Problem Set PS06
Issuep: 10/4/01 Due: 10/11/01

Prof. Darin J. Ulness Name

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. Dig out your calc books and expand the following functions in a Taylor’s series about
zero (go to the quartic term). Check your answer with MATHEMATICA using the
Series command

(a) f(z) =e

(b) f(z) = cosz. Does it make sence that all the odd order terms are zero?

2. Find the minimum of the function f(z) = (x — 3)%. First expand f(z) in a Taylor’s
series about zero, then expand it about the minimum. Comment on the coefficients of
the linear and quadratic term for each expansion.

Exercises

3. Show that the energy convention for the Morse potential given by Eq. (3.14) of the
notes is such that the bottom of the potential well corresponds to the zero of energy.
Also show that with a change of the energy convention such that the zero of energy
corresponds to the dissociated state, the Morse potential can be written as

De <e*25(R*Req) _ 26*5(R*Req)> .

4. One important concept in spectroscopy is the selection rules. The selection rules deter-
mine which transitions are allowed and which are forbidden. The harmonic oscillator
model is a very good model for describing low energy molecular vibrations. One can
very quickly determine the selection rules for the harmonic oscillator using the raising
and lowering operators, a' and a respectively. When discussing IR spectroscopy, one
is interested in the so-called (electric) transition dipole. The electric diploe operator
is 1 = ex (where € is some electric charge). The transition dipole is calculated by

= [ it ¢

How is this different from the average value theorem? If y,,,, # 0 then the transition
from state m to state n is allowed and ones sees a line in the IR spectrum. If 4, =0
then the transition is forbidden and one does not see a line in the IR spectrum. Since



all we need to do is determine if the integral is zero or not, we can ignore all constants
and write the integral as

o [ Ve o< [ (a4 al) g, do. 2)
Determine the selection rules by finding the allowed transitions.

5. In more elaborate analysis than the one described in the previous problem, the transi-
tion operator, M, can be written as a power series in = as

" (o @]
M = Z c ",
n=0

The n = 0 term represents the interaction of the light field with a permanent dipole,
the n = 1 term is the transition dipole described in the previous problem and the n > 1
terms are higher order effects which are progressively weaker. Use the same technique
as in the previous problem to show that all transitions are at least very weakly allowed
even if they are dipole forbidden.

6. The Morse Oscillator allows for anharmonicity of the vibrational mode. This is pa-
rameterized by the anharmonicity constant @.x. of the Morse oscillator (page 46 of
the notes). What are the units of the anharmonicity constant (recall @, has units of
wavenumbers). Sketch a graph of the anharmonicity constant versus the well depth
assuming @, remains constant. Explain why your graph makes sense.

7. Derive an expression for the zero point energy of the Morse Oscillator.
8. Derive an expression for AFE for the Morse oscillator and sketch the spectrum.

9. The energy level dependence on vibrational quantum number for the Morse oscillator
actually becomes nonsensical for high quantum numbers. Use AFE from the previous
problem to determine at what quantum number the Morse oscillator stops making
sense. What is this quantum number if the anharmonicity is 1%.

10. Starting with a Morse oscillator which has a vibrational constant (&.) of 1500cm™! and
taking the anharmonicity constant to be 2% of the vibrational constant, determine the
bond dissociation energy in wavenumbers for this oscillator.

Conceptual Problems

11. Use an analogy involving a wildebeest and several horseflies to explain the Born—
Oppenheimer approximation.



12.

13.

14.

15.

16.

A wildebeest

Explain in your own words exactly how the Born—-Oppenheimer approximation is used
to model vibrations of diatomic molecules.

How does the average bond length go as a function of energy for a diatomic molecule
described by the Morse oscillator

How would the hot bands in the IR spectrum of a perfect harmonic oscillator compare
with a Morse oscillator.

Which of the symmetries discussed in section 3.3.1 of the notes are present in HF? in
Fy?

Draw the LCAQO picture for

)
)
c) a 2p,/2p, mbond
) a 2p,/2p, o—antibond
)

and label the positive and negative regions of the molecular wavefunctions.

Computer Problems

17. Download the MATHEMATICA program Morse.nb. Work through the example for D, =

20, 6=1and m = 1.

(a) Explain the plot of (Z).
(b) Explain the plot of variance.

(c) Make a series of graphs in which you change the Morse parameter 3 from 1 to 2
(don’t be fooled by how MATHEMATICA displays the graphs for different values
of 3). What physically does the Morse parameter represent?



Reflective Exercises

18. Physical chemistry in the US has traditionally been dominated by men with the per-
centage of women physical chemists being far below 50%. Lately, more women have
been becoming physical chemists yet the percentage is still well below 50%.

(a) Current hiring practices at US colleges and universities (and presumably industry)
are such that women physical chemistry candidates are given special consideration.
That is, a candidate’s gender is one factor in the hiring decision (although most
likely not the most important factor). Can you think of at least one advantage to
this type of hiring practice? Can you think of at least one disadvantage?

(b) Do you think that it is important for the percentage of US women physical
chemists to be at or very near 50%. If not, why not? If so, why? Also if so,
how might this be accomplished?

19. Visit http://www.usnews.com/usnews/edu/beyond/bcphd.htm for U.S.News and World
Report’s ranking of graduate schools. What is the number one school of chemistry?
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