Final Exam

Chemistry 539
Wednesday, December 9, 2011
Your Name:

This is the final exam. You can use your notes or a textbook but cannot discuss anything with
other students. You have 2 hours to complete the exam. Write ALL your derivations , especially
if you wish to get partial credit.

Question 1 (5 points)
a) (3points) Arrange in order of increasing energy the terms that may arise from the 3d?
electron configuration.

b) (2 points) ldentify the lowest energy state in that configuration.

Question 2 (28 points)

The ammonia molecule is pyramidal with nitrogen atom being 0.38A above the plane.

a) (10 points) Identify molecular symmerty and explain using Walsh correlation diagram why
the molecule is not planar. Provide the electron configuration and the total molecular symmetry

in the ground state. Hint: consider the MO for planar and pyramidal shapes and evalute their
relative energies as weel as the total energy of all electrons.

b) (2 points) Based on your diagram, will NH{ more or less close to planar geometry?

) (10 points) Identify (label and draw) vibrational modes for NH3;. How many IR-active and
Raman-active fundamental frequencies are there?

d) (6 points) Sketch a microwave spectrum of NHs.
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Question 3 (49 points)

Molecule of XeF, is planar. How can we confirm that it is not tetrahedral? First we will use
spectroscopic tools to prove it and then use MO theory to corroborate the conclusion.

a) (2 point) Will microwave spectroscopy be useful in answering this questions? Why?

b) (22 points) Let us analyze vibrational frequencies using IR and Raman and see if that helps.
Perform vibrational analysis for the planar, XeF4. Show by arrows (or write in a form of
displacement vectors) and classify by symmetry the normal modes, label them and identify their
IR and Raman activities. Hint: treat stretching, bending in plane and bending out of plane
modes separately.

Perform the same analysis for anticipaed tetrahedral XeF,.

Does the information about the number of IR and Raman allowed transitions help in
distinguishing between the two molecular shapes?
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Next we will try to rationalize this structure using MO theory.

c¢) (15 points) Construct a molecular orbital diagram for XeF, that includes four valence atomic
orbitals (AOs) for all five atoms, assuming that the 2s orbitals of F do not effectively take part in
bonding. Do it by assigning the symmetry species of D4, group to 5s and 5p AOs of Xe, the
construct symmetry adapted linear combinations (SALC) of 2p AOs of F. Hint: reduce

separately the representations of four p, orbitals, four p,,and four p_, with the reference to Il
and 1 as sketched below.

Identify the symmetry species from Xe AOs and
G) ) X 4F p AOs that participate in bonding and sketch

® xe ® % e % o xe (s (heresult on the graph below.
NB. Don't forget that the resonance integrals

® C=0 e _
for 7-bonding is less than that for o-bonding.
. A ¥}
=D fj
Xebp———
Xe AOs
Xebs —
e
N/
—_———
F2p
FLCAOs
F2s
XeFy; MOs

d) (4 points) Place the valence electrons onto MOs and identify the HOMO and LUMO. What is
the bonding nature and character for each? (e.g. s-bonding, n- antibonding, non-bonding)?

e) (2 points) What is the total bond order? Is it greater than 0?

f) (4 points) Is the transition arising from promoting HOMO electron to LUMO allowed?
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Question 4 (6 points)

Calculate (L?), {L,),and the probability to measure L, = +1 for dy, orbital. Hint: Represent dy, via
linear combination of spherical functions, Y[, and use their properties to calculate the desired
expectation values.

