Chemistry 432
Problem Set 9
Spring 2020
Solutions

1. Give the electronic structures for all homonuclear diatomic molecules from Hy to Ne,
using molecular orbital theory. Which are predicted to be unbound?

Answer:
2
HQ 10'g

He, 1031022 unbound
Li, 10)10,°20;
Be, 102 lo*? 203201’:2 unbound
B, 10310;2202202217r5
Cy 10’310’;220'220'22177'3
No 1021022203202217r3303
O, 10’;10’22203202230'3171'3177';2
Fy 10’310’2220'320'2230'3171'3171';4
Ney 10310:2202202230317r317r;43022 unbound
2. On the basis of molecular orbital theory, explain the following: The binding energy of
N3 is 6.35 ev and the binding energy of N, is 7.38 ev, whereas the binding energy of
O3 is 6.48 ev and the binding energy of O, is 5.08 ev.

Answer:
21 %20 20 #21, 4o 2
Ny loyle, 20,20, 17,30,

Ny 1031022203202217r330;
N3 has 1 less bonding electron than Ny, and Ny is more strongly bound than N3 .
O, 10310;2203202230317rﬁ17r;‘2

+ 21 %20 20 %29 24 41, _x1
(N loylo, 20,20, 30, 1m,1m,

O3 has 1 less anti-bonding electron than O, and OF is more strongly bound than Os.



3. Give the Born-Oppenheimer Hamiltonian operator for the Be; molecule. Use molecular
orbital theory to compare the binding strengths of Bej, Be, and Be ; assuming the
ordering of the molecular orbitals is the same for the ions as the ordering known to be
correct for the neutral molecule.
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4. Give the Born-Oppenheimer Hamiltonian operator for the Cy molecule. Then use
molecular orbital theory to determine the bond orders and relative binding strengths
for the molecules Cg, Cy and Cj .
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BE,. > BEc, > BEq;

5. Give the Born-Oppenheimer Hamiltonian operator for the Fy molecule. Use molecular
orbital theory to compare the binding strengths of F§', F, and F; assuming the ordering
of the molecular orbitals is the same for the ions as the ordering known to be correct
for the neutral molecule.

Answer:
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Binding energy order is F3 > Fy > Fy

. Give the Born-Oppenheimer Hamiltonian operator for the O, molecule. Then use
molecular orbital theory to determine the bond orders and relative binding strengths
for the molecules OF, O, and Oy .
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Binding energy order is O > Oy > O3

. Give the Born-Oppenheimer Hamiltonian operator for the B ion. Assuming the or-
dering of orbitals to be the same for neutral molecules as the ordering for ions, use
molecular-orbital theory to compare the relative stabilities of By, B, and B; .
Answer:
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Relative stability
B < By < B,

. The ungerade, antibonding molecular orbital of the Hy molecule is given by
¢u = A[Qba - ¢b]

with A the normalization and ¢, or ¢, the normalized 1s orbital centered respectively on
nucleus a or b. Show that the expectation value of the Born-Oppenheimer Hamiltonian
operator for the Hy molecule with respect to 1, is given by

o Haa - ab
HY =% "9
(H) =—— 5
where A R
He= [ 6u0udr, Hy= [ouliondr  and S = [udr
Answer:

First normalize
A2 / (o — bp)2d7 = A7 / GRdT + / GRdr — 2 / Sutpdr]
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. Consider the gas phase NH molecule, and let ¢ be the 1s-orbital wavefunction centered
on the hydrogen atom and ¢y be the 2p.-orbital wavefunction centered on the nitrogen
atom. Noting that all wavefunctions for this system are real numbers, let the Coulomb
integral for the hydrogen atom be given by

g = /¢H]:]¢Hd7—a

the Coulomb integral for the nitrogen atom be given by

an = / onHondr,



10.

the overlap integral be
S = / Pupndr
and the resonance integral be given by

B =Pun=DBNnu= /¢HH¢NdT.

Derive the secular equation for the molecular-orbital energies for NH in terms of .S,
amg,ay and (.

