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SCF Calculations of Aromatic Hydrocarbons 
The Variable ~ Approximation* 

By 

I(ICHISUKE NISHIMOTO** and  LESLIE S. FORSTER 

The transition energies and intensities of naphthalene, anthracene, phenanthrene, pyrene, 
and azu]ene are calculated with a variable fl modification of the Pariser-Parr-Pople method. 
In this procedure each fl is determined from the bond order after every iteration. The depend- 
ence offl on bond order is given by fl = -0 .5i  p + Ao eV where A o is -1.90 eV (naphthalene 
and azulene), - i . 8 4 e V  (anthracene and phenanthrene), and -1.82 eV (pyrene). Precise 
knowledge of the molecular geometry is not required and the results are in good agreement 
with experiment. 

Nous avons calcul6 les 6nergies et intensit6s des transitions 61ectroniques de naphthal6ne, 
anthracene, ph6nanthr~ne, pyr6ne et azul~ne par une m6thode PPP modifi6e, oh les fl sent 
d6termin6s des indices de liaison p apr~s chaque it6ration: fl = -0 ,5i  p + A0 eV, oh A 0 
= -1,90 (pour naphthal6ne et azul6ne), -1,84 (anthrac6ne et ph6nanthr6ne) et -1,82 

(pyr6ne), respectivement. On n'a pus besoin des g6ometries exactes des mo]6cules. Les r6sultats 
s'accordent bien s l'exp6rienee. 

Die elektronisehen Anregungsenergien sowie die zugeh6rigen Intensitaten yon l~aphthalin, 
Anthrazen, Phenantren, Pyren und Azulen wurden mit der Modifikation ,,der variablen fl" der 
Pariser-Parr-Pople Methode berechnet, bei weleher die fi-Werte nach jedem Iterationsschritt 
als Funktion der ]3indungsordnung neu berechnet werden. Ihre Abh~ngigkeit ist durch 
fi = -0 ,5t  p + A 0 eV gegeben, wobei A 0 -1,90 (Naphthalin and Azulen), -1,84 (Anthrazea 
und Phenantren) bzw. -1,82 (Pyren) ist. Ffir das Verfahren ist die genaue Kenntnis der 
Geometric des Molekfils nicht vonnSten und die Resultate befinden sich in guter ~bereinstim- 
mung mit dem Experiment. 

Introduction 
A n y  add i t ion  to  the  a l r eady  voluminous  l i t e ra ture  descr ibing the  resul ts  of  

Pa r i se r -Pa r r -Pop le  (P-P-P)  t r e a t m e n t s  of a romat ic  molecules [24], requires just i -  
fication. The purpose  of the  present  s t u d y  is the  va l ida t ion  of  a procedure  wi thin  
the  general  P - P - P  f ramework,  in which the  precise molecular  geomet ry  need not  
be known and  which is easi ly  ex tended  to molecules containing he te roa toms.  
A subs id ia ry  goal  is the  eva lua t ion  of  the  semi-empir ical  pa rame te r s  necessary for 
the  compu ta t ion  of t r ans i t ion  energies and intensi t ies .  Since we will ex tend  this  
work to  include der iva t ives  of these a romat ic  systems,  more careful  a t t en t ion  is 
pa id  to the  p a r a m e t e r  e s t ima t ion  for the  pa ren t  hydrocarbons  t h a n  has been the 
usual  pract ice  [27]. 

I n  a de ta i led  and comprehensive  t r e a t m e n t  of a romat ic  hydrocarbons ,  including 
overlap,  IIVM~EL and  RUEDEI'TBERG [11] concluded " the  ac tua l  posi t ions of  the  
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atoms are not negligible parameters ' .  D~WAl~ and GLEIC~Eg have recently com- 
puted aromatic hydrocarbon ground state properties by a modification of the 
P-P-1 ) method [5]. After each iteration they readjusted fi, the one-electron core 
integrals, and the two center repulsion integrals by computing the bond lengths 
from the bond orders. In the present work we apply a similar "variable fi" method 
to the evaluation of excited state properties. In subsequent papers the same 
technique will be used with heteroatomic systems. 

Method of calculation 
The SCF formalism of the P-P-P method was employed. Penetration integrals 

were neglected. The one-center repulsion integrals y,~ -~ I~ - -  A,  were evaluated 
as i l l 3  eV [10]. A number of prescriptions for determining the two-center repuls- 
ion integrals, y,~, have been suggested [6, 17, 20, 22, 24]. Two of these methods 
were used, the theoretical integrals with adjusted exponents [17, 26] (R integrals) 
and the NISHIMOTO and MATAGA procedure [20] (NM integrals). The nearest neigh- 
bor repulsion integral, Y~2, is too large when computed by the t~ method [8] and 
this quantity was determined by reference to the observed benzene spectrum as 
described in the next section. 

