
Chapter 1

WHAT IS THERMODYNAMICS?

1.1 DEFINITION AND EMPHASIS

Thermodynamics is the branch of science that deals with energy levels and
transfers of energy between systems and between different states of matter.
Because these subjects arise in virtually every other branch of science, thermo-
dynamics is one of the cornerstones of scientific training. Various scientific
specialties place varying degrees of emphasis on the subject areas covered by
thermodynamics—a text on thermodynamics for physicists can look quite dif-
ferent from one for chemists, or one for mechanical engineers. For chemists,
biologists, geologists, and environmental scientists of various types, the ther-
modynamics of chemical reactions is of course a central concern, and that is
the emphasis to be found in this book. Let us start by considering a few simple
reactions and the questions that arise in doing this.

1.2 WHAT IS THE PROBLEM?

1.2.1 Some Simple Chemical Reactions

A chemical reaction involves the rearrangement of atoms from one structure
or configuration to another, normally accompanied by an energy change. Let’s
consider some simple examples.

• Take an ice cube from the freezer of your refrigerator and place it in a
cup on the counter. After a few minutes, the ice begins to melt, and it
soon is completely changed to water. When the water has warmed up to
room temperature, no further change can be observed, even if you watch
for hours. If you put the water back in the freezer, it changes back to
ice within a few minutes, and again there is no further change. Evidently,
this substance (H2O) has at least two different forms, and it will change
spontaneously from one to the other depending on its surroundings.
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• Take an egg from the refrigerator and fry it on the stove, then cool to room
temperature. Again, all change seems now to have stopped—the reaction
is complete. However, putting the fried egg back in the refrigerator will
not change it back into a raw egg. This change seems not to be reversible.
What is different in this case?

• Put a teaspoonful of salt into a cup of water. The salt, which is made
up of a great many tiny fragments of the mineral halite (NaCl), quickly
disappears into the water. It is still there, of course, in some dissolved
form, because the water now tastes salty, but why did it dissolve? And is
there any way to reverse this reaction?

Eventually, of course we run out of experiments that can be performed in
the kitchen. Consider two more reactions:

• On a museum shelf, you see a beautiful clear diamond and a piece of black
graphite side by side. You know that these two specimens have exactly the
same chemical composition (pure carbon, C), and that experiments at very
high pressures and temperatures have succeeded in changing graphite
into diamond. But how is it that these two different forms of carbon can
exist side by side for years, while the two different forms of H2O cannot?

• When a stick of dynamite explodes, a spectacular chemical reaction takes
place. The solid material of the dynamite changes very rapidly into a
mixture of gases, plus some leftover solids, and the sudden expansion of
the gases gives the dynamite its destructive power. The reaction would
seem to be nonreversible, but the fact that energy is obviously released
may furnish a clue to understanding our other examples, where energy
changes were not obvious.

These reactions illustrate many of the problems addressed by chemical ther-
modynamics. You may have used ice in your drinks for years without realizing
that there was a problem, but it is actually a profound and very difficult one. It
can be stated this way: What controls the changes (reactions) that we observe
taking place in substances? Why do they occur? And why can some reactions
go in the forward and backward directions (i.e., ice→water or water→ice) while
others can only go in one direction (i.e., raw egg→fried egg)? Scientists puzzled
over these questions during most of the nineteenth century before the answers
became clear. Having the answers is important; they furnish the ability to con-
trol the power of chemical reactions for human uses, and thus form one of the
cornerstones of modern science.

1.3 A MECHANICAL ANALOGY

Wondering why things happen the way they do goes back much further than
the last century and includes many things other than chemical reactions. Some
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Figure 1.1: A mechanical analogy for a chemical system—a ball on a slope. The
ball will spontaneously roll into the valley.

Figure 1.2: The ball has rolled into a valley, but there is a deeper valley.

of these things are much simpler than chemical reactions, and we might look
to these for analogies, or hints, as to how to explain what is happening.

A simple mechanical analogy would be a ball rolling in a valley, as in Figure
1.1. Balls have always been observed to roll down hills. In physical terms, this
is “explained” by saying that mechanical systems have a tendency to change
so as to reduce their potential energy to a minimum. In the case of the ball
on the surface, the potential energy (for a ball of given mass) is determined by
the height of the ball above the lowest valley, or some other reference plane. It
follows that the ball will spontaneously roll downhill, losing potential energy
as it goes, to the lowest point it can reach. Thus it will always come to rest
(equilibrium) at the bottom of a valley. However, if there is more than one
valley, it may get stuck in a valley that is not the lowest available, as shown in
Figure 1.2. This is discussed more fully in Chapter 2.

