Chemistry 410B Exam 2 Spring 2008
Solutions

1. (a) Find the value of z = PV,,/(RT) for the ideal gas. Solution: For the ideal gas,
PV =nRT,V,,=V/n= RT/P, so

PV, P(RT/P)
SR w4
(b) Put an X next to the name of the molecule that will have the greatest value of z

at a pressure of 1.00 bar and 298 K. Solution: We want the molecule which, at
given observed pressure and temperature, has the highest molar volume. Solving

the van der Waals equation for V,,, we find

_RT
P+

Vin + 0.

Therefore, we want the molecule with the smallest value of a and largest value

of b, which is [HCN |

2. Assuming the integral approximation is valid for the rotational partition function,
and that the harmonic approximation is valid for vibrations, write an expression
for the fraction of the sample of a gas-phase, diatomic molecule that will be in the
rotational and vibrational ground state (J = 0, v = 0), in terms of the temperature
T and the constants B and w.. Solution: We know that the numerator will be
1, because we measure the energy from the ground state (so £ = 0 for the ground
state) and the degeneracy of the ground state is 1. Then we use the approximate
forms of the partition functions:

g(J)eErot/(kBT)g(J)eEvib/(lgBT)
GrotQvib
(1)e(1)e” _ B(1 — e/ kaT))
(kBT/B)(l — @*we/(kBT))fl - kT

P(v,J)=P(J =0)Pv=0)=

3. An isotopically enhanced sample has np; moles of deuterated hydrogen iodide and ny;
moles of common HI at 398 K. Comparison of the infrared intensities of the v =1 — 2
transition finds a ratio of 0.100 for DI molecules (w, = 1640 cm™!) in the v = 1 state
to HI molecules (w, = 2310 cm™') in the v = 1 state. What is the ratio np;/ngr in
the entire sample? Solution: The number of molecules in each state is the total
number of molecules times the probability for that state. Converting the vibrational
constants to temperature units gives wpr/kp = 2360 cm™! and wyr/kp = 3324 cm ™.
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By the way, you could also just assume q.;, &~ 1, after seeing that w, > kgT for both
molecules.

. The possible spin states for one N nucleus, which has spin I = 1, are m; = 1 (),
my; =0 (8), and m; = —1 ().

(a) List all the distinct two-particle nuclear spin states for *Ns.

(b) Put an “e” next to each of these nuclear spin states that will be associated
with even J rotational levels of the Ny molecule. Solution: There should be
nine states altogether, since there are three possible m; values for each nucleus.
Because the *N nucleus has integer spin, it is a boson, and the even J values
(symmetric roatational wavefunction) must have a symmetric nuclear wavefunc-

tion:
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Whereas a diatomic with /I = 0 indistinguishable nuclei has no odd J states, and
with I = 1/2 has a weight of 1:3 for even J to odd J, here the weight is 6:3 for even
J to odd J. As the nuclear spin rises, the difference between odd and even .J spin
weights approaches 1.

. The derivation of C',, for a fluid arrives at
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Assume instead a potential u(R) = —eif Ry < R < 2Rp; and u(R) = oo everywhere
else. Solution: The e~“®)/(*5T) term makes the integrand vanish outside the range
Ryjy < R < 2R3, so we just plug in and integrate over this region:
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This will generally be smaller than the liquid value, in agreement with observation.



