Exam 2
May 24, 2004
- Exams will be collected at 9:25:00 am SHARP
1 ONE SIDED 8.5x11” page of notes is allowed _
-ALL ANSWERS MUST BE IN THE ANSWER BOX WHEN PROVIDED
-CROSSED OUT/PARTIALLY ERASED WORK WILL BE IGNORED
' -NO PARTIAL CREDIT ON NUMERICAL PROBLEMS WITHOUT A
 FORMULA
'-NO PARTIAL CREDIT ON “PHY. SICALLY IMPLAUSIBLE” ANSWERS UNLESS THE
ERROR IS RECOGNIZED ‘ - -
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CA455A —Quantum Chemistry and Spectroscopy ' ' e/\ /
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Student ID#:

I have neither received not provided assistance of any kind on this exam.

Signature:

o § attend lecture/discussion on average: <l, 1-2, 2-3, 3-4° times per weé
(your answer to this questions will not affect your grade) v
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- Total Pqihts: 100

Quesﬁon I: /10
Qﬁestion 2 20
Qhestion 3: /30
Question 4: /10

Quéstion 5: /30

Total: /

Potentially Useful Information:

Workfunctions of Metals:
Li 23eV

Ca 287eV :
Al 428eV

Au 51eV

The First Few Spherical Harmonlcs
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Values of Some Physical Constants

Comstant. Synibol Vahe .
Atommic mags congtant pr T 1660542 X107 kg
Avogadre constant A 6.022 1367 x 10° mof?
Bokhr magneton pB= oh/om, 92740154 x 104 5. T
Bobr radins R P 529177249 10" m
Boltzmann constant o 1380 658 x 10°% 5. X

0.695 038 em?
Electron rest mess o, 9.1093897x 10" ke
Gravitational constant ¢ 6.67259% 10 - kgt - g2
Molar gas constant R 83145201 - X7 mol™

0.083 1451 dn™ bar K - mol?

0.082 0578 dur’ » atm K™* » mot™
Molar volume, ideal gas
{one bar, 0°C) - . 22.711 08L.- mot?
{one atm, 0°C) 24K WL - mol?
Nuolear magneton pn=ehm, 5.050 7866 x 1073 . T?
Permittivity of vasmmn & 8.854 187 816 x 107 2. ¥ - !

4zey : 1112650 056 x 1070 €2+ ¥ « !
Planck constant B 6.626 0755 x 107 - 5
k 1054572662107 -5

Proton charge e 1.60217733x WP C.
Proton magnetogyric ratio v, * 2675221 28x 1081 1
Proton rest mass R 16726231 x 10¥g
Rydberg constemt (Bohr) R, =nm,* /862 217981362 1027

109 73731534 oot
Rydberg constant for H Ry 109677.581 e
Speed of Bghtinvacuum ¢ 299 792 458 m + 5™ (desined)

Stefan-Bollzmamn constant ¢ = 22°K2 1156 5.67051x 10° - m2: Ko o)




1). Rigid rotor and spherical Harmonics (10 points)
We can visualize the shape of the spherical harmonics by plotting them in 3D using the

format:r = Y," (8,¢) .
1a) We know that the spherical harmonics are the solutions to the Schrédinger equation for the diatomic
rigid rotor. Order the rigid rotor wave functions shown below from lowest to highest energy. (eg A, B, C)