Question 5 (4 points)

Molecule Symmetric top? What kind? Point symmetry group
a) H,C=C=CH,

b) CH3Cl

C) CO,

d) CF,4

Question 6 (8 points)
Skecth the rotational Raman spectra (only Stokes part) at room temperature for °N,,80C0,
SiH,4, SFs. Take the reasonable bond lengths.
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'Cheating’ Sheet

Postulates:
1) [w-(?.t)w(7,t)dr =1

2) For every observable - Hermitian operator in QM. x - X ; px » P, = —
3) For any observable A: Ay = Ay and any ¥ = D ok = ¥ >=
k

<LP|£|\P> J.‘V*ﬁ\}’dr
WS

4) (A) =

:Ily*ﬂlydr (if <P|W>= 1); (A) = ZMCHZ:(Z
k k
¥(T) N
T - A (P),
N\
where nonrelativistic Hamiltonian: H = —%Vz +V

Hy (0 = Eqya()
\Pn(X,t) — l//n(X)e_iE“W’

J“P*‘Pdr

For time independent V(x) :

1D systems:
. . T 2K2
PIB: |n>= yn(x) = Esm”—LX En = LI
— va_ 4 —E2/2 3] AN\VA 21
In >=ya(x) = ( i i Hn(£)e™* F §=/5=x Vo (% )1/4e 2
4 &er2
. En=(n+1)ho = (n+ Hhy v = vi () ee
HO: 2 2621 g2
a:mehX+lJ2hmw D at = mwhx_l Zhﬁqu V2 fin
25338 | _1g2
an >= Jnjn >; a‘n>= /Mn+n+1> Vs 57°°
POR: () = [-Le™ En= K | = mir?( iz R? for diatomic)
3D systems:
Hamiltonian in spherical coordinates:
1 2 1 0 H 0 1 22
H = |: rZ or (I’ r2sing %<Sm0¥> + r2sin29 ogp? :| +V(r)
Angular momentum (and spin):
C= —i#[PxV]
~2 ~2 ~2 N2 . _K? 02
U= Gobrlo= s m(Gn05) s 02 Ll v 12400
C,= i(x2 _yo) —_jzo 2
L. = i(Xay &) =g Lo m >= #2211+ D|l,m >
Ly = %(yg —z—) = ih(sin(p%wowoot@%) Ll,m >= #m|l,m >
L= L(z2-x2) = ih(singocotei-cow% L[l m>=72 /1(+1)-m(m £ 1) [I,m £ 1>
L. = Lyxily = +he+"P( 2 +icotgZ )
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% ECOS@ Lionear Combinations: Names
it [ etosing YO Z

g3 e j;<vi+vf> o

Y3t 5> esin20 r L(ylov By

Y3 5= etsin?g

Hydrogen-like atom: V(r) = — 472;3

Van(r,6,0) = RuYP'(0,0) = /( ) e et (L)
R 2(% )3/2e—Zr/a

R2o g) (2— £ )e 2

Ra1 L(é)?ﬁ(%)e—znm

Rao 2= (5)"(27-18% + 227 Je &

Ryt = (5)" (56— Fe?™

Rap 81J_( )3/2( Zr) e-Zr/3a

Constants :

Electron charge

Planck’s constant

Electron mass
Proton mass
Speed of light
Bohr radius

Rydberg constant

Hartree energy

Fine-structure constant

Boltzmann constant

Bohr magneton

Nuclear magneton

Mag. permeability of free space

Permeability of free space
Avogadro’s number
Virial theorem: for V(x) =

Arreg
ap = h2 =
0 me?

R, — - e? )2
@ 212 \ 4meg

HN
Lo
go = 1/c%p,
Na

ax5,<K>=%<V>

Linear Combinations: Names

Y9 d,

%(Y% +Y3h) Oy
HFE-Yh dy

%(Y% +Y3%) Oy

L (V3-Y) dyy

2L (ZYP(0,9) En= -2

sLars>—(2s+1)a<ri>+5 ((21+1)?

1.602177 x 1071°C

6.6260755 x 10734 J-s

9.1093897 x 103 kg or 0.511MeV
1.672623 x 102"kg or 938.27 MeV
2.997924 x 108m/s

0.52918 x 10 19m

—s2)a’<rs2>=10

2.17987 x 10718 J or 3.28984 x 10°Hz

4.35975 x 10718 J or 27.2114eV
7.29735 x 1073 = 1/137.04

1.380658 x 10722 J-K1
9.274 x 10724J/T

5.051 x 1027J/T
1.25664 x 105N - A2
8.854187817 x 1012F/m
6.0221367 x 102 mol!
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