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Chem 3322 test #3 solutions, out of 50 marks

I want complete, detailed answers to the questions. Show all your work to get full credit.

Data:
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The Schrödinger time dependent equation is, for ψ(x, t)
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The Schrödinger time independent equation is, for ψ(x)
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The particle in a one dimensional box energy levels are

En =
n2π2ℏ2

2mL2
n = 1, 2, 3, ... (5)

ground state wavefunction of the harmonic oscillator:

ψ(x) =

(
2α

π

)1/4
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with

α =
µω

2ℏ
and ω = (k/µ)1/2 (7)

where k is the force constant and µ is the reduced mass.

reduced mass formula: µ = m1m2/(m1 +m2)

energy levels of the harmonic oscillator: En = (n+ 1/2)ℏω, n = 0, 1, 2, ...

partition function of the harmonic oscillator:

q =
e−ℏω/2kBT

1− e−ℏω/kBT
(8)
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energy levels of the Morse oscillator:

En = (n+ 1/2)ℏω − (n+ 1/2)2
(ℏω)2

4De

(9)

energy levels of the rigid rotor:

Eℓ =
ℓ(ℓ+ 1)ℏ2

2µr2
(10)

partition function of the rigid rotor:

q =
∞∑
ℓ=0

(2ℓ+ 1)e−θℓ(ℓ+1)/T ≈ T

θ
where θ =

ℏ2

2I kB
where I = µr2 (11)

energy levels of the particle on a ring:

En =
n2ℏ2

2mR2
n = 0, 1, 2, ... (12)

Speed of light = c = 3.0 × 108 m/s

electron mass = 9.11 × 10−31 kg

Avogadro’s constant = NA = 6.022 × 1023 mol−1

Planck constants: h = 6.6262 × 10−34 Js and ℏ = 1.05459 × 10−34 Js

Boltzmann’s constant kB=1.38066×10−23J K−1

π = 3.14159

mass conversion from amu to kg: 1.66 × 10−27 kg/amu

Relationship between the wavelength of a photon and its energy

λ =
hc

E
(13)

A linear molecule composed of N atoms has 3N −5 normal modes (vibrational motions).

A non-linear molecule composed of N atoms has 3N−6 normal modes (vibrational motions).
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Problem 1 – 10 marks

FIG. 1: Two-level system

Consider the energy-level diagrams shown in Fig. 1.

a) – 3 marks At what temperature will the probability of occupying the upper energy

level be 0.15 for the states depicted in Fig. 1A?

Solution:

for this problem we have the partition function

q = 1 + e−β∆E (14)

so that the excited state population is

P (1) =
e−β∆E

1 + e−β∆E
(15)

For P (1) = 0.15, we have

T =
−300cm−1hc

kB ln(0.15/0.85)
=

300cm−1 6.626× 10−34Js 3.00× 1010cm s−1

2.395× 10−23JK−1
(16)

which works out to be T = 249 K.
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b) – 3 marks Perform the corresponding calculation for the states depicted in Fig. 1B.

Solution:

The math is almost the same, but now we have

q = 1 + 2e−β∆E (17)

so that the excited state population is

P (1) =
2e−β∆E

1 + 2e−β∆E
(18)

Putting the numbers in gives T = 178 K.

c) – 4 marks For each case (Fig. 1A and 1B) what is the population of the upper energy

level in the limit T → 0? For each case (Fig. 1A and 1B) what is the population of the

upper energy level in the limit T → ∞?

Solution:

The term e−β∆E = e−∆E/(kBT ) goes to zero as T → 0 and goes to one as T → ∞. Once

this is established, it is easy to show that the population of the second energy level is zero

in the limit T → 0 (for both systems) and that the population of the second energy level in

the limit T → ∞ is 1/2 for system A and 2/3 for system B.
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Problem 2 – 10 marks

a) – 2 marks What is the difference between fluorescence and phosphorescence?

Solution: I gave 1 mark each (up to a maximum of 2 marks) for the following differ-

ences: phosphorescence has a longer lifetime; phosphorescence is red-shifted (compared to

fluorescence); phosphorescence involves a spin flip.

b) – 3 marks In what circumstances would you expect phosphorescence to have a

significant contribution to an electronic emission spectrum?