(3 points) (S L C P A ( rijweor L_mwt WJMB

1b) Explain your choice of ordering based on the shapes in the figures below, in particular what that tells
you about the kinetic energy. (7 pomts)
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2) Hydrogen atom wave functions and their interpretation in 3-dimensions (20 points)
The wavefunction for the ground state of the H atom is: i, = —1——(—1) e’
’ \/; ao
2q) Sketch the radial probability distribution (probability of finding the electron at some distance between
r and r+dr from the nucleus) for an electron in the ,, state. Be sure to CALCULATE (and label your
sketch with) the most probable value of r for this state. (15 points)
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2b) For the H-atom, the electron energy depends ONLY on the principle quantum number n (i.e: the
energy of the 2s state is the same as the 2p state). For heavier atoms, this is not the case. Explain why the

energy of an electron depends on angular momentum (why the energies are ordered s <p <d <f) for
atoms heavier than H but not for H. (5 points)
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3a) Work out (simply listing is unacceptable) the possible te lsymbols for the 1s22s?2p* configuration of
- O (including the possible J values). (13 points) QQ d = QGQ (H\es Samr. G5 = e~>

Ms

1 e "——'9 = IS shks
- _,i ___0—’—[\?‘ "'—.w._“_\‘:!_l)\____, o @n__“,_e____ ‘ q )
- A=y et o | o =) S0 = ‘“D ferm 3348
Y _— 4'_[1) o f/il - I -}«.0 3 . R \
N Al 6 ity R L S P fernm Y= 1\ y ©
__ia ’//i ............. _.—( ._/'/A e e Ry " !
o I« RN 77/ o e Torms: S g e v L be s
S (O R E7AN SVAS 3C3 Day 0 7070 TS,
O °1ﬁ -i* i ._é'; o o 6 e ot
O =1y =7 Fira =1 l
=6 m}f&ﬂsﬁﬁﬂm%ﬁn order from LOWEST to HIGHEST energy (level is the

term symbol with total J included). EXPLAIN (briefly). (5 points) i‘“‘)LSf' S
T Aled obtal =5 regst Towese sible ot mat hug g 2

{Lithen o {-ww)

Zs\)’a <3pEP, < Dy <5,
3c) Passing through a rift in the fabric of space time (yet again), the crew of the Enterprise find
themselves in a universe where + and — charge attract according to Coulomb’s law, but — charges no
longer repel one another. The electrons in this universe possess spin angular momentum (and obey the
Pauli principle), but possess no magnetic moment. In this strange universe, re-rank the relative energy

differences between the terms and levels you’ve written above (use = to indicate any that are equal).

(Data remarks: “Captain, its as if the interelectron repulsion and spin-orbit coupling terms in the atomic
Hamiltonian have been made zero!™) (6 points)
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d) What are the possible terms and levels for the 1322s§p64523dl°4p4 configuration of Se? (you may
simply state the answer if you know them based on your work above) (3 points) '
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e) Considering the magnitude of the spin-orbit coupling term, would the energy difference between the
lowest two levels be larger or smaller for Se than for O? Why (very short answer)? (3 points)
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4) In 1971 a paper was published that applied the variational function Ne~®"/%"~<"/a) to the hydrogen
atom (where N is a normalization constant, b and ¢ are variational parameters). The paper claimed that
minimization of the variational energy with respect to the parameters b and ¢ yielded an energy 0.7%
above the true ground state energy of H). Why must the paper be incorrect? (10 points)
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5) Rotational/Vibrational Spectra (30 points)
5a) What is/are the selection rule(s) for the transitions between rotational states of a linear diatomic

molecule? (2 points)
AQ- t1

5b) Give one physical motivation/interpretation to the selection rule in (a) (2 points)
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An experimental high-resolution IR spectrum for HCl is included on the last page of the exam The units
are displayed in wavenumbers. (you may tear it off for study if you wish).

5¢) In two-three sentences, explain why we see a series of lines rather than a single vibrational peak in the
high-resolution spectrum? (5 points)
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4
5d) Calculate the bond length of an HCI molecule using the data in the graph. (10 points)
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e) How would the spectrum of pure "H*°Br gas be different from the spectrum shown for HCI? (consider
specifically i) the position/energy of the central peak (higher, lower, why?), ii) the spacing between the
peaks, iii) the number of peaks, and if transitions from states with the same initial and final / values will
be split and if so, by how much). (11 points)
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