Chemistry 6330
Problem Set 4 Answers

(1)

1 2 3 4 X There are 2 sets of p-n orbitals in this
| molecule that are exchanged by
7 operations of the D2n point group (1, 4,

8 7 6 5 y 5,8)and (2, 3,6, 7).

D2n E Caz) Cofy) Co(x) i o(xy) o(xz) o(yz)

T1458) | 4 0 0 0 -4 0 0 = Bag + B3g + Au + B1u
Iese7r | 4 0 0 0 -4 0 0 = Bag + B3g + Au + B1u

0

0
1 ¢1 (I)s -(1)4 -(I)s -(|)5 -¢1 (I)s (|)4
2 (1)2 (I)6 -(1)3 -(|)7 -(I)e -(1)2 (|)7 (|)3

The first thing we need to do is use the projection operators on (1 and ¢2 to find the
wavefunctions.

Bag: Wy = N(py — s — Pa + g — b5 + 1 + P — Pa)
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Next, we need to use these wavefunctions to find the secular determinants, which will
give us the energies.



BZg:
l'p(Bzg) = Cll'pl + Czlpz
AY = EV¥
(H=E)[ ¥, +c¥;]1 =0
This can be separated into:
[co (D)9 + 1 ()Y, ]| — [co(H) W, + ()W, =0
If we left multiply by ¥; and integrate, this gives:

C1<lp1|ﬁ|lpl) + ¢ (E)(W1|¥;) — Cz(lp1|ﬁ|lpz) + o (E)(W,|W,) =0
=cy(Hyy —E) +cH1, =0

Then we need to left multiply by ¥, and integrate, which leads to:

C1(Lp2|ﬁ|lp1> + ¢ (E)(W W) — Cz(qulﬁlqﬁ) + o (EX(W,[¥;) =0
=c1Hy1 + c;(Hy —E) =0

This gives us the matrix:

(Hll - E) H12
e (Hy — E)] ] =0

Now we must solve for H11, H12 and Haz:

1 ~
Hy, :Z<¢1 — ¢y — s+ ¢8|H|¢1 — ¢y — ¢s +¢8)

1
=2 [h11 — hya — hys + hyg — hyy + hyy + hys — hyg — hsy + hsy + hss — hsg + hgy — hgy — hgs + hggl

1
==[a-0-0+B—-0+a+B—-0-0+B+a—-0+p—-0-0+q]

4
=a+pf=f=1
Hy,=p8=1
Hy, =a=0

Substituting this into the matrix:

[(1 I E) (_15)] — 0

Therefore, the determinant is:

E?—E—-1=0



B3g:

and:
E =+1.6183,—-0.6188

If we do the same for the bsg orbitals, we get:
IP(B:;g) = C31P3 + C4_l'p4_

C3(qj3|ﬁ|qj3) + c3(E)(W3|¥5) — C4<W3|H|lp4> + ¢ (E)(W3|W,) =0
= c3(H33 — E) + c4H3, = 0

and:

C3(Wa|H|Ws) + c3(E)(WylWs) — co(Wa|H|Ws) + co(E)(W,|W,) =0
= c3Hy3 + c4(Hyy —E) =0

This gives us the matrix:
(H3z — E) Hs, ] [C3] =0
Hs, (Haz — E)]1Cs
Solving for Hss, H34 and Ha4 gives us:

Hyz =a—-f=—-f=-1

Hy,=p =1
H44_ =a = 0
And our matrix becomes:
-1-B) 1 7]_,
1 (—E)]
Solving for E gives:
E?4+E-1=0

and:
E = +0.6183,—1.618p8



Au:

B1u:

W(A4,) = csWs + csWs
This leads to the matrix:
(Hss — E) Hsg ] [CS] =0
Hsg (Hes - E) Ce
Hys =a—-p=—-f=-1
Hsg =p=p=1
H66=a_2B=_2ﬁ=_2

[(_11_E) (—21—5)]:0

Solving for E leads to:

E°4+3E+4+1=0
E = —0.3823,—2.618p8

W(B1y) = c;¥; + cgWs

H7; —E H; 7
( Hyg ) (Hgg E E)] [;] =0

H77=d+ﬁ=ﬁ=1

Hzg=p =1
Hyg=a+2B =28 =2
A-E 1 7_
[1 (2—E)]‘°

E2—3E+1=0
E = +2.618B,+0.382p



3p—t n-stabilization energy:

a, (-2.618) = 2(2.618) + 2(1.618) + 2(0.618) + 2(0.382)
28 —+ =10.472
A 2p bag (-1.618) g
1p—F delocalization energy:
. by (:0.618) = 10.4728 — 4(2B)
£ o—1I a, (-0.382) = 24728
2 v, (0382) '
&8 LT b, (0.618)
1B—f F n-bond order:
8—-0
+b2 (1.618) _
2B— : 2

=4
3l +b1u (2.618)

(2) For this question, we will consider each of the structures separately.

