Chemical Physics
ANNOUNCED Cumulative Examination
Monday, 24 January 2005

This examination is concerned with the examples of partition functions for atoms and small
molecules as discussed in Chapters 17 & 18 of the text by McQuarrie and Simon. There are five
major questions on this exam (parts A-E) with 60 total points; the point values are indicated
for each problem. A list of potentially useful equations is given on pages 3 and 4.

A. The canonical partition function for a system composed of independent atoms is written
by McQuarrie and Simon as: Q(N,V,8)= [datomic(V,8)]" /N! where N is the number of
atoms, V is the (macroscopic) volume of the system, and B is the usual function of
temperature.

(A-1) (2 points) Describe in words the two contributions to the atomic partition function,

Qatomic, Of a system only composed of helium atoms (or any other pure noble gas).

(A-2) (2 points) Which of the two terms just described that contribute to Qqiomsc can be
ignored at room temperature and why?

(A-3) (6 points) Using the assumption that only one contribution to Q(N,V,3)is important
and information in the equation sheet, show that the difference of the Helmholtz free
energy for one mole of helium atoms (4 g/mol) from that for one mole of argon atoms
(40 g/mol) is a _constant times temperature if each sample is confined in the same
volume. What is the value of the constant?

(A-4) (2 points) Describe the property of a system composed of “N” helium atoms (or
any other pure noble gas) that leads to the factor of N! in the denominator of the
expression for Q(N,V,3) given above.

(A-5) (3 points) Given that the average energy of a system in terms of Q(N,V,3) is:

- (22apn)

and the definition of 3, change variables and show that the average energy can also

be written as:

aan(N,V,T))
EY=k T2(
( ) g aT N,V



B(10 points) Show that th‘e“i_nfern’al energy of a mole of helium atoms is 3/2 RT and
thus independent of V using the assumption that you justified in (A-2) that one term
contributes to Q[N,V,03).

C. (10 points) Show that P= RT/V for a mole of helium atoms with the same assumption
made in (A-2).

D. A collection of molecules generally has a more complicated canonical partition function
~ compared to that for the same number of atoms due to the additional degrees of freedom

present in a molecule.

(D-1) (2 points) Describe two degrees of freedom that any molecule, even the simplest
- diatomic, has that are not. present in an atom, even the most complicated atom.

(D-2) (3 points) What is the total number of degrees of freedom for an ammonia molecule,
NH;37 Divide these degrees of freedom into the usual three categories and give the
number in each category for ammonia.

(D-3) (3 points) Consider the simple diatomic molecule carbon monoxide, CO. Calculate
the total rotational contribution to the internal energy, (E), at T=300 K if the

rotation temperature, ©,,,=2.78 K, ¢ = 1 for this heterodiatomic molecule.

(D-4) (2 points) Calculate the total rotational contribution to the constant Volume heat
- capacity, Cy, for one mole of carbon monoxide, CO, at 300 K if the rotation tem-
_ perature, 0,,=2.78 K.

(D-5) (5 points) Estimate the probability that a carbon monoxide molecule, CO, will be in
in its ground rotational state, J=0, at T=300 K. The rotation temperature for CO
~ is still ©,4=3.78 K. For reference, the degeneracy of a rotational state g;=(2J)+1.

E. (10 points) Consider a peculiar molecule that has a singlet ground electronic state and a
low-lying triplet excited state with an energy of 1 eV. Estimate the fraction of molecules
in the excited state if the entire sample is heated to 1000 K and if other higher lying
excited states are ignored.
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R = 0.08314 /-bar/K-mole = 8.314 J/K-mole
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h = 6.626 x 10734 J sec

B = h/2 7=1.054x10"% J sec

proton mass = 1.67263 x 107% kg

neutrén‘ mass = 1.67493 x 10~ i{g‘

Ephoton = hv Av=c
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Modes = 3 N - (5 or 6) AE, = hw

1. amu = 1.6605 x 10727 kg
7=3.1415927
N4 = 6.0221 x 10?2 mole™!
¢ = 2.99792 x 10® m sec™!
lev = 1.602x10719]
electron mass = 9.1094 x 1073! kg
electron charge = 1.60218 x 10~ Coul
A=hc [/ Eproton
E(n,lm) = (% + Il,—} + ’E—;)h2/8m
Ew=hw(v+3) = hv(v+3)

Meffr = mlmg/(m1+m2)

Er=h%j(j +1)/2T I = mes; R T = limp_,o (PV/R)

pi=aj/A Sje1a; = A Ystates Pj = 1

(E) = Zstates (P ;) (@) = Tstates (%) (@) = Tstates (0j3)
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