The estimation of fi, the central problem in this investigation and discussed in 
detail below, has been subject to some uncertainty [7, 13, 18]. An essential feature 
of the variable fl method is the insensitivity of the results to the assumed geo- 
metry. All molecules were assigned regular polygonal structures with equal carbon- 
carbon bond lengths (L395 A). 

Transition energies were calculated by including configuration interaction be- 
tween all singly-excited configurations within D eV of lowest excited (singlet or 
triplet) states. The value of D (3 - -  4 eV) used in each CI calculation is specified 
in Tab. 3 - -  7. 

Estimation of 712 (R integrals) 
In previous work [8] it was not possible to calculate the correct order of the 

naphthalene transitions using the R integrals unless the nearest neighbor Y12 were 
reduced considerably. The arbitrary value, 7.00 eV, (ca. 0.8 eV below the calcu- 
lated quantity) was chosen for this parameter. A direct procedure for estimating 
this quantity involves determining the magnitude that  produces the best fit of the 
benzene spectrum. In the P-P-P method the benzene 1B~u energy is - - 2  fi + 
+ {712-- �89 + �89 [19]. I f  the experimental energy, 4.88 cV, is com- 
bined with the computed Yls and V14, then fi is a function only of Yl~. The effect of 
varying 71a upon the benzene transition energies is indicated in Tab. I. The calcu- 
lated energies are not very sensitive to Y12 and we choose 6.6 eV as the best value 
to be used in subsequent calculations. 

Estimation of ~: The variable ~ method 
The total energy can be expressed in terms of E~, the compression energy for 

the neutral molecule, E. ,  and the core repulsion energy, Ec. 

E = E~ % E:~ + Ec . 

I f  we designate the actual bond distances and the single bond distances (corre- 
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sponding to appropr ia te  hybridizat ion)  by  ru~ and %~ (8) 

E~ ~ l k  = ~ u~ (~) It,,, - r ~  (s)] 2 
# > v  

/~v (a) referring to the single bond force constant.  Only the port ion of the z -energy  
dependent  upon bond distance is required and this m a y  be expressed as [27] 

8 .  (r) = ~ [q. (q, - 2) 7u~ + 2 ~,~ p.~ _ ~1 p.~2 7.,,] 
# > v  

where q, is the ~-charge densi ty  on the ~tth a tom.  When  each a tom in the 7~-frame- 
work donates  one electron 

p>v #>v 

For  a l te rnant  hydrocarbons  

E (r) = ~ {} k.~ (~) [r.~ - r~  (s)] 2 + 2 fi.~ p.~ -- ~1 p~#.~}.  ~ 
t t > v  

At equifibrium 

0E (r) _ 0 .  

The mobile bond orders, p.:,  are dependent  on the entire molecule ra ther  than  
on a specific bond length and are not  regarded as r-dependent .  I f  we focus at ten-  
t ion only on nearest  neighbor rz: and drop the  subscripts  we obtain  

~E~ = k ( ~ ) [ r - - r ( s ) ] + p p ~ r - -  ~ p ~ 0 

for each bond in the ~-framework.  When  p = 0, r = r (s) and ~Y = 0. Thus, in 
Or 

this approximat ion ,  the nearest  neighbor two-center  repulsion integrals are in- 
dependent  of  bond  length and 

(a) [ r - - r  (s)] § 2 p ~  = 0 .  (i) k 

05 I f  fl (r) is expanded  in a power series and only the first two te rms  retained, ~Tr is 

constant.  This is reasonable for the small bond length changes (0. t8 A) encountered 
here. When  p = 1, r = r (d), the pure  double bond length, and (t) becomes 

(~) [r (d) - r (~)] + 2 a~ = 0 .  (2) 
ar 

Combining (l) and (2) 
r = r (s) - -  [r (s) - -  r (d)] p .  (3) 

The same expression has been suggested on different grounds by  LONGUET- 
HmGiIvs and S A L ~  [14]. 