Solution: when the molecule in question contains a heavy atom.

c) – 2 marks A singlet to triplet (or triplet to singlet) electronic transition is forbidden

according to the selection rule derived using the molecular dipole moment operator. Why

is this?

Solution: because the dipole moment operator only acts on the spatial variables. A pho-

ton has no “handle” to be able to flip the spin of an electron (at least under the assumptions

of how we wrote down the selection rule)

d) – 3 marks Following from (c), what extra considerations did we use to explain how

such a transition could occur?

Solution: we invoked the magnetic field components which leads to the concept of spin-

orbit coupling. Namely, the magnetic fields from the electron spin and from the electron

orbit are coupled, and the rotational quantum number change during the electronic transition

affects the orbital angular momentum which, since it is coupled to the electon spin, can affect

(flip) the spin.
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Problem 3 – 10 marks

a) – 2 marks How many normal modes does the molecule CO2 have? Sketch them.

b) – 2 marks Predict whether or not each mode is Raman active and explain why.

solution:

FIG. 2:

Slide 18 of the presentation

https://www.slideshare.net/krishslide/raman-spectroscopy-39462565

provide the Raman results.
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c) – 2 marks How many normal modes does the molecule H2O have? Sketch them.

d) – 1 marks How many peaks would you expect to see for the vibrational IR spectrum

of H2O is the gas phase? Explain.

solution:

FIG. 3:

For IR, the dipole moment of the molecule must vary during the vibrational motion. For

all 3 motions in H2O the dipole moment varies, hence we expect 3 peaks in IR spectroscopy.

e) – 3 marks How does the spectrum change for liquid water and why?

solution:

There are two major changes. First, we get new IR vibrational peaks from the librational

modes, which are restricted rotations. The rotational motion which leads to molecules

tumbling or spinning in the gas phase are is restricted because in the liquid phase the

molecules are ‘attached’ to one another through hydrogen bonding. Second, each molecule

is in a slightly different environment than each other molecule due to the disordered nature

of a liquid. Thus the normal mode frequencies are shifted a little bit for each molecule,

resulting in broad IR peaks compared to the gas phase.
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Problem 4 – 10 marks

Hydroxyl radicals are of interest in atmospheric processes due to their oxidative ability.

The fundamental vibrational frequency of OH is 3735 cm−1. The masses of H, D = 2H,

and O are 1.008 amu, 2.014 amu, and 16.00 amu respectively. The temperature is 1000 K.

a) – 2 marks Estimate the fundamental vibrational frequency of OD = O2H

Solution:

For the reduced mass, OH = 0.94826 amu and OD = 1.78883 amu. The OD frequency is

the OH frequency multiplied by the square root of the mass ratio, which works out to OD

= 2719.4 cm−1.

b) – 2 marks Calculate the vibrational partition function for OH and OD.

Solution: in the expression for the harmonic oscillator partition function, ℏω, which is

the fundamental frequency, must be multiplied by hc for the units to work out. At 1000 K,

for OH, q= 0.0682778 and for OD, q = 0.144054.

c) – 6 marks Calculate the probability of an OH radical being in the first excited

vibrational state. Repeat the calculation for the OD radical and compare.

Solution: P1 = exp(−3ℏω/2kT )/q since the first excited state has an energy of 3ℏω/2.

This works out to, for OH, 0.0046 or 0.46%, and for OD, 0.0195 or 1.95%. Thus the OD

first excited state population is around four times as populated as the one for OH.
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Problem 5 – 10 marks

At a conceptual level, explain the orbital approximation, also called the independent

electron approximation, which is one of the approximations involved in molecular orbital

theory. You may include pictures and equations if they aid your explanation.

Solution:

We model each electron as moving in an averaged potential due to the charge distribution

of the other electrons (the charge distribution is given by the square of the wavefunction).

Each electron also sees the nuclei as frozen (due to the Born-Oppenheimer approxima-

tion) point particles. This charge distribution is stationary (static, time-independent) which

means we have neglected the dynamical correlation of electrons (they should repel one an-

other since they are negatively charged point particles).
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