
Theoret. chim. Acta (Berl.) 4, 10]--107 (1966) 

Commentat iones  

Chemistry Department, The University of Sheffie]d 

S. C. F. M. 0. Study of Hafner's Hydrocarbons 

By 

N. K. DAsGUPTA* and ])I. A. AH** 

SCF MO calculations have been made for I-Iafner's hydrocarbons using neglect of differ- 
ential overlap after the manner of POPLE and P~ISn~ and PA~.  ~ -~ 7~* transitions have 
been calculated by a limited configuration interaction method. The results show that agree- 
ment between predicted spectra and observed spectra is quite good for the heptalene deriv- 
ative and reasonably good for the pentalene derivative. It  is suggested that both molecules 
are aromatic in contradiction to predictions by Craig's rule. 

SCF MO-l~echnungen mit zero differential overlap nach der Methode yon POPLE, :PAI~ISEI~ 
und PApa wurden fiir I:IAFN~'S Kohlenwasserstoff angestellt. Mittels begrenzter Konfigu- 
rationswechselwirkung wurden die 7~ -+ z*-~berggnge berechnet, wobei die Ergebnisse im Fall 
des Heptalen-Derivates verhgltnism~13ig gut, in dem des Pentalen-Derivates jedoeh nur unge- 
f~ihr mit dem Experiment iibereinstimmen. Dariiber hinaus spreehen die t~esultate im Gegen- 
satz zur CrMg'schen t~egel daffir, da[3 beide Molekfile aromatischen Charakter haben. 

Nous avons effeetu4 des calculs SCF MO pour les hydrocarbures de H~NER, ell n6gligeant 
le recouvrement diff6rentiel d'aprgs Po~L~ et PARISER et :PA_RIr Quelques transitions ~ -+ ~* 
out 6t6 ealcul6es par interaction de configurations limit6e. L'accord avec l'exp6rienee est assez 
bon pour le d6riv6 de l'heptalgne, et raisonable pour le d6riv6 du pentalgne. Les deux mol6cules 
semblent @tre aromatiques, contrairement & la r~gle de Craig. 

I n t r o d u c t i o n  

I n  the present paper, we report  results of Pople-SCF calculation [6] of  two 
ra ther  interesting molecules (I) and (II)  (Fig. I) called Hafner ' s  hydrocarbons  
which satisfy the criterion suggested to be characteristic of  pseudoaromatic  
molecules [3] i .e. these molecules should have a non- tota l ly  symmetr ical  7~ electron 
ground state wavefunction. ALI and COULSON [1] studied these molecules by  the 
valence bond method  using only three Kekuld structures and by  simple Hfickel 
M.O. method  and found that ,  according to the results of  very  limited valence bond 
calculation, (I) should be classed as normal  aromat ic  while (II) could be pseudo- 
aromatic.  The simple Hiickel M.O. method  leads to to ta l ly  symmetr ic  ground 
state wavefunctions for (I) and (II) as t hey  contain even number  of  7~ electrons 
and there is no orbital degeneracy. Fur ther ,  it was found tha t  by  including 
overlap in simple tI/ickel M.O. method,  electronic spectra of  (I) could be fairly 
well unders tood on the basis of  parameters  derived from the spectra of  azulene 
while the predicted spectra of  (II) was quite different from the observed spectra. 
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Since it is difficult to see whether the divergence between predicted and 
observed spectra for (II) is due to application of a relatively crude theory or a 
genuine peculiarity of the ground state wavefunction of (II), it would be of interest 
to s tudy these molecules by  the SCF method where electron interaction is in- 
corporated explicitly in the calculation. Further,  both molecules have C~v point 
group symmet ry  and electronic states have A1 or B.z symmetry*.  

~Vithin the framework of Hfickel MO theory, it is not easy to visualise how a B~ 
ground state could arise. However, if  we allow configuration interaction between 
the B~ states and between the A 1 states built out of single electron excitations 
from bonding SCF MO's to virtuall SCF MO's, it could possibly happen tha t  a B~ 
wavefunction has lower energy than  the lowest A~ wavefunction. Hence the 
results of SCF MO calculation with configuration interaction would be illuminating 
for the above reasons. 

Nethods of Calculation 

The matr ix  elements of the t tar t ree-Fock operator F in the basis of ortho- 
gonalised 2pz atomic orbRals are given by  [6] 

= 1 p  Fl~ cos + ~ ~l ~lf -- ~- y(c) § ~ (PJl -- Zj) ~ly 

and 
FIl = fi~l -- �89 P~I Y~Y 

where eo~ -- ~ Z 1 751 and/~lj are the elements of the bare framework Hamiltonian 

//core and Yil are the two electron repulsion integrals. 