Answer
() /(CHCbH + enon)H(cuon + enon)dr
/(CHCbH +endn)(cadn + enon)dT
oy + can + 2cen
¢+ A&+ 2Sepen
or

(E)(c% + ¢ + 2Scpen) = oy + caan + 2eney3

Differentiating both sides with respect to ¢y we obtain
20H<E> + 2SCN<E> = QCHOCH + 2CN5
or
(am — (E))en + (B — (E)S)en = 0. (1)

Next we differentiate with respect to ¢y to obtain
26N<E> + 2SCH<E> = 2CNOéN + 2CH6

(an = (E))en + (B8 — (E)S)en = 0. (2)

Equations (1) and (2) have non trivial solutions only if the secular determinant van-
ishes; i.e.

ag —(E) [—5(E)
f—=S(E) an—(E)

-

Consider the gas phase LiC molecule, and let ¢; be the 2s-orbital wavefunction cen-
tered on the lithium atom and ¢c be the 2p.-orbital wavefunction centered on the
carbon atom. Noting that all wavefunctions for this system are real numbers, let the
Coulomb integral for the lithium atom be given by

ar; = /¢Liﬁ¢LidT7



the Coulomb integral for the carbon atom be given by

ac = /¢cff¢cdﬂ
the overlap integral be
S = / PrLi¢cdr
and the resonance integral be given by

B = Bric = Be,ri = /¢LiH¢ch.

Using the expectation value of the Hamiltonian and the variational theorem, derive
the secular equation for the molecular-orbital energies for LiC in terms of S, ay;, ac

and f.
Answer:

() /(CLi¢Li + ccpc)H(crigri + codo)dr .

= > Ey
/(CLi¢Li + ccoc)(crLidr; + cope)dr
<E> o c%z'aLi + C%’aC + 2CLiCCﬁ
&3, 4+ +2Serico

or

(E>(c%1 + C2C + 2Sepicc) = ciiozu + CQCozc + 2¢crico B

Differentiating both sides with respect to cy; we obtain
QCLZ‘<E> + 2SCC<E> = 2cr;ar; + 2¢ccf

(aLi = (E))cwi + (6 — (E)S)ce = 0. (3)

Next we differentiate with respect to c¢c to obtain
2cc(E) + 2Scpi(E) = 2ccac + 2cri 8

or

(ac = (E))cc + (B = (E)S)cLi = 0. (4)
Equations (1) and (2) have non trivial solutions only if the secular determinant van-
ishes; i.e.

6-S(E) ac—(E) |~ "



11.

12.

Recall that the anti-bonding, ungerade wavefunction of the Hy molecule is given by

y = Cu(¢1SA - ¢1SB)

where ¢1g, is the 1s, hydrogen atom orbital about center A, ¢;g, is the 1s, hydrogen
atom orbital about center B, and ¢, is the normalization. Show that

1

Cy = —F———
2(1 — Sup)

where Sp is the overlap integral defined by

Sap = / o brsp dT.

Answer:

[ dr=1
[(culrs, — érsy)? dr =1

([ s, dr+ [ G, dr =2 [ 15,615, dr)
=c2(14+1—-2S4p) =c2(2—2Sa5) =1
1

Cy = —F———
2(1 — Sap)

Consider the gas-phase lithium dimer Liy. 1) Give the Born-Oppenheimer Hamiltonian
operator for Li. 2) Assuming a good representation for the ground-state wavefunction
for Liy is

¢ - A[¢2sa + ¢285]7

where A is the normalization, ¢sg, is a 2s orbital centered on atom “a” and ¢o4, is a
2s orbital centered on atom “b.” Show that the expectation value of the Hamiltonian
with respect to the approximate wavefunction v is given by

2 Haa+Hab
[y = Zea T tab
(H) 1+ 5

where
Haa = / ¢2saH¢2sa dr Hab = / ¢2saﬁ¢256 dr = / ¢25bH¢28a dr

and the overlap integral is given by

S = /¢2sa¢2sb dr.

9
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