THE PROBLEM AND THE POSTULATES

1-1 THE TEMPORAL NATURE OF
MACROSCOPIC MEASUREMENTS

Perhaps the most striking feature of macroscopic matter is the incredi-
ble simplicity with which it can be characterized. We go to a pharmacy
and request one liter of ethyl alcohol, and that meager specification is
pragmatically sufficient. Yet from the atomistic point of view, we have
specified remarkably little. A complete mathematical characterization of
the system would entail the specification of coordinates and momenta for
each molecule in the sample, plus sundry additional variables descriptive
of the internal state of each molecule— altogether at least 102 numbers to
describe the liter of alcohol! A computer printing one coordinate each
microsecond would require 10 billion years—the age of the universe—to
list the atomic coordinates. Somehow, among the 10** atomic coordinates,
or linear combinations of them, all but a few are macroscopically irrele-
vant. The pertinent few emerge as macroscopic coordinates, or ““thermody-
namic coordinates.”

Like all sciences, thermodynamics is a description of the results to be
obtained in particular types of measurements. The character of the
contemplated measurements dictates the appropriate descriptive variables;
these variables, in turn, ordain the scope and structure of thermodynamic
theory.

The key to the simplicity of macroscopic description, and the criterion
for the choice of thermodynamic coordinates, lies in two attributes of
macroscopic measurement. Macroscopic measurements are extremely slow
on the atomic scale of time, and they are extremely coarse on the atomic
scale of distance.

While a macroscopic measurement is being made, the atoms of a system
go through extremely rapid and complex motions. To measure the length
of a bar of metal we might choose to calibrate it in terms of the
wavelength of yellow light, devising some arrangement whereby reflection
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from the end of the bar produces interference fringes. These fringes are
then to be photographed and counted. The duration of the measurement
is determined by the shutter speed of the camera— typically on the order
of one hundredth of a second. But the characteristic pertod of vibration of
the atoms at the end of the bar is on the order of 10~ !* seconds!

A macroscopic observation cannot respond to those myriads of atomic
coordinates which vary in time with typical atomic periods. Only those few
particular combinations of atomic coordinates that are essentially time
independent are macroscopically observable.

The word essentially is an important qualification. In fact we are able to
observe macroscopic processes that are almost, but not quite, time inde-
pendent. With modest difficulty we might observe processes with time
scales on the order of 10~ 7 s or less. Such observable processes are still
enormously slow relative to the atomic scale of 10 '° s. It is rational then
to first consider the limuting case and to erect a theory of time-indepen-
dent phenomena. Such a theory 1s thermodynamacs.

By definition, suggested by the nature of macroscopic observations, ther-
modynamics describes only static states of macroscopic systems.

Of all the 10 atomic coordinates, or combinations thereof, only a few
are time independent.

Quantities subject to conservation principles are the most obvious
candidates as time-independent thermodynamic coordinates: the energy,
each component of the total momentum, and each component of the total
angular momentum of the system. But there are other time-independent
thermodynamic coordinates, which we shall enumerate after exploring the
spatial nature of macroscopic measurement.

1-2 THE SPATIAL NATURE OF
MACROSCOPIC MEASUREMENTS

Macroscopic measurements are not only extremely slow on the atomic
scale of time, but they are correspondingly coarse on the atomic scale of
distance. We probe our system always with “blunt instruments.” Thus an
optical observation has a resolving power defined by the wavelength of
light, which is on the order of 1000 interatomic distances. The smallest
resolvable volume contains approximately 10° atoms! Macroscopic ob-
servations sense only coarse spatial averages of atomic coordinates.

The two types of averaging implicit in macroscopic observations to-
gether effect the enormous reduction in the number of pertinent variables,
from the initial 10> atomic coordinates to the remarkably small number
of thermodynamic coordinates. The manner of reduction can be il-
lustrated schematically by considering a simple model system, as shown in
Fig. 1.1. The model system consists not of 102 atoms, but of only 9.
These atoms are spaced along a one-dimensional line, are constrained to
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FIGURE 11

Three normal modes of oscillation in a nine-atom model system. The wave lengths of the
three modes are four, eight and sixteen interatomic distances. The dotted curves are a
transverse representation of the longitudinal displacements.

move only along that line, and interact by linear forces (as if connected by
springs).

