










Two rotational degrees of freedom per particle
32 2 THE FIRST LAW

Fig. 2.5 The rotational modes of molecules
and the corresponding average energies at a
temperature T. (a) A linear molecule can
rotate about two axes perpendicular to the
line of the atoms. (b) A nonlinear molecule
can rotate about three perpendicular axes.

total energy of the gas (there being no potential energy contribution) is 3–2NkT, or
3–2 nRT (because N = nNA and R = NAk). We can therefore write

Um = Um(0) + 3–2RT

where Um(0) is the molar internal energy at T = 0, when all translational motion
has ceased and the sole contribution to the internal energy arises from the internal
structure of the atoms. This equation shows that the internal energy of a perfect gas
increases linearly with temperature. At 25°C, 3–2RT = 3.7 kJ mol−1, so translational
motion contributes about 4 kJ mol−1 to the molar internal energy of a gaseous 
sample of atoms or molecules (the remaining contribution arises from the internal
structure of the atoms and molecules).

When the gas consists of polyatomic molecules, we need to take into account the
effect of rotation and vibration. A linear molecule, such as N2 and CO2, can rotate
around two axes perpendicular to the line of the atoms (Fig. 2.5), so it has two 
rotational modes of motion, each contributing a term 1–2kT to the internal energy.
Therefore, the mean rotational energy is kT and the rotational contribution to the
molar internal energy is RT. By adding the translational and rotational contribu-
tions, we obtain

Um = Um(0) + 5–2RT (linear molecule, translation and rotation only)

A nonlinear molecule, such as CH4 or water, can rotate around three axes and,
again, each mode of motion contributes a term 1–2kT to the internal energy.
Therefore, the mean rotational energy is 3–2kT and there is a rotational contribution
of 3–2RT to the molar internal energy of the molecule. That is,

Um = Um(0) + 3RT (nonlinear molecule, translation and rotation only)

The internal energy now increases twice as rapidly with temperature compared
with the monatomic gas.

The internal energy of interacting molecules in condensed phases also has a 
contribution from the potential energy of their interaction. However, no simple
expressions can be written down in general. Nevertheless, the crucial molecular
point is that, as the temperature of a system is raised, the internal energy increases
as the various modes of motion become more highly excited.

It has been found experimentally that the internal energy of a system may be
changed either by doing work on the system or by heating it. Whereas we may know
how the energy transfer has occurred (because we can see if a weight has been raised
or lowered in the surroundings, indicating transfer of energy by doing work, or if ice
has melted in the surroundings, indicating transfer of energy as heat), the system is
blind to the mode employed. Heat and work are equivalent ways of changing a system’s
internal energy. A system is like a bank: it accepts deposits in either currency, but stores
its reserves as internal energy. It is also found experimentally that, if a system is 
isolated from its surroundings, then no change in internal energy takes place. This
summary of observations is now known as the First Law of thermodynamics and
expressed as follows:

The internal energy of an isolated system is constant.

We cannot use a system to do work, leave it isolated for a month, and then come back
expecting to find it restored to its original state and ready to do the same work again.
The evidence for this property is that no ‘perpetual motion machine’ (a machine that
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Figure 1.13. Heat capacity at constant volume of one mole of hydrogen (H2) gas.

Note that the temperature scale is logarithmic. Below about 100 K only the three

translational degrees of freedom are active. Around room temperature the two

rotational degrees of freedom are active as well. Above 1000 K the two vibrational

degrees of freedom also become active. At atmospheric pressure, hydrogen liquefies

at 20 K and begins to dissociate at about 2000 K. Data from Woolley et al. (1948).
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