It was discovered quite early that most chemical reactions are accompa-
nied by an energy transfer either to or from the reacting substances. In other
words, chemical reactions usually either liberate heat or absorb heat. This is
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most easily seen in the case of the exploding dynamite, or when you strike a
match, but in fact the freezing water is also a heat-liberating reaction. It was
quite natural, then, by analogy with mechanical systems, to think that various
substances contained various quantities of some kind of energy, and that re-
actions would occur if substances could rearrange themselves (react) so as to
lower their energy content. According to this view, ice would have less of this
energy (per gram, or per mole) than has water in the freezer, so water changes
spontaneously to ice, and the salt in dissolved form would have less of this
energy than solid salt, so salt dissolves in water. In the case of the diamond
and graphite, perhaps the story is basically the same, but carbon is somehow
“stuck” in the diamond structure.

Of course, chemical systems are not mechanical systems, and analogies can
be misleading. You would be making a possibly fatal mistake if you believed
that the energy of a stick of dynamite could be measured by how far above the
ground it was. Nevertheless, the analogy is useful. Perhaps chemical systems
will react such as to lower (in fact, minimize) their chemical energy, although
sometimes, like diamond, they may get stuck in a valley higher than another
nearby valley. We will see that this is in fact the case. The analogy is useful.
The problem lies in discovering just what kind of energy is being minimized.
What is this chemical energy?

1.3.1 Chemical Energy

We mentioned above that an early idea was that it is the heat energy content
of systems that is minimized in chemical systems, that is, reactions will occur
if heat is liberated. This is another way of saying that the heat content of the
products is less than the heat content of the reactants of a reaction, so that the
reaction liberates heat (Figure 1.3)

This view of things was common in the nineteenth century, and a great deal
of effort was expended in measuring the flow of heat in chemical reactions.
However, we don’t even have to leave our kitchen to realize that this cannot
be entirely correct. The melting of ice is obviously a reaction in which heat is
absorbed, not liberated, which is why it is useful in cooling drinks. Therefore,
despite the appealing simplicity of the “heat content” argument for explain-
ing why chemical reactions occur, it cannot be the whole story. Nevertheless,
the idea that some kind of “chemical energy” is liberated in reactions, or that
“chemical energy” is minimized in systems at rest (equilibrium) is a powerful
one. Perhaps heat is not the only energy involved. What other factors might
there be? Not too many, we hope!

1.3.2 Plus Something Else?

Another very important clue we must pay attention to is the fact that some
chemical reactions are able to take place with no energy change at all. For ex-
ample, when gases mix together at low pressures, virtually no heat energy is lib-
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Figure 1.3: Mechanical processes always act so as to lower the potential energy
content of the mechanical system. Perhaps, by analogy, chemical systems have
some sort of “chemical energy” that is lowered during chemical reactions.

erated or absorbed. The situation is similar for a drop of ink spreading in a glass
of water. These are spontaneous processes characterized by a mixing process,
rather than by a re-organization of atomic structures like graphite→diamond,
or raw egg→fried egg. Our “chemical energy” term will have to take account of
observations like these.

At this point, we might become discouraged, and conclude that our idea that
some sort of chemical energy is being reduced in all reactions must be wrong—
there seem to be too many exceptions. It certainly was a puzzle during a large
part of the last century. But we have the benefit of hindsight, and because we
now know that this concept of decreasing chemical energy of some kind is in
fact the correct answer, we will continue to pursue this line of thought.