The motions of the individual atoms are strongly coupled, so the atoms
tend to move in organized patterns called normal modes. Three such
normal modes of motion are indicated schematically in Fig. 1.1. The
arrows indicate the displacements of the atoms at a particular moment;
the atoms oscillate back and forth, and half a cycle later all the arrows
would be reversed.

Rather than describe the atomic state of the system by specifying the
position of each atom, it i1s more convenient (and mathematically equiv-
alent) to specify the instantaneous amplitude of each normal mode. These
amplitudes are called normal coordinates, and the number of normal
coordinates is exactly equal to the number of atomic coordinates.

In a “macroscopic” system composed of only nine atoms there is no
precise distinction between “macroscopic” and “atomic” observations.
For the purpose of illustration, however, we think of a macroscopic
observation as a kind of “blurred” observation with low resolving power;
the spatial coarseness of macroscopic measurements is qualitatively analo-
gous to visual observation of the system through spectacles that are
somewhat out of focus. Under such observation the fine structure of the
first two modes in Fig. 1.1 is unresolvable, and these modes are rendered
unobservable and macroscopically irrelevant. The third mode, however,
corresponds to a relatively homogeneous net expansion (or contraction) of
the whole system. Unlike the first two modes, it is easily observable
through “blurring spectacles.” The amplitude of this mode describes the
length (or volume, in three dimensions) of the system. The length (or
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volume) remains as a thermodynamic variable, undestroyed by the spatial
averaging, because of its spatially homogeneous (long wavelength) structure.

The time averaging associated with macroscopic measurements aug-
ments these considerations. Each of the normal modes of the system has a
characteristic frequency, the frequency being smaller for modes of longer
wavelength. The frequency of the third normal mode in Fig. 1.1 is the
lowest of those shown, and if we were to consider systems with very large
numbers of atoms, the frequency of the longest wavelength mode would
approach zero (for reasons to be explored more fully in Chapter 21). Thus
all the short wavelength modes are lost in the time averaging, but the long
wavelength mode corresponding to the “volume’ is so slow that it survives
the time averaging as well as the spatial averaging.

This simple example illustrates a very general result. Of the enormous
number of atomic coordinates, a very few, with unique symmetry proper-
ties, survive the statistical averaging associated with a transition to a
macroscopic description. Certain of these surviving coordinates are me-
chanical in nature—they are volume, parameters descriptive of the shape
(components of elastic strain), and the like. Other surviving coordinates
are electrical in nature—they are electric dipole moments, magnetic dipole
moments, various multipole moments, and the like. The study of mechanics
(including elasticity) is the study of one set of surviving coordinates. The
subject of electricity (including electrostatics, magnetostatics, and ferromag-
netism) is the study of another set of surviving coordinates.

Thermodynamics, in contrast, is concerned with the macroscopic conse-
quences of the myriads of atomic coordinates that, by virtue of the coarseness
of macroscopic observations, do not appear explicitly in a macroscopic
description of a system.

Among the many consequences of the “hidden” atomic modes of
motion, the most evident is the ability of these modes to act as a
repository for energy. Energy transferred via a “mechanical mode” (i.e.,
one assoctated with a mechanical macroscopic coordinate) is called me-
chanical work. Energy transferred via an “electrical mode” is called electri-
cal work. Mechanical work is typified by the term — PdV (P is pressure,
V' is volume), and electrical work is typified by the term —E_,d% (E, is
electric field, 2 is electric dipole moment). These energy terms and
various other mechanical and electrical work terms are treated fully in the
standard mechanics and electricity references. But it is equally possible to
transfer energy via the hidden atomic modes of motion as well as via those that
happen to be macroscopically observable. An energy transfer via .he hidden
atomic modes is called heat. Of course this descriptive characterization of
heat is not a sufficient basis for the formal development of thermody-
namics, and we shall soon formulate an appropriate operational defini-
tion.