In tegra t ion  of (2) yields 

5 = - �89 ~ (~) [r (d) - -  r (~)] r + ~.  (4) 

Subst i tu t ion of (3) into (4) gives 

fi = A~p + A o (5) 
with 

A~ = - - � 8 9  ~ (~) [r (~ l ) - - r  (8)] 2 . (6) 
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Table t. The Dependence o/ Benzene State Energies on Vlz (R integrals) 

Energy (eV) 

State 

1B2u 
1Blu 
1E u 
aBlu 

Assumed. 

7.0 6.9 

4.880 4.880 
5.760 5.860 
6.972 6.922 
3.705 3.672 

-2.405 -2.413 

b Ref. [19]. 

~12 = 

6.8 6.7 

4.880 4.880 
5.960 6.060 
6.872 6.822 
3.639 3.605 

-2.421 -2.428 

~ l~ef. [16]. 

6.6 

4.880 
6.160 
6.772 
3.572 

-2.435 

6.5 

4.880 
6.260 
6.722 
3.539 

- 2.444 

Table 2. Relation between A o and A 1 in fl = Alp + A o Established by 
Using Benzene fl (Tab. 1) 

Naphthalene State Energies (eV) 

Expt. 

4.88 a, b 
6.05 b 
6.70 b 
3.65 c 

- A  1 (eV) 1Ba ~ (a)a 1B2 ~ (p) 1Ba ~ (fl) 1B2 ~ (fl,) 

g integrals 
0 
0.2 
0.4 
0.8 
1.0 

NN integrals 
0 
0.2 
0.4 
0.8 
t.0 

Expt. 

Clar notation. 

4.360 
4.362 
4.366 
4.385 
4.403 

4.245 
4.246 
4.249 
4.270 
4.288 

3.99 b 

4.594 
4.633 
4.677 
4.783 
4.849 

4.516 
4.552 
4.591 
4.690 
4.735 

4.51b 

6.007 
6.003 
5.999 
5.994 
5.994 

6.510 
6.469 
6.427 
6.342 
6.301 

5.8t8 6.508 
5.814 6.469 
5.810 6.428 
5.810 6.351 
5.812 I 6.252 

5.62 b I 7.44 ~ 

b Ref. [19]. c Ref. [15]. 

After each i tera t ion in  the SCF calculation new fi values are computed and 
the process cont inued unt i l  self-consistency is achieved. The values of A 0 and  
A 1 are chosen semi-empirically subject only to the requirement  of physical rea- 
sonableness. To reduce the number  of parameters  i t  is desirable to relate A 0 
and  A 1. One way to do this involves the use of the benzene /~ = --2.435 eV 
(1~ integrals) or /~ = --2.378 eV (NM integrals), corresponding to p = ~. The 
t rans i t ion  energies of naphtha lene  calculated in  this manne r  are summarized in 
Tab. 2. I t  is evident  tha t  the correspondence between theory and  experiment  is 
not  satisfactory. 

I t  has been suggested [21] t ha t  /?, corresponding to a given bond length, 
decreases in  absolute magni tude  as the number  of rings is increased. Consequently,  
the use of the benzene fl to relate A 0 and  A 1 m a y  not  be valid for naphthalene.  
By independent  ad jus tmen t  of A 0 and  A 1 it  is possible to obta in  an excellent fit of 
the naphtha lene  spectrum (Tab. 3). The final expressions are 
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fl = --0.40 p -  i.97 eV (t{ integrals), (7) 
/~ = --0.5i  p - -  t.90 eV (NM integrals). 

These correspond to fi = - -2 .24  eV for p ~ ,~ and the calculated 1L a energy 
is improved over tha t  calculated with constant fl [8]. 

I t  can be seen (Fig. i) that  the observed 
bond length sequence in naphthalene [4] 
will be reproduced only when the mag- 
lfitude of A 1 is less than 0.6 eV. A value 
in the neighborhood of --0.5 eV is quite 
reasonable on this basis. 

Although it would be "consonant with 
the spirit of semi-empirical methods to 
accept these values of A 0 and A 1 without 
further ado, additional justification for 
the use of these quantities may  be ob- 
tained by  direct estimation of A 1 from 
(6). Carbon-carbon single bond force 
constants fall in the range 4 . 5 -  5.6 
m d / ~  [31] which corresponds to 

--A~ = 0.46 - -  0.57 eV 

(average is 0.51 eV). These force constants 
refer to sp  a hybridization and it is ex- 
pected tha t  the sp  ~ hybrids have larger 

((~). I{owever, the C -  C stretching 

~7 

- 'q l  

:Fig, 1. ]3ond order  vs. A 1 ibr naphthalene.  NM 
integrals ,  fl = A~p q-As; A 0 - - 2 . 2 4 - 2 / 3 A ~ .  

