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59-240 Introductory Physical Chemistry I - Self-Guided Tutorial

According to the classical equipartition of energy theory, for a single molecule, each
translational degree of freedom contributes  of energy, each rotational degree of freedom1

2
kT

contributes  of energy, and each vibrational degree of freedom contributes kT of energy.  We1
2
kT

can also express similar expressions for moles of molecules using R, which is related to k. 
However, vibrational energies do not behave classically at lower temperatures, where the
Boltzmann populations of the upper states are low.  Therefore, there is a statistical equation to
calculate  for vibrational contributions:CV,m

Summary of heat capacities for gases:

translation: R/2 per degree of freedom CV,m (trans) ' j R /2

rotation: R/2 per degree of freedom CV,m (rot) ' j R /2

vibration: R per degree of freedom
(classically); actually strictly governed by the
Boltzmann derived equation on the right.

CV,m (vib) ' j
j

Rx 2
j e xj

(e xj & 1)2

where j is the jth vibrational mode (vibrational frequency), and

where  is the wavenumber (in cm-1) of the jth vibrational mode.ν̄j
# All molecules have 3N degrees of freedom, where N is the number of atoms in the molecule. 
The degrees of freedom describe the total number of possible modes of motion a molecule has
(i.e., translational, rotational and vibrational).
# All molecules have 3 translational degrees of freedom (they can move in the x, y and z
directions).
# Non-linear molecules have 3 rotational degrees of freedom (they can rotate about x, y and z
axes within the molecule), and 3N - 6 vibrational degrees of freedom.
# Linear molecules only have 2 rotational degrees of freedom, since two of the rotational axes
are degenerate, and 3N - 5 vibrational degrees of freedom.

Helpful information:
Heat capacity coefficients for function: Cp,m ' a % bT % cT 2

a (J K-1 mol-1) b (J K-2 mol-1) c (J K-3 mol-1)

O2 25.849 12.98 × 10-3 -38.62 × 10-7

N2 27.565 5.230 × 10-3 -0.04 × 10-7

fundamental vibrational frequency for N2:  = 2538.07 cm-1ν̄
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Tutorial Problems
1. When talking about energies of a single molecule k is used; however, when dealing with large
quantities of molecules, R is used.  Show the relationship between k and R.

2. For a collection of molecules, prove that the contributions to molar heat capacity, CV,m, are R/2
for each translational degree of freedom.

3. Given the above theory, predict the value of Cp,m for O(g), O2(g) and O3(g) (the latter is non-
linear).

4. Assume the composition of dry air to be x(N2) = 0.800 and x(O2) = 0.200.  If Cp.m = a + bT +
CT2, what is the heat capacity of dry air at 25 oC?

5. Using the expression derived and answer calculated in 4, calculate the heat capacity ratio, γ.
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Um ' Um(0) %
NAhν

e hν /kT & 1

6. Using the equipartition of energy theory from above, assume air is an ideal diatomic gas and
calculate γ.  Repeat this calculation using only the contributions from rotational and translational
degrees of freedom (neglect vibrations).  What can you conclude by comparing these results to
those of question 5?

7. Consider the N2 molecule in the gas phase.  If the heat capacities are overestimated at standard
temperatures due to an overweighted classical vibrational contribution, we can use a statistical
equation to calculate the heat capacity.  Calculate the  for N2(g) at 298 K and 1200 K.  NoteCp,m
the increased contribution to heat capacity at higher temperatures!

8.  Given that (lecture 5)

prove that the heat capacity equation in the table on p. 1 is correct.  
Hint: Differentiate w.r.t. T.

(complete proof on separate page)