YiJ = [zi ]//] = f f ~ *  (1) ~* ( 2 ) ! ~ l  (t) ~j (2) dv~ dv~. 
~*12 

We chose w (c) § �89 r(0 c) as zero of energy and the unit of energy as/~ = - 4.79 ev, 
co (c) and y(o c) being the eleetronegativity parameter  for carbon-atom in benzene 
and one centre two electron repulsion integral for carbon-atom in benzene re- 
spectively. Following McW~,n~Y and P~ACOCK [4], fi~1 was assigned the value. 
--  2.395 ev for i, j neighbour atoms and zero otherwise. Two centre two electron 

integrals were caleulted using the prescription suggested by  PAgIsn~ and PAgg [5]. 
One centre two electron integral was given the value as used by  M c W E ~ c  and 
P ~ c o c ~ :  [4]. All other two electron integrals were set equal to zero. The Hiickel 
P matr ix  was used as the starting point in the well-known iterative process. 

Molecular Geometry Assumed in the Calculation 

The structure of these molecules has not yet been determined. For the purpose 
of the present calculation we have assumed tha t  the molecules are planar with 
equal bondlengths of t.39 ~. Since the molecules contain seven membered ring 
and five membered ring, the polygonal angles cannot be equal. In  Fig. ~ we show 
the interbond angles assumed for both molecules. ~Tith the distances calculated 

* a~ plane is the plane perpendicular to the molecular plane and passing through twofold 
symmetry axis of the molecule while a~ is the plane of the molecule. Orbitals are of symmetry 
% or b 1. Notation is the same as in Quantum Chemistry by H. EYRING, J. W~TE~ and G. E. 
KEY[BALL, JOn~ WrL~u and SoNs INc. New York, ~944, page 384. 
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from the postula ted geometry,  all necessary two electron repulsion integrals 
between two different atomic centres can be computed by  the method  of 1)A~IS~ 

and  PAgg [5]. 
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Fig. 1 

R e s u l t s  

The group theoretical  symmet ry  designat ion and  energies of SCF MO's in  
uni ts  of fi : - 4 . 7 9  ev along with McWEE~u no ta t ion  for the three 
highest filled and the three lowest unfilled SCI~ MO's are given in  Tab.  I. The 
re levant  elements of SCF charge densi ty  and  bond  order mat r ix  and  Hfickel 
charge densi ty  and bond order mat r ix  are given in  Tub. 2. A glance at  the results 
shows tha t  some inversion of order of sequence of charge densities on a toms takes 
place on inclusion of self-consistency procedure, as compared with Itfickcl MO 
results. 

Table 1. SCF MO energies~ 

Molecule (I) Molecule (II) 

~cWeeny-  ~cWeeny-  
]~nergy Symmetry Peacock Energy Symmetry  Peacock 

Notation ~otation 

2.061 
t .724 
t .670 
1.424 
t.268 
0.942 
0.648 

- 0.721 
- 0.947 
- 0.964 
- 1.5t2 
- 1.742 
- t.83t 
- 1.934 

bl 
6~ 2 
bl 
bl 
a2 
bl 
a2 
bl 
bl 
a2 
52 
bl 
C2 
bl 

C 
B 
A 
A' 
B' 
C' 

2.043 
1.694 
1.6t4 
t.077 
t.019 
0.796 

- 0.688 
- 0.835 
- t.397 
- t.717 
- 1.845 
- 1.943 

b 1 
bl 
52 
bl 
a 2 
bl 
a 2 

bt 
ag 

52 
bl 
bl 

C 
B 
A 
A' 
B' 
O' 

I (eJ a in units fl = - 4.79 e.v. Zero of energy is coi(~ ) + -~ y o ; )/IO's with positive energies in 
units of fl are bonding and with negative energies are antibonding. 

8* 
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Table 2. Elements o/SCF and HMO charge density and Bond order matrix P 

P l l  
P22 
P33 
P~ 
Ps~ 
P66 
el3,  13 
Pid, 14 
P12 
P23 
P34 

P56 
P0, 
Pi ,  13 
J~ 14 
P5, 41 

Molecule (I) iV[olecule (II) 

SCF ~MO SCF ttMO 

1.094 
0.888 
1.094 
0.860 
1.102 
t.064 
0.862 
0.938 
0.744 
0.548 
0.740 
0.502 
0.600 
0.694 
0.480 
0.584 
0.462 

1.048 
0.899 
1.049 
0.882 
1.09t 
t A22 
0.884 
0.934 
0.722 
0.568 
0.719 
0.524 
0.58t 
0.683 
0.5t7 
0.555 
0.477 