The results  for t% integrals  are aImost  identicM 

force constant in oxalyl chloride is only 4.84 md/A [34]. The close agreement 
between the theoretical and semiempirical A 1 establishes the validity of this 
method. 

Results-Transition energies 
The results are presented in Tab. 3 - -  7. I t  is interesting to note tha t  the fl (p) 

expressions obtained for naphthalene are applicable to azulene and analogously 
anthracene and phenanthrene can be treated with the same fl (p) relations. The 
number of carbon atoms in the 7~-framework is apparently the controlling factor. 
When p = ~ is substituted in the fl (p) expressions for naphthalene and anthra- 
cene, almost the same values are obtained as in previous calculations [21]. There- 
fore, A o for pyrene is estimated as --1.83 eV (R integrals) and - - i .82  eV (NM 
integrals). 

I t  should be noted tha t  while DEwA~ and GLEICHE~ [5] adjusted /~ and Ys, 
after each iteration, we determined the repulsion integrals for 1.395 A bond 
lengths and only changed fi at each iteration. 

A comparison of experimental and theoretical transition energies is often 
rendered difficult by  the character of the experimental spectra. The transition 
energies were estimated from the positions of the most intense vibronic bands or 
the band maxima. In  m a n y  cases an uncertainty of 0.2 - -  0.3 eV in these experi- 
mental  quantities is to be expected. Except  for transition energies in excess of 
6.2 eV, these quantities were obtained from solution spectra. 

Theoret.  chim. Ac ta  (Berl.), Vol. 3 30  
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Singlets  

Tr iple ts  

Table  3. Naphthalene (Da = 3.5 e V) Transition Energies (e V) and Intensities 

1% integrals 
fl = --0.40 

Energy (eV) 

4.001 
4.420 
5.364 
5.404 
5.626 
5.840 
6.003 
6.869 
7.156 
7.176 
7 . t78  
7.697 
7.787 

2.726 
3.393 
3.688 
4.048 
4.125 
4.179 

9 - -  1.97 eV 

] 

0 
0.223 (ypol.) 
0 
0 
1.875 (x) 
0 
0.666 (y) 
0 
0 
0 
0 
0.824 (y) 
0 

N]~I integrals 
p = --0.51 p - -  1.90 eV 

Energy / 

4.033 0 
4.419 0.200 (y) 
5.461 0 
5.582 1.960 (X) 
5.648 0 
5.993 O 
6.073 0.579 (y) 
6.861 0 
6.987 0 
7.536 0 
7.603 0 
7.626 0.953 (y) 

2.473 
3.107 
3.53t  
3.896 
4.033 

Expt. 

3,97 ( / =  0.002) b (x) 
4.51 (0.18) b (y) 

5.63 ( t 7 0 )  b (x) 

6.51 (0.21) b 

7.44 ( ~ o.8)c 

2.64 a 

Conf igurat ions  w i t h  energies  w i th in  D eV of  lowest  conf igura t ion  included.  
b Ref .  [19]. c Refl  [15], d l~ef. [16]. 

Table.  4. Anthracene Transition Energies (e V) anc~ Intensities 
D = 3.5 eV 

Expt. ~ 

Singlets  3.34 ( / =  0.10) 

Tr ip le ts  

1% integrals 
fl = --0.40 p - -  1.85 eV 

Energy t 

3.549 0.338 (ypol.) 
3.593 0 
4.375 0 
4.703 0 
4.939 0 
5.006 2.487 (x) 
5.280 0 
5.421 0.001 (y) 
5.877 0.779 (y) 
6.248 0 
6.338 0 
6.436 0 

1.674 
2.851 
3.369 
3.622 

Ref .  [19]. b Ref.  [16]. 

iN1Yi integrals 
fl = --0.51 p - -  1.84 eV 

Energy f 

3.484 0.317 (y) 
3.604 0 
4.656 0 
4.677 0 
4.814 0 
4 .83i  2.522 (x) 
5.264 0 
5.850 0.221 (y) 
5.916 0.560 (y) 
6.059 0 
6.206 0 
6.574 0 

1.581 
2.772 
3.282 
3.604 

4.83 (2.28) 

5.61 (0.28) 

1.85b 
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Table 5. Phenanthrene Transition Energies (e V) and Intensities 
D = 3.0 eV 

X.Si integrals 
/3 = - - 0 . 5 1  p - -  1 .84  eV E x p t . a  

E n e r g y  I f 

Singlets 

Triplets 

ReL [12]. 