First, Structure [:

(a)
2 3
Dan
1 4
I
Dan ‘ E 2Cs 2C2 2C2 2Cy” [ 2S4 oh 20v 20d
Tpge | 4 O 0 2 0 0 0 -4 2 0 © Eg+Au+Ba

To simplify things, we can apply the projection using the C4 pure rotational subgroup.

Dan — > Cs
A2y — A
Bau — B
Eq ——> E
Ca ’ E Ca Cz c3




PA(¢1) = N[ + ¢4 + P35 + 5]

1
[Lpl = §[¢1 + ¢+ s+ ¢4]]

PE(¢p1) = N[ — ¢4 + 3 — ¢,]

1
[Lpz = E[¢1 — ¢+ ¢35 — ¢4]]

PEM(¢py) = N[y + iy — 3 — ih;]
PE@ () = N[y — ipy — 3 + ih,]

- N
V2
Y, = PEM(¢,) + PE@(¢,) = - (b1 — ¢3]
. J
( EQD) E(2) JZ )
P P 2
W, = (¢1) '1‘ (¢1) = [bs — ]
. J

(b) In this case, all of the secular determinants are going to be 1x1 matrices.

EW,) = (v |A|v,)
=a+ 20 =20

E(Y,) = (¥, |H|¥,)
=a—20=-208

E(¥;) = (W5|H|Ws)
a=0

E(Y,) = (P,|H|¥,)
a=0



(c, d)

-2[3 - b2u
n-stabilization energy:
A 1 =2(2p) = 4P
o delocalization energy:
20 0o—+ =48 -2(2B8) =0
2 °
= n-bond order:
1p— _4-0
2
=2
2[3 — + dyy
Now for Structure II:
(a)
z
2 3
m y
1 4
X
Il
Cov E Ca(z2) ov(xz) ov(yz)
r¢1’¢4 2 0 0 '2 E> A2 + B1
F¢2’¢3 2 0 0 -2 E> A2 + B1

This is not a carbocyclic molecule, so we cannot use the pure rotational group for the

projections.



(b)
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L}J(Az) == Clqjl + CZIPZ

(Hyy — E) “1]:0
Hi, (sz_E) 2
H11=a=0
H,=p=1
Hpy=a-f=-1
B 1 ]_,

1 (-1-E) -
E?’+E—-1=0

E = -1.6188,+0.6188

Y(B,y) = csWs +c, ¥,

(Hs3 — E)
Hsy

(sz_E)] Ca B

H33:a:0
Hy,=p=1
H44,:a+ﬁ:1

[(—115 )

EZ

(1—5)]:"

—-E-1=0

E = +1.6188,+0.6188

[¢1 + ¢4-]

.

[¢2 + ¢3]

A8



(c, d)

2 — 2, (-1.618) n-stabilization energy:
2 = 2(1.618) + 2(0.618)
A p—t = 4.472f8
o by (-0.618) delocalization energy:
2 0—~ = 4.472B — 2(2B)
g = 0.472p
+ a, (0.618)
13— n-bond order:
_ 4-0
+ b, (1.618) 2
22— 1 =2
(3)
1 2
8 3
— Gy, 04
7 4 \
6 5 CZ" 0-V
Dsh ’ E 2Cs ZCS 2C4 C: 4Cy 4Cy” i 253 2Ss 2SS4 Ch 4oy 464
Tgt4e | 8 0 O 0 0O 2 0 0o 0 0 0 -8 2 0

Cp1-98 = E1g + E3g + A2y + Bau + E2u

Dsh — > Cs
Azu — A
B2y —> B
E1g —>  Eq
E2u — B

Esg ——> Es3



Cs | E Cs Ca C3 Co C3 C3 C3

V2
PA((l)l):lpl:T[¢1+¢2+¢3+¢4+¢5+¢6+¢7+¢8]

V2
PB(¢1)=LIJ2=T[¢1_¢2+¢3_¢4+¢5_¢6+¢7_¢8]

V2

Wy =B (1) + B (91) = - [V20h1 + 2 — s — V205 — ¢ + ]

Lz

_ P () — B (@)

bY
4 i

V2
= 7 [#2 + V203 + bu — b6 — V20, — ]

s



1
W5 = P (1) + B (1) =5 [91 — 3 + 5 — §7]

)

P (¢,) — P, 1
= (9) ; () :§[¢2_¢4+¢6_¢8]

e

-

>3

W, = P (1) + B2 (1) = — [V2¢y — o + by — V205 + 6 — g

L

_PP (@) — PP (@)

V2
W ; =T[¢2_\/§¢3+¢4_¢6+\/§¢7_¢8]
E(W) = a+2p E(W,) =a—28 EW)=a+V28 EMW,)=a+V2B

E(¥s) =a EWe) =a E(W,)=a—V2B  E¥s) =a—V2p



