Problem Set 7
P19.1) The 'H*'Br molecule can be described by a Morse potential with D, = 7.70 x 107 J. The force

constant k for this molecule is 412 Nm™ and v =7.94 x 10 s~

a. Calculate the lowest four energy levels for a Morse potential using the formula
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b. Calculate the fundamental frequency v, corresponding to the transitionn =0 —» n=1 and the

frequencies of the first three overtone vibrations. How large would the relative error be if you assume
that the first three overtone frequencies are 2v,. 3v,, and 4v,?
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P19.13) Selection mules in the dipole

approximation are determuned by

the integral

u™ = [w(r) u(r)w, (r) dr . If this integral is nonzero, the transition will be observed m an absorption

spectrum. If the mtegral is zero, the transition is “forbidden™ mn the dipole approximation. It actually

occurs with low probability because the dipole approximation 1s not exact. Consider the particle i the

one-dimensional box and set g =-ex.

a. Calculate 4!* and ¢ in the dipole approximation. Can you see a pattem and discem a selection rule?

You may need to evaluate a few more mtegrals of the type 4™ . The standard integral
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15 useful for solving this problem.

b. Determine the ratio ' /'*. On the basis of your result. would you modify the selection rule that
you determmed i part a?
a) We first evaluate 4*.
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The resultis g = 0.
These results show that the 1 —» » transition 1s allowed only if » is even, or that the mitial and final
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states have opposite parity with respect to reflection about the center of the box.

2
w2 ful (16aeJ/( ’3)..;:2} =12.5. Ittums out that 4* /4'* = 45.4. This means that the transitions

from n =1 to n =4 and 6 are much weaker than the transition from n = 1to 2. Therefore, effectively,
the selection rule is An = 1 for absorption.

P19.15) Calculating the motion of individual atoms in the vibrational modes of molecules (called
normal modes) 1s an advanced topic. Given the normal modes shown in the following figure, decide
which of the normal modes of CO, and H,0 have a nonzero dynamical dipole moment and are therefore
mfrared active. The motion of the atoms m the second of the two doubly degenerate bend modes for
COx 15 1dentical to the first, but is perpendicular to the plane of the page.
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All three vibrational modes of water will lead to a change in the dipole moment and are therefore
mfrared active. The symmetric stretch of carbon dioxide will not lead to a change m the dipole moment
and 1s infrared mactive. The other two modes will lead to a change i the dipole moment and are
mfrared active.
P19.17) The ngid rotor model can be improved by recognizing that in a realistic anharmonic potential,
the bond length increases with the vibrational quantum number n. Therefore, the rotational constant

depends on n, and it can be shown that B, = B~ (n+ 1/2) & , where B 1s the rigid rotor value. The
constant & can be obtained from experimental spectra. For *H"', B=6.551 cm™ and @ = 0.183 cm™
Using this more accurate formula for B, calculate the bond length for HI in the ground state and for n =
3.
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P19.18) Greenhouse gases generated from human activity absorb infrared radiation from the Earth and
keep it from being dispersed outside our atmosphere. This 1s a2 major cause of global warmmg. Compare
the path length required to absorb 90.% of the Earth’s radiation near a wavelength of 7 um for CH;CCl;
[£(4) = 1.8 (cm atm)™] and the chlorofluorocarbon CFC-14 [£(4) = 4.1 x 10° (cm atm)™] assuming

that each of these gases has a partial pressure of 2.0 x 107 bar and that the total pressure is 1 bar.

Rearranging the Beer-Lambert equation, we have for CH;CCl;

I=- ! In 1) -— _ll xIn0.10=6.1x10° cm
Me(4) \I(2))  1.8(cm atm)'x2.0x10-atm

For CFC-14 we have
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P19.22) Overtone transitions m vibrational absorption spectra for which An=+2, +3, .. are forbidden
for the harmonic potential I"=(1/2)kx* because 4™ =0 for m-n|#1 as shown in Section 19.4.

However, overtone fransitions are allowed for the more realistic anharmonic potential. In this problem,
you will explore how the selection rule 1s modified by including anharmonic terms in the potential. We
do so in an indirect manner by mcluding additional terms m the expansion of the dipole moment

p(x)= g+ x (dp [d x),. + ..., but assuming that the harmonic oscillator total energy eigenfunctions

are still valid. This approximation 1s valid if the anharmonic correction to the harmonic potential is
A1

small. You will show that including the next term in the expansion of the dipole moment, which 1s
proportional to x?, makes the transitions An=+2 allowed.
a. Show that Equation (19.8) becomes
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b. Evaluate the effect of adding the additional term to w . You will need the recursion relationship
a'"xH (@ x)=nH, (@ )+ 3H,,(@"").
Show that both the ransitions n=0—-sn=1and n =0— n=2 are allowed in this case.
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After substitution of the above result into the integral IH.{aHx)x*H_{aHx) & dx, the integrals
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the second mtegral 15 zero for m= n. The first and third integrals are nonzero only ifm=n+2orm=n—
2. Ths result shows that additional peaks comesponding to An = +2 | comesponding to the first
overtone, will appear in the vibrational spectnum duoe to the addifional term m 2™,

P19.125) Isotopic substitution 1s used to 1dentify charactenistic groups in an unknown compound using
vibrational spectroscopy. Consider the C=C bond in ethene (**C3'Hs). By what factor would the
frequency change 1f deutermim were substituted for all the hydrogen atoms? Treat the H and D atoms as
being nmdly attached to the carbon.
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P19.29 Because the intensity of a transition to first order is propertional to the population of the
originating state, the J value for which the maximmm intensity 15 observed in a rotational-vibrational
spectrum 15 not generally J= 0. Treat Jin the equation
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as a contmuous variable.

a. Show that
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b. Show that setting din, /n,)/d J=0 gives the equation
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In this problem, we assume that the mtensity of the mdividual peaks 15 solely deternuned by the
population in the criginating state and that 1t does not depend on the imitial and final Jvalues.
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T = l{ "”fT -1]
NI




P19.35) A measurement of the vibrational energy levels of “C"*0 gives the relationship

2
ﬁ{n}:ll?ﬂ.il{n+%) 1:1:1"-13.451{1-”%) cm™

where n 15 the vibrational quantum number. The fimdamental vibrational frequency 13
i, =2170.21 cn' . From these data, calculate the depth D, of the Morse potential for “C'*0. Calculate

the bond energy of the molecule.
We convert the expression to one in terms of energy
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and compare it with Equation (19.5) for the Morse potential.
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The bond enerzy per mole is Dy, = 1.034x 10° kI mol™.



 P19.41) An infrared absorption spectrum of an ufgauic compound 15 shown in the following figure. |
Use the charactenistic group frequencies histed m Section 19.5 to decide whether this compound 15 more
hkely to be hexene, hexane, or hexanol.
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The group of peaks near 2000 cmn™ is due to CH; and CH, stretching vibrations and the small peak near

1400 cmi™ is due to a CH: umbrella bendmmg mode. These peaks are consistent with the compound
being hexane. Hexene should show a strong peak near 1630 e and hexanol should show a strong

peak near 3400 e, Because these peaks are absent, these compounds can be ruled out.




