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This is a remarkable result; it says that the heat capacities of all ideal gases that can be

a2 regarded as point particles should be the same! How well does it work?
Helium 1.5000 Quite excellently, it appears, as we can see by the table on the right! Amazingly, 127 g
Neon 1.5000 of xenon has the same heat capacity and the same internal energy as 4 g of helium. Theory
Argon 1.5000 predicts Cy/R for an ideal gas to be 3/2; experiment shows it is 1.5000; and, therefore,

agrees with theory to five significant digits. In fact, modern theoretical chemistry can

Krypion 15000 predict most thermodynamic properties of simple gases more accurately than they can
Xenon 1.5000 be measured.

Constant Volume Heat Capacity of Diatomic Gases

Since we've succeeded with the heat capacities of monatomic gases, let’s see if we can
equally elegantly explain the molar constant volume heat capacities of diatomic gases at
1 bar and 298 K.

While they’re nowhere nearly as similar to each other as the monatomics, it is clear
the first four diatomic gases in the table are very close to a value of Cy /R = 5/2, with
fluorine a little bit larger. Why is this? A diatomic gas, in addition to moving translation-
ally in three dimensions like monatomic gases, can also rotate. However, only rotations
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2 Y £ about two dimensions are meaningful; rotation about its long axis leaves the molecule in an
H, 2467 4395 identical state. These two additional degrees of freedom or modes can also absorb energy,
N, 2503 2360 just as the three translational modes absorb energy. Because the molecule now has five

active modes, Cy /R has a value of approximately 5/2. The principle that energy will be
CO 2506 2170 shared out equally among all active modes is called the equipartition theorem.
0, 2535 1580 What about fluorine? One additional mode available to a diatomic is the vibrational
mode along the bond axis. Why is this mode inactive in the first four diatomics and only
F, 27710 892 o : Fa : ; X .
partly active in fluorine? The answer lics in quantum mechanics, which we will treat in
more detail in chapter 11. But briefly, the energy required to raise a diatomic molecule
into its first vibrational excited state is often quite high. Vibrational energies are typically
given in wavenumbers, and are listed in the table. It can be seen that fluorine, and to a
lesser extent oxygen, have comparatively low vibrational frequencies, and Cy, /R values
slightly higher than 5/2, because a small but significant fraction of the molecules can be
thermally excited to a higher vibrational state at room temperature.
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Constant Volume Heat Capacity of Monatomic Solids

Moving away from gases and towards ‘condensed matter’ — liquids and solids — let’s
now consider the heat capacities of the simplest solids: metals, which are composed of
crystals with isolated atoms in a simple lattice. The molar heat capacities of metals at room
temperature ar¢ all close to 3R; this phenomenon is so general it has been given the name
Dulong and Petit’s Law.

Why do atoms in a crystal lattice have molar heat capacities of 3R, while those in an
ideal gas have Cy, , values of (3/2)R? The answer, again, lies in the number of modes avail-
able. An atom in a crystal lattice interacts with its neighbors, and as it moves away from
its equilibrium position in the lattice, its potential energy increases. Atoms in an ideal gas
do not interact with each other at all, and so have no potential energy. So atoms in a lattice
can put R7/2 units of internal energy into kinetic energy along a particular direction, and
RT/2 units of energy into potential energy; thus, per mole, their total internal energy is
louble that of the same atom in an ideal gas at the same temperature.

Vibrational modes always have kinetic and potential energy components, and so
-an always absorb R7 units of energy per mode, when thermally accessible. Rotational
nodes, like translational modes, can absorb RT units of energy in a crystal lattice,
out only R7/2 units in an ideal gas, where there is no potential energy associated with
otation.

‘We can gain additional insight from the molar heat capacities of a couple of metals as a
unction of temperature. These are shown in figure 2.9. The heat capacities of both sodium
ind aluminum drop to zero at 0 K; this is a consequence of quantum mechanics and is true
f all substances. They rise rapidly above a temperature of about 10 K and eventually reach
plateau near 3R = 24.94 J mol 'K ™'; as can be seen, aluminum, a hard metal where the
attice vibrations are spaced quite far apart, rises more slowly and has not quite reached
he plateau at room temperature. In sodium, a softer metal, it is easier to displace atoms
rom their equilibrium positions, and so the heat capacity increases faster as a function of
=mperature, but still reaches approximately the same plateau.

ieat Capacity of Molecular Solids and Liquids

1 figure 2.10, we show the temperature dependence of the constant pressure molar heat
2pacities of glycine and alanine. We use these because constant volume heat capacities
re very difficult to obtain for most solids.

At low temperature, the two curves resemble each other and those of metals, except
1at in addition to translations, restricted rotations of the molecules within the lattice
alled librations) also contribute 3R to the heat capacities. At higher temperatures,
stead of reaching a plateau at 6R, as the amino acids seem to be trying to do at
J0 K, the heat capacities continue to increase, as more and more vibrational modes
=come thermally accessible and contribute to C .m- Alanine, a larger molecule with
ore low-frequency vibrational modes, diverges appreciably from glycine at these higher
mperatures.

Finally, we consider the heat capacities of more complex molecular solids and liquids;
variety of these are given in table 2.1. All of them are at 298 K except where specified.
nere are some general trends:

With the exception of water ice, all of the heat capacities exceed 6R, which is the heat
=apacity due to lattice vibrations and hindered rotations alone. Vibrations play an
‘mportant role in the heat capacities of most molecules at ambient temperatures.

As can be seen from the last three rows, the molar heat capacities increase with
molecular mass M, because increasing the number of atoms increases the number of
‘ow-energy vibrations that absorb heat.

Metal Cvm/R

Mg 291
Al 278
Fe 2.96
Pt 297
Pb 2.98
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FIGURE 2.9 The constant
volume heat capacities of
sodium and aluminum, as a
function of temperature.

50 100 150 200 250 300
T(X)
FIGURE 2.10 The constant
pressure heat capacities of the
amino acids glycine and alanine,
as a function of temperature.
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TABLE 2.1 Heat capacities of molecules

Combeiig J mi‘l’ Tk g mMoI"
H,0(, 273 K) 75.4 18.0
H,0(s, 273 K) 38.1 18.0
potassium iodide 52.8 166.0
a-D-glucose 219.2 180.2
L-tyrosine 216.4 181.2
anthracene 2L 178.2
decanoic acid 375.6 1723
dodecanoic acid 404.3 200.3
tetradecanoic acid 432.0 2284

 For molecules of similar mass (rows 3-8), those that are more flexible (which usually
means softer solids, such as decanoic acid) have more low frequency vibrations
and therefore higher heat capacities than harder materials composed of more rigid
molecules, molecules linked together by hydrogen bonds, or ionic solids.
e Liquids have higher heat capacities at the melting points than the corresponding solids;
an example is water and water ice.
For the same reasons, we find that macromolecules in random coils, such as single-stranded
nucleic acids and denatured proteins, have higher heat capacities than the corresponding
folded proteins and double-stranded DNA and RNA. We shall see later that this difference
in heat capacities is important in understanding the stability of native proteins, and to a
lesser extent, nucleic acids.