P l l  
P22 
Paa 

/~ 
Pll, 11 
P12, 12 
P12 
-Pu3 
Psa 

-Ps~ 
P3, 12 
Pl l ,  12 
Pl ,  il 

0.896 
t .150 
0.898 
0.942 
0.966 
1.t46 
1.t46 
0.756 
0.504 
0.592 
0.684 
0.622 
0.440 
0.606 
0.490 

0.960 
1.148 
0.940 
0.886 
0.907 
1 A61 
t.156 
0.746 
0.512 
0.599 
0.656 
0.637 
0.467 
0.582 
0.503 

Calculation of ~ Electronic Spectra 

I n  calculating energies and wavefunctions of excited states, transitions 
between six molecular orbitals were considered, the three highest occupied and 
the three lowest e m p t y  orbitals being used. All nine single excited configurations 
involving the promotion of  a single electron were considered. The method employed 
is similar r t ha t  first formulated by  POPLE for al ternant  hydrocarbons and ex- 
tended to heteromoleeules by  MoW]~E~Y and PEACOCK [4J. 

Let  (A), (B), and (AB) denote in order the columns of  atomic orbital coeffi- 
cients representing molecular orbitMs A, B and the column whose i th element is 
the product  of  the i th elements of  (A) and (B). The energies (relative to t ha t  of  the 
ground state function) of  singlet and triplet configurations in which one electron 
has been excited from an orbital I into an orbital K can be writ ten in the approxi- 
mat ion  of neglecting differential overlap as 

= e~ -- e1 -- [(II)r  y(KK)  -- (IK)r y ( IK)]  • (IK)r y (IK) 

where eK, ei are the orbital energies and y is the matr ix  of  two elect ronrepulsion 
infegrMs y~1 between atomic orbitMs i and ]. 

The off-diagonM elements of  the configuration interact ion matr ix  are given by  

~,~(I -~ K I H l J -~ L) = -- [ ( I  J)? y (KL) -- (LJ)r y (KI)]  • (LJ)*y (KI) .  

The energies and wavefunctions of  the first five singlets arc shown in Tab. 3 where 
~5 (C =- A ~) etc. stands for the singlet configurational wavefunct ion in which one 
electron has been promoted  from bonding MO C to antibonding MO Aq The 
calculated singlet -- singlet spectra is compared with the observed spectra in 
Tab. 4. The observed / values were est imated from the absorption curves in 



E
n

er
g

y
 

I 
(i

n 
cm

 -1
) 

,~
 in

 h
 

12
61

4 
24

94
7 

27
96

5 
32

76
1 

39
86

6 

13
28

9 
24

35
i 

30
15

9 
31

08
8 

42
20

8 

79
27

 
40

08
 

35
76

 
30

52
 

25
08

 

75
25

 
41

06
 

33
~5

 
32

16
 

23
69

 

T
ab

le
 3

. 
E

ne
rg

y,
 s

ym
m

et
ry

 a
nd

 w
av

e/
un

ct
io

n 
o/

fi
rs

t 
fiv

e 
si

ng
le

 e
xc

ite
d 

w
av

e]
un

ct
io

ns
 

S
y

m
m

et
ry

 
I 

W
av

ef
u

n
et

io
n

 

B2
 

AI
 

A
1 

B
2 

M
ol

ec
ul

e 
I 

- 
0.

04
4 

~ 
(C

 
-+

 A
 
~)
 -

 
0.

07
4 

ab
 (

C 
-~

 
B'

) 
- 

0.
02

6 
~ 

(]
3 

~+
 C

')
 

- 
0.

98
9 

q5
 (

A 
~ 

A'
) 

- 
0.

11
6 

q~
 (

A 
-+

 
B'

) 
0.

03
9 

~b
 (

C 
-+

 C
 
')
 +

 
0.

69
8 

q)
 (

B 
-+

 A
 
~)
 -

 
0.

18
8 

~b
 (

B 
-+

 
B'

) 
+ 

0.
67

1 
@ 

(A
 

-~
 C

')
 

0.
3i

8 
q~

 (
C 

-~
 A

')
 

+ 
0.

01
8 

q)
 (

U 
--

~ 
B'

) 
- 

0.
32

~ 
~b

 (
B 

-+
 C

')
 

- 
0A

00
 

~b
 (

A 
-+

 .
4'

) 
- 

0.
85

6 
q~

 (
A 

-+
 B

')
 

0.
08

3 
q)

 (
C 

-+
 C

 
~)
 -

 
0.

66
4 

~b
 (

B 
~ 

A 
~)
 -

 
0.

51
7 

q)
 (

B 
-~

 
B'

) 
+ 

0.
50

1 
q5

 (
A 

-~
 C

')
 

0.
63

7 
~b

 (
C 

-+
 A

')
 

- 
0.

