Chemistry 21b
Final Examination

Out: 14 March 2008
Due: 19 March 2008,5 pm

This is an open book examination, and so you may use Atkins and Friedman, Harris
and Bertolucci, and/or Maczek along with the posted Lecture Notes and Problem Sets
(with Solutions). Use of a calculator or padkagessud as Mathematica is also permitted.
The exam must be donein one corntinuous sitting of three hours. | believe you should be
able to complete the examin the time alloted; but if not, pleasedraw a line acrosswhere
the time limit is reached and cortinue if you wish to. The TAs will record the gradesfor
points awarded within the time allocated and that after. The problems are worth:

1=40 (5 for a, 15for b, 10 ead for c,d)
2=30 (spread over a-Q)
3=30 (10 ead for a,b,c)

To facilitate the grading of the exam, pleasebegin the solution of each problem
on a new sheet, and remenber to sign your name on every page of your solutions.

Good luck!



1. A problem about electronic spectroscoyy.

a).

b).

d).

The Franck-Condon principle and the Born-Oppenheimer approximation have an
important qualitativ e feature in common. What feature do they share that to a
large extent justiies their usefulness?

Consider the molecular potential energy curvesof two electronic states of a diatomic
molecule that have the same force constarts (k) and hence vibrational frequencies
(! ), but for which the equilibrium bond length diers by R. As shown by Atkins
& Friedman (p. 389), the quartitativ e value of the Franck-Condon factor for the
v®= 0! V9= 0 transition when the upper and lower state have the same force
constart is

S0 = e (R

where R is the changein bond length betweenthe two statesand 2 = k=h?

(and wherek is the force constart of the potential energycurve and is the reduced
mass). Extend this analysisby nding the expressionsfor the Franck-Condon factors
for v=0, 1, 2 asa function of R. This is problem 11.9 (p. 406), and you can che&k
you work on p. 564 (answer for which  is expressedn terms of ! and ). Be strategic
here, if the variable substitutions that make the integrals easierdon't cometo you
reasonablyquickly, move on to to parts c) and d)!

. Over what range of R doesthe transition intensity to v = 1 as expressedby the

solutions to b) dominate over the other two?

For the 3Cu, B * $ X ! * transition, whose spectroscopic constarts are
tabulated below, what is jS(0; 0)j? if we assumethe force constart is given by that
for the X * * state? Given your calculated value, do you expect the Franck-Condon
progressionto be long or short? The necessaryequationsare in Lecture 7 and Chapter
10 of Atkins. The atomic massof ®3Cu is 62.9296007.

Te = 21,757.619%cm 1

!g= 246.317cm 1 !g°= 266.459cm 1
ex3=2231cm ! I ex%= 1,035¢cm 1!
Bg = 0.098847cm 1 Bg°= 0.108781cm 1



2. This is a suite of combined IR/NMR spectroscopy problems. From the spectra and

information below, derive the molecular structure. Explain your reasoning.

a). The compound whoselR and NMR spectra are shovn below hasa parert ion peak at
102 amu and a strong fragmen at 57 amu. There is no UV absorption above 205 nm.
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b). The massspectrum of this compound shaws an intensemolecularion peakat 172amu
and an M + 2 peak of approximately the samesize. The largest fragmert ion appears
at 65 amu. The IR spectrum of this solid compound was obtained by casting a Im
on salt plates from a CCl, solution. What is the structure of this compound?



c). The local anesthetic benzacaine hasthe formula CgH1:NO». From the spectra below,
determine the structure.



d). The massof this compound, a neat liquid, is 86 amu, and it hasa near UV absorption
band at 280 nm in 95% ethanol. From the spectra below, determine the structure.



e). The UV spectrum of this molecule shons no maximum longward of 205 nm, and the
IR spectrum was obtained on a neat liquid. What is the structure of this compound?
(Hint: The single NMR peak with integral = 3 actually arisesfrom two functional
groups that participate in hydrogen bonds { hencethe peaks are averagedon the
timescale of the NMR measuremeh and no spin-spin splitting occurs.)



f). The chemical formula of this moleculeis CgH120,, and in the NMR spectrum below
the peaksnear =3.9 and 0.8 are triplets, that near 1.9 is a singlet. The relative
integrated areasfrom high to low chemical shift are 2, 3, 2, 2, 3.



g). Last, but not least, the two NMR peaksbelow are the only onesseenin this molecule
with chemical formula CsHgO. The integrated areas of the two NMR features are
equal.



3. A selectionof statistical thermodynamics questions:

a).

b).

An approximate canonical partition function for a densegasis of the form

1 2 mkT N7 2.
QN:VIT) = & T (V NpNeN™=vkT

where a and b are constarts that are given in terms of molecular parameters. Derive
the equation of state from this partition function along with the thermodynamic
energy and heat capacity. How do theseequationscompareto what we learned about
ideal gasesin class(think about the dilute limit, or N=V ! 0)?

From group theoretical argumerts, what is the symmetry number that must be
used in the canonical rotational partition function for the following molecules: 1 =
trans-dibromoethylene (HBrC=CBrH), 2 = Deuterated methane (CH3D), 3 = Sulfur
hexa uoride (SFg), 4= Allene (C3H4), 5= Phosphorouspenta uoride (PF5), 6=silane
(SiH,4), and 7=Pt(CN) 4 (a planar structure)?

. For a crystal with a sublimation energy Uy and consideredto consist of a 3D suite of

coupled harmonic oscillators, it can be shown that the approximate partition function
(that is, the Q that ignoresanharmonicity) can be expressedas

e h =2kT 3N Uit
= N 0= :
Q 1 e h =T € '

where h =k e IS a constart characteristic of the crystal (the Einstein
temperature, speci cally). Calculate the heat capacity from this simple partition
function and show that at high temperaturesone obtains the law of Dulong and Petit,
namely, that Cy ! 3Nk.



