Hildebrand

To the Student

Physical chemistry, like a table with four legs, is built upon four major theoretical
principles; thermodynamics, kinetics (or, more generally, transport processes), quan-
tum mechanics, and statistical mechanics. This is not all of physical chemistry, no
more than a table is all legs. Physical chemistry is a widely diverse subject that cannot
be summarized adequately in any brief definition; certainly there are important parts
of physical chemistry that do not fit neatly into this quadrivium. But it is not a bad
place to start, and certainly no education in the subject can fail to provide some
foundation in each of these four areas. However, they do not. in this or any other text,
receive equal time; usually thermodynamics and quantum theory, in that order, are
covered more thoroughly than the other two subjects. This is because these two
are. to some extent, prerequisite to kinetics and statistical mechanics. This emphasis
does not reflect the relative importance of these areas within physical chemistry,
let alone within chemistry as a whole, but only the exigencies of teaching an intro-
ductory course.

But a first course in physical chemistry is more than an introduction to four, or a
hundred subjects. It is, in addition, a course on mathematicai problem solving, with
emphasis on chemical problems. This is a two-edged sword. Mathematics is the
feature of this course that, for the majority-of students, is the most difficult—and is
in no small part responsible for the frightful reputation of physical chemistry courses
in general. It is also the part of the course that is of greatest value-— vou may never
need to integrate a heat capacity, measure a reaction rate, or analyze a spectrum, but
the experience in quantitative problem solving will be of constant value.

But how does one learn to solve problems? There are some who feel that this is a
subject in itself that can be taught in the abstract; this area is called heuristics (see,
for example, G. Polya, “How to Solve It,” 1957: Garden City, New York, Doubleday
& Company, Inc.). Be that as it may, it is certain that problem solving is something
that can also be learned by example and by practice. This book provides numerous
worked-out examples to introduce you to the subject; these should be studied carefully
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To the Student

as you encounter them in the text. The exercises in the text and the problems at the
end of each chapter serve two purposes: to make you think about and review the
material just covered and to provide you with practice in problem solving. You may
have available worked-out solutions to some (or perhaps all) of these problems — but
beware: You cannot learn to swim by watching, you must get into the water, and you
cannot learn physical chemistry by reading other people’s problem solutions. The
effort in solving them yourself may be ten times greater, but the benefit will increase
in proportion. It can be stated as a certainty that, as this text is written, if you read
the words without doing the problems, you will receive only half of what is intended.

In connection with the question of mathematics, there are appendices at the end of
the book covering a number of areas that cause problems for many students. You
should, before beginning, familiarize yourself with what is there, and then use them
as needed. When an appendix is referred to in the text, you should, unless you
are confident of your background in that area, review the appropriate material before
proceeding.

Good luck!
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Let curious minds
Who would the air inspect,
On its elastic energy reflect.

-Sir Richard Blackmore (1712,
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Properties of Matter

In large part, “properties of matter” is the subject of this entire book. This chapter
broaches several important fundamentals. [t also introduces a number of basic con-
cepts, models, and techniques that will be used and, in some cases, developed further
in subsequent chapters.

The properties of matter may be discussed on two levels, the macroscopic and the
microscopic. At the microscopic level we examine the properties of atoms and
molecules such as molecular size, shape, velocity, momentum, and intermolecular
forces. At the macroscopic level we investigate properties of bulk matter, such as
_ temperature, pressure, or viscosity, which may have no meaning whatever at the
atomic-molecular level. Making the connection between microscopic and macro-
scopic is a major mission for physical chemistry. In this book we shall first be
concerned mostly with macroscopic properties; then, beginning with Chapter 11, we
look into the properties of atoms and molecules. Even when we are focusing on
macroscopic properties, however, the microscopic picture will never be far in the
background, since it can give us an insight into the “why” in the behavior of nature
which would otherwise be unavailable.

1.1 Equations of State

The macroscopic properties of matter may be classified as either extensive or
intensive. Extensive properties are proportional to the amount of material — for ex-
ample: mass (W), volume (V), number of moles (1), heat capacity (C). In subse-
quent chapters we shall encounter many other extensive properties, such as energy
and entropy.

Intensive properties depend on the nature of the material but not on the amount.
Temperature and pressure are the most obvious examples, but there are many others,
including viscosity, thermal conductivity, electrical conductivity, dielectric constant,
magnetic susceptibility, and compressibility. In addition, any ratio of extensive prop-
erties is intensive; some important examples include density (p = W/V), specific
volume (v = V/W), molar volume (V,, = V/n), and specific heat (C/W).

These properties are interrelated; their mutual relationships can be expressed as a
functional dependence in the mathematical sense, as, for example, p(T), the “density
as a function of temperature.” (It would probably be useful to read the first section of
Appendix I at this point.) In fact, for a pure, homogeneous material, only two
intensive variables can be independent; the remaining variables must then be a func-
tion of these two. [“Pure” means that the entire material has a single chemical identity;
by chemical standards, water is a pure substance and not a mixture of hydrogen -
and oxygen (let alone, a mixture of protons, neutrons, electrons, and so on).
“Homogeneous” means that the entire material is uniform throughout with respect to
all intensive properties; this implies that there is only one physical phase — solid,
liquid, or vapor.]

This idea is expressed in the concept of the state of a material; we define the state
of a pure, homogeneous material by giving the values of any two intensive properties
(which then become the independent variables). The functional dependence of any