With this contextual perspective we proceed to certain definitions and
conventions needed for the theoretical development.
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1-3 THE COMPOSITION OF THERMODYNAMIC SYSTEMS

Thermodynamics is a subject of great generality, applicable to systems
of elaborate structure with all manner of complex mechanical, electrical,
and thermal properties. We wish to focus our chief attention on the
thermal properties. Therefore it 1s convenient to idealize and simplify the
mechanical and electrical properties of the systems that we shall study
initially. Similarly, in mechanics we consider uncharged and unpolarized
systems; whereas in electricity we consider systems with no elastic com-
pressibility or other mechanical attributes. The generality of either subject
is not essentially reduced by this idealization, and after the separate
content of each subject has been studied it is a simple matter to combine
the theories to treat systems of simultaneously complicated electrical and
mechanical properties. Similarly, in our study of thermodynamics we
idealize our systems so that their mechanical and electrical properties are
almost trivially simple. When the essential content of thermodynamics has
thus been developed, it again is a simple matter to extend the analysis to
systems with relatively complex mechanical and electrical structure. The
essential point to be stressed is that the restrictions on the types of
systems considered in the following several chapters are not basic limita-
tions on the generality of thermodynamic theory but are adopted merely
for simplicity of exposttion.

We (temporarily) restrict our attention to simple systems, defined as
systems that are macroscopically homogeneous, isotropic, and uncharged,
that are large enough so that surface effects can be neglected, and that are
not acted on by electric, magnetic, or gravitational fields.

For such a simple system there are no macroscopic electric coordinates
whatsoever. The system is uncharged and has neither electric nor magnetic
dipole, quadrupole, or higher-order moments. All elastic shear compo-
nents and other such mechanical parameters are zero. The volume V' does
remain as a relevant mechanical parameter. Furthermore, a simple system
has a definite chemical composition which must be described by an
appropriate set of parameters. One reasonable set of composition parame-
ters is the numbers of molecules in each of the chemically pure compo-
nents of which the system is a mixture. Alternatively, to obtain numbers
of more convenient size, we adopt the mole numbers, defined as the actual
number of each type of molecule divided by Avogadro’s number (N, =
6.02217 x 10%).

This definition of the mole number refers explicitly to the “number of
molecules,” and it therefore lies outside the boundary of purely macro-
scopic physics. An equivalent definition which avoids the reference to
molecules simply designates 12 grams as the molar mass of the isotope
12C. The molar masses of other isotopes are then defined to stand in the

same ratio as the conventional “atomic masses,” a partial list of which is
given in Table 1.1.
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TABLE 1.1
Atomic Masses (g) of Some Naturally
Occurring Elements (Mixtures of Isotopes)“

H 1.0080 F 18.9984
L1 6.941 Na 22.9898
C 12.011 Al 26.9815
N 14.0067 S 32.06
0] 15.9994 a 35453

% As adopted by the International Union of Pure and
Applied Chemistry, 1969

If a system 1s a mixture of r chemical components, the r ratios
N /(X1 N) (k=1,2,...,r) are called the mole fractions. The sum of all
r mole fractions is unity. The quantity V/(X]., N)) is called the molar
volume.

The macroscopic parameters V, N, N,, ..., N have a common property
that will prove to be quite significant. Suppose that we are given two
identical systems and that we now regard these two systems taken together
as a single system. The value of the volume for the composite system is
then just twice the value of the volume for a single subsystem. Similarly,
each of the mole numbers of the composite system is twice that for a
single subsystem. Parameters that have values in a composite system equal
to the sum of the values in each of the subsystems are called extensive
parameters. Extensive parameters play a key role throughout thermody-
namic theory.

PROBLEMS

1.3-1. One tenth of a kilogram of NaCl and 0.15 kg of sugar (C,,H,,0,,) are
dissolved in 0.50 kg of pure water. The volume of the resultant thermodynamic
system is 0.55 X 10" * m’. What are the mole numbers of the three components of
the system? What are the mole fractions? What 1s the molar volume of the
system? It is sufficient to carry the calculations only to two significant figures.

Answer:
Mole fraction of NaCl = 0.057;
molar volume = 18 X 10" * m¥mole.

1.3-2. Naturally occurring boron has an atomic mass of 10.811 g. It is a mixture
of the isotopes '°B with an atomic mass of 10.0129 g and B with an atomic mass
of 11.0093 g. What is the mole fraction of 1°B in the mixture?

1.3-3. Twenty cubic centimeters each of ethyl alcohol (C,H;OH; density = 0.79
g/cm’), methyl alcohol (CH,;OH; density = 0.81 g/cm’), and water (H,O:;