R i n t e g r a l s  
fl = - - 0 . 4 0  ~9 - -  1 .85  eV 

E n e r g y  t 

3.546 0 
4.206 0.317 (x) 
4.490 0 
4.953 1.019 (x) 
4.990 0.398 (y) 
5.295 0.431 (y) 
5.355 0.805 (x) 
5.432 0 
5.834 0 
5.886 0 
6.196 0.132 (x) 
6.394 0.039 (x) 
6.426 0.472 (y) 
6.732 0 
6.787 0.651 (y) 

2.474 
3.186 
3.236 
3.573 
3.765 
3.768 

b Res [16]. 

Table 

3.630 0 
4.157 0.322 (x) 
4.615 0 
4.922 ! 1.486 (~) 
4.978 0.540 (y) 
5.249 0 
5.497 0.330 (y) 
5.757 0 
5.820 0 
5.950 0.265 (x) 
6.071 0.200 (x) 
6.445 0 
6.468 0 
6.657 0.446 (y) 
6.763 0.125 (x) 

2.320 
3.064 
3.105 
3.455 
3.690 
3.756 

3.75 (0.003)(y) 
4.23 (0.18)(x) 

4.91 (1.o9)(~) 

5.83 (0.60) 

6.62 (0.59) 

2.67 b 

6. Pyrene Transition Energies (eV) and Intensities 
D = 3.0 eV 

Singlets 

Triplets 

Ref. [1]. 

i n t e g r a l s  
fi = - - 0 . 4 0  p - -  1 .83 eV 

E n e r g y  / 

3.500 0 
3.637 0.577 (xpol.) 
4.044 0 
4.t93 0 
4.823 0.925 (y) 
4.935 0 
5.008 0 
5.009 0 
5.280 1.133 (x) 
5.385 0 
5.878 0 
5.956 0 
6.053 0 
6.28t 0 
6.326 1.448 (x) 

t.957 
3.06t 
3.218 
3.241 

NN: i n t e g r a l s  
/3 = - - 0 . 0 5 1  p - -  1 .82 eV 

E n e r g y  t 

3.470 0 
3.556 0.680 (x) 
4.271 0 
4.306 0 
4.703 0.948 (y) 
4.832 0 
4.946 0 
5.199 0 
5.207 1.468 (x) 
5.266 0 
5.939 0 
5.985 0 
5.997 0 
6.040 0 
6.3t9 0.940 (x) 

1.825 
3.019 
3.117 
3.144 

E x p t .  a 

3.34 (y) 
3.70 (x) 

4.55 (y) 

5.15 (:~) 

5.99 

6.32 

30* 
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Table 7. Azulene Transition Energies (eV) and Intensities 
D = 4.0 eV 

Singlets 

Triplets 

R inte 
fi = --0.40 

Energy 

t .921 
3.246 
4A34 
4.794 
5.326 
5.773 
6.322 
6.400 
6.650 
6.691 

1.539 
2.002 
2.339 
3.430 

rals 
- -  1.97 eV 

0.025 (ypol.) 
0.003 (x) 
0.094 (y) 
L706 (x) 
0.372 (y) 
0.049 (x) 
0.083 (y) 
0.456 (x) 
0.039 (x) 
0.785 (y) 

l~ef. [9]. b Ref. [23]. ~ l~ef. [32]. 

NhI integrals 
fl ~ --0.51 p - -  1.90 eV 

Energy ] 

1.9~8 0.022t (y) 
3.370 0.005 (x) 
4.221 0A17 (y) 
4.616 t.818 (x) 
5.499 0.443 (y) 
5.806 0.022 (x) 
6A47 0Al8 (y) 
6.439 0.402 (x) 
7.059 0.007 (x) 
6.791 0.782 (y) 

1.455 
t.763 
2.166 
3.245 

Expt. 

2A3~ (0.045)(y) 
3.50 b (0.08) (x) 

? (y)~ 
4.52 b (IA0) (x) 
5.24 b (0.38) (y) 

6.42 b (0.65) 

Table 8. Ionization Potentials 
I.P. (eV) 

Molecule R integrals N)[ integrals Expt. 

benzene . . . . . . . . . . . . . . . . .  
naphthalene . . . . . . . . . . . . .  
anthracene . . . . . . . . . . . . . .  
phenanthrene . . . . . . . . . . . .  
pyrene . . . . . . . . . . . . . . . . . .  
azulene . . . . . . . . . . . . . . . . .  

