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Instructions. Complete all questions before class on the due date. You are encouraged
to work together. Be sure to struggle with the problem before seeking help. Many of the
exercises are very similar to problems in the book. Understanding the solution to these
problems will be helpful in completing the assigned exercises.

Mathematical Exercises

1. Evaluate the Fourier transform of f(t) = Θ(t)e−αt by hand. Check your result using
Mathematica. Sketch a plot of both f(t) and f̃(ω).

2. Evaluate the Fourier transform of f(t) = e−α|t| by hand. Check your result using
Mathematica. Sketch a plot of both f(t) and f̃(ω).

Exercises

3. A Raman spectrum of a molecular liquid is shown below. Based on hot band profile
determine the temperature at which the spectrum was taken.

4. A high resolution ro-vibrational spectrum of a diatomic gas sample is shown below.
Based on the P and R branches determine the temperature at which the spectrum was
taken. Assume a perfect rigid rotor.

5. Sketch on graph paper the P and R branches for the ro-vibrational spectrum of N2
(ωe = 2359cm−1 Be = 2.0cm−1 and αe = 0.017cm−1).

6. We saw that for a vibration to be IR allowed the dipole must change during the
vibration. In more mathematical terms, a transition is IR allowed if¯̄̄̄Z
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¯̄̄̄2
6= 0.

It is IR forbidden if the above integral is equal to zero. For a one dimensional Harmonic
oscillator this reduces to ¯̄̄̄Z ∞

−∞
ψ∗finalxψinitialdx

¯̄̄̄2
6= 0.

Convince yourself be means of a few examples that 4n = ±1 is a selection rule for the
harmonic oscillator. That is, show¯̄̄̄Z ∞

−∞
ψ∗finalxψinitialdx

¯̄̄̄2
= 0

when the final and initial states differ by more than one vibrational quanta.



7. Vibronic transitions can be expressed mathematically as¯̄̄̄Z
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The electronic factor, ¯̄̄̄Z
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is some constant which depends on the two electronic levels involved. The vibrational
factor, ¯̄̄̄Z
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is called the Franck—Condon factor and it determines the strength of the initial vibra-
tional to final vibrational transition. The Franck—Condon factors depend on both the
shift in the equilibrium position and the change in force constant in going from the
one electronic state to the next. Assume the initial and final electronic states can be
modelled with harmonic potentials. Also assume that the force constant for each state
is the same. Use Mathematica to calculate a few Franck—Condon factors when the
equilibrium positions are the same. Now try some when the equilibrium positions are
not the same.

Conceptual Problems

8. An active area of research these days involves the theoretical and experimental inves-
tigation of spectral line broadening mechanisms in liquid phase spectroscopy. These
studies provide much useful information including a deepening of our understanding
of how molecules interact with their environment. There are two classes of line broad-
ening mechanisms i) homogeneous and ii) inhomogeneous. These mechanisms are dis-
tinguished according to their time scales. Homogeneous broadening mechanisms are
processes which occur much faster then the speed of the instrument making the mea-
surement. Conversely Inhomogeneous mechanisms occur on a time scale much slower
then the instrument making the measurement. In pure homogeneous process all the
molecules that contribute to the observed signal rapidly sample many local environ-
ments. This broadens the contribution of each individual molecule. That is the signal
arising from each molecule is itself broad and is very much like the signal from any
other molecule. In the pure inhomogeneous case, each molecule is “frozen” in its own
local environment. Therefore although the signal from any one molecule is rather nar-
row, the observed signal is the sum of the signals from all the molecules each of which
has a slightly different central frequency. Thus the observed spectral line is broad. In
real systems both mechanisms are at work, however many times one of the mechanisms
dominate.

(a) Based on the above discussion and your chemical intuition, how do think the
relative contribution of homogeneous and inhomogeneous broadening goes with
temperature.
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(b) Based on the above discussion and your chemical intuition, how do think the
relative contribution of homogeneous and inhomogeneous broadening goes with
viscosity.

(c) A dye is embedded in plastic, which mechanism would you suspect contributes
most the broadening

(d) In a regular Raman experiment one of the strong vibrational line of liquid pyri-
dine is about 1cm−1 broad. In a SERS (surface enhanced Raman scattering)
experiment the Raman signal is enormously enhanced when pyridine adsorbs to a
rough silver surface. All one sees in the SERS spectrum is the signal coming from
the absorbed pyridine molecules. The same line as seen in the regular Raman
experiment is now about 10cm−1 broad. What does this say about the kinetics
of the adsorption process. That is, when a pyridine molecule sticks to the surface
does it come off right a way and get replaced by a new pyridine or does it stay
adsorbed for longer period of time?

(e) Try to draw a picture that illustrates the difference between homogeneous and
inhomogeneous broadening.

9. What is the Stokes shift?

10. Sketch the ground and first excited electronic energy levels for the following cases

Force Constant Equilibrium Position
kground > kexcited Req,ground = Req,excited
kground > kexcited Req,ground < Req,excited
kground < kexcited Req,ground < Req,excited

kground > 0, kexcited = 0 −−

11. Does the following data for oxygen make sense? Explain

Electronic level Req Be

ground 1.208Å 1.46cm−1

first excited 1.216Å 1.43cm−1

second excited 1.604Å 0.82cm−1
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