1.4 MODELS IN SCIENCE

1.4.1 The Thermodynamic Model

The rest of this book will be concerned with the energy changes in chemical re-
actions and the many useful concepts associated with this subject. We will be
attempting to put chemical reactions into a framework of ideas that have some
similarities to the ball-in-valley analogy. This is a difficult job, but it will be
made easier by emphasizing one important fact at the outset. What we will be
doing is making a model of chemical processes, rather than describing the pro-
cesses themselves. This is the normal way to proceed in science. For example,
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we think of atoms as having nuclei composed of protons and neutrons, sur-
rounded by electrons in successive shells or orbitals. But no one has ever seen
atomic nuclei or electrons. What scientists have seen is a large number of spec-
tral lines on photographic images, other lines on cloud-chamber photographs,
and readings from countless other types of analytical and experimental instru-
ments. From this huge pile of data, scientists using imagination, creativity,
and mathematical skills at an awe-inspiring level, have constructed a model of
atomic structure that accounts in a satisfying way for virtually all of the obser-
vations. At the other end of the scale, astronomers have accumulated data on
luminosities, spectra, periods, and so on, and have constructed a model of our
universe including galaxies, supernovas, black holes, neutron stars, and so on
at unimaginable distances from us.

Some models are so well established that they will probably never be modi-
fied. A model of the solar system that allows us to put men on the moon and
bring them back safely could be said to work pretty well. With models that work
this well and that deal with such familiar objects, it can easily be forgotten that
they are models. Just remember that the moon has never been weighed; we
know its mass through a calculation process that relies on Newton’s laws of
motion, among other things. This calculation process is called modeling the
mass of the moon—finding the mass that best fits our understanding of the
laws governing planetary motion. We will be modeling chemical processes.

We won’t insist on this point further here. The reason for even mentioning
this rather philosophical point is that as we proceed, a number of procedures
will arise that will seem rather bizarre, unless it is clear that we are not trying to
describe what happens in real life but are constructing a model of what actually
happens in real life. Because we wish to use mathematics, the model must have
certain characteristics that distinguish it from everyday life.

1.4.2 Limitations of the Thermodynamic Model

This book outlines the essential elements of a first understanding of chemical
thermodynamics, especially as applied to natural systems. However, it is useful
at the start to have some idea of the scope of our objective—just how useful
is this subject, and what are its limitations? It is at the same time very pow-
erful and very limited. With the concepts described here, you can predict the
equilibrium state for most chemical systems, and therefore the direction and
amount of reaction that should occur, including the composition of all phases
when reaction has stopped. The operative word here is “should.” Our model
consists of comparing equilibrium states, one with another, and determining
which is more stable under the circumstances. We will not consider how fast
the reaction will proceed, or how to tell if it will proceed at all. Many reactions
that “should” occur do not occur, for various reasons. We will also say very little
about what “actually” happens during these reactions—the specific interactions
of ions and molecules that result in the new arrangements or structures that
are more stable. In other words, our model will say virtually nothing about why
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one arrangement is more stable than another or has less “chemical energy,”
just that it does, and how to determine that it does.

These are serious limitations. Obviously, we will often need to know not
only if a reaction should occur but if it occurs, and at what rate. A great deal of
effort has also been directed toward understanding the structures of crystals
and solutions, and of what happens during reactions, shedding much light on
why things happen the way they do. However, these fields of study are not
completely independent. The subject of this book is really a prerequisite for
any more advanced understanding of chemical reactions, which is why every
chemist, environmental scientist, biochemist, geochemist, soil scientist, and
the like, must be familiar with it.

But in a sense, the limitations of our subject are also a source of its strength.
The concepts and procedures described here are so firmly established partly
because they are independent of our understanding of why they work. The laws
of thermodynamics are distillations from our experience, not explanations, and
that goes for all the deductions from these laws, such as are described in this
book. As a scientist dealing with problems in the real world, you need to know
the subject described here. You need to know other things as well, but this
subject is so fundamental that virtually every scientist has it in some form in
his toolkit.

1.5 SUMMARY

The fundamental problem addressed here is why things (specifically, chemical
reactions) happen they way they do. Why does ice melt and water freeze? Why
does graphite turn into diamond, or vice versa? Taking a cue from the study
of simple mechanical systems, such as a ball rolling in a valley, we propose
that these reactions happen if some kind of energy is being reduced, much as
the ball rolls in order to reduce its potential energy. However, we quickly find
that this cannot be the whole story—some reactions occur with no decrease in
energy. We also note that whatever kind of energy is being reduced (we call it
“chemical energy”), it is not simply heat energy.

For a given ball and valley (Figure 1.1), we need to know only one param-
eter to determine the potential energy of the ball (its height above the base
level, or bottom of the valley). In our “chemical energy” analogy, we know that
there must be at least one other parameter, to take care of those reactions that
have no energy change. Determining the parameters of our “chemical energy”
analogy is at the heart of chemical thermodynamics.