04
1 

q)
 (

C 
-~

 B
')

 
+ 

0.
74

9 
~b

 (
B 

-+
 C

')
 

- 
0.

03
6 

~b
 (

A 
-+

 A
 
')
 -

 
0.

06
2 

q~
 (

A 
-~

 
B'

) 

B
2

 

A
1 

A
1 

B
2 

M
ol

ec
ul

e 
II

 

0.
10

5 
q5

 (
C 

-7
 A

 
~)
 -

 
0.

0~
7 

r 
(C

 
-~

 C
')

 
- 

0.
00

1 
q)

 (
B 

-~
 ]

3'
) 

+ 
0.

99
0 

~ 
(A

 
-~

 A
')

 
+ 

0.
09

5 
q5

 (
A 

-+
 C

 
~)
 

- 
0A

45
 r

 
(C

 -
+

 B
')

 -
 

0.
49

1 
r 

(B
 -

~
 A

')
 -

 
0.

01
t 

r 
(B

 -
~ 

C
')

 +
 0

.8
59

 ~
 

(A
 -

~ 
B

')
 

0.
81

5 
r 

(C
 -

+
 A

')
 +

 0
.0

28
 ~

 
(C

 ~
 

C
')

 -
 

0.
55

2 
r 

(B
 -

~
 B

')
 -

 
0A

00
 (

h 
(A

 -
~

 A
')

 +
 0

A
41

 ~
 

(A
 -

+
 C

')
 

- 
0.

63
8 

r 
(C

 -
~

 B
')

 
- 

0
.6

1
4

~
 

(B
 -

+
A

')
 

+ 
0

.0
8

i 
@

 (
B

 -
~

 C
')

 
- 

0.
45

8 
q)

 (
A

 -
, 

B
')

 
0.

48
2 

~ 
(C

 -
~ 

A
')

 +
 0

.0
77

 r
 

(C
 -

~
 C

')
 +

 0
.8

i0
 ~

5 
(B

 -
~

 B
')

 -
 

0.
07

9 
r 

(A
 -

+
 A

')
 +

 0
.3

t7
 r

 
(A

 -
, 

C
')

 

�9
 

09
 

9~
 

5~
 

O
 



t06 N.K. DxsGvP~A and M. A. AnI: 

reference (8) by using ~he formula 

/ = 2.2 x 10-9 d v ema,~ 

where Ar  is the bandwidth at halLmaximum extinction and was assigned the 
uniform value of 3000 era -~. 

Table 4. Comparison o] observed and calculated ~ elevtronic spectra 

Observed 
maximum 
in cm -1 

9320 
9737 

11148 
12610 
22075 
23753 
25/45 
25840 
26954 
32051 
33445 

log (~) 

t.672 
t.653 
2.064 
2.t08 
4.10 
4.00 
4.09 
4.15 
4.17 
2.81 
2.30 

Molec~e I 

0,0003 

0.0008 
0.066 

0.066 

~. 0.066 
0.0066 

Calculated 
maximum ]ca u 
in em -~ 

12614 (B~) 

24947 (A~) 

27965(B~) 

32761 (A~) 
39866(B2) 

0.01 

0.038 

0A6 

0.087 
~0 

21008 
26110 
26667 
27397 
30211 
31250 
38023 

2.94 
3.33 
3.1t 
3.21 
3,80 
3.82 
4.65 

3{oleoule II  

0.0062 

0.014 

0.041 
0.041 
0.297 

13289 (Ba) 

24351 (A~) 

30159 (B~) 
31088 (A~) 
42208 (B~) 

~0 

~0 

0.036 
0.094 
0.778 

Discussion 

The above results show that  the SCF NO calculation interprets the genera] 
electronic spectra of (I) rather accurately while that  for (II) is less satisfactory. 
Also the limited configuration interaction calculation shows that in both molecules, 
A I state is always the lowest, no B 2 state having lower energy than the ground A 1 
state, tIence it is interesting to note that  the overall agreement for (I) is very good 
and for (II) reasonably good. This would reinforce the suggestion that (I) and (II) 
are probably genuinely aromatic. However, since in the original arguments of 
C ~ o  [3], the distinction between normal aromatic and pseudoaromatics is more 
apparent within the framework of the valence bond method, a more extended 
valence bond calculation using the dependence of coulomb and exchange integral 
on bondlength as suggested by Covnso~ and DlXO}r [2] is under way and we hope 
to repor~ these results in the near thture. Furghei; since the SCF M0's  obtained are 
optimised for the A 1 state, the configuration interaction matrix set up with this 
M0 basis set may be unfavourable for the B e state, it would be interesting to 
calculate SCF M0's  for the lowest B 2 state using a single configuration wave- 
function by the openshell method outliued by I~OO~AN [7]. 
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