N 

8.098 
7.524 
8.051 
7.512 
7.450 

8.228 
7.645 
8A67 
7.668 
7.483 

Ref. [30]. b Ref. [29]. 

9.245 a 
8A2~ 
7.55 b 
8.03 b 
7.72 b 
7.72 b 

W i t h  few e x c e p t i o n s  (e.g. t h e  6 .5 i  eV n a p h t h a l e n e  t r ans i t i on )  t h e  a g r e e m e n t  

b e t w e e n  t h e  t h e o r y  and  e x p e r i m e n t  is qu i t e  good.  As e x p e c t e d  for MO calcula-  

t ions ,  t h e  ca l cu l a t ed  in tens i t i e s  a re  o f t en  too  large.  Of  p a r t i c u l a r  i n t e r e s t  is t h e  

good  fit  o b t a i n e d  for  t h e  azu lene  s p e c t r u m ,  a molecu le  for  wh ich  t h e  HUMMEL a n d  

RUEDENBEI~G ca lcu la t ions  were  i n a d e q u a t e  [11]. T h e  p r e d i c t e d  po l a r i za t i ons  o f  

t h e  p y r e n e  t r ans i t i ons  are  in  accord  w i t h  t h e  resu l t s  of  BEC~E~, SINGH, a n d  

JAc~:so~  [1]. The  ca l cu l a t ed  po l a r i z a t i on  o f  t h e  4.91 eV p h e n a n t h r e n e  b a n d  is in  

a g r e e m e n t  w i t h  t h e  resu l t s  of  f luorescence  p o l a r i z a t i o n  m e a s u r e m e n t s  [33]. 
T h e  i on i za t i on  p o t e n t i a l s  c a l cu l a t ed  f r o m  t h e  express ion  

I = - - s  1 -  [e I (benzene)  + 9.245] + [A 0 - -  A o (benzene)]  eV (8) 

where  s 1 refers  to  t h e  e n e r g y  of  t h e  h ighes t  occup ied  orbi ta l ,  a re  g i v e n  in  Tab .  8. 
T h e  las t  t e r m  in  (8) cor rec ts  for  t h e  d i f ferences  in  t h e  core co r re l a t ion  e n e r g y  

b e t w e e n  benzene  and  t h e  molecu le  in  ques t ion .  
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Resu l t s ,  b o n d  l e n g t h s  

T h e  b o n d  l e n g t h s  c o m p u t e d  f r o m  r =  L 5 t 7  - -  0 .180 p a re  c o m p a r e d  w i t h  

t h e  e x p e r i m e n t a l  v a l u e s  in  T a b .  9. T h e  n u m b e r i n g  s y s t e m s  are  s h o w n  i n  Fig .  2. 

T h e  d i f f icu l t i es  i n  t h e  X - r a y  d e t e r m i n a t i o n  o f  b o n d  l e n g t h s  a rc  d i s c u s s e d  b y  

CRWCKS~ANK a n d  S~AnKS [4] a n d  e r ro r s  o f  0.01 A are  m i n i m a l  i n  al l  b u t  t h e  

m o s t  f a v o r a b l e  c i r c u m s t a n c e s .  W e  w o u l d  h o p e  t h a t  t h e  co r r ec t  b o n d  l e n g t h  

Table 9. Bond Lengths (A) 

3{oleeule 

naphthalene  . . . . . . .  

anthracene . . . . . . . .  

phenanthrene  . . . . .  

azulene . . . . . . . . . . .  

pyrene . . . . . . . . . . .  

gel .  [4]. 

]]end 

t - 2  
2 - 3  
1 - 9  
9 - t0  

1 - 2  
2 - 3  
i - 1 7  
9 - 11 

1t - 12 

1 - 2  
2 3 
3 - 4  
4 -  12 

11 - 12 
I - 1 1  
9 - t0  

12 - 14 
t0  - 11 

1 - 2  
1 - 9  
9 - 10 
8 - 9  
7 - 8  
6 - 7  

1 - 2  
3 - 1 2  
4 - 1 2  
4 - 5  

15 - t 6  
12 - 16 

b P~ef. [28]. 

1% integrals 

t . 3 8 1  

1 . 4 t 4  

1.422 
1.415 

1.376 
1.421 
1.430 
1.406 
t .424 

1.387 
1.408 
1.387 
1.413 
t.410 
1.414 
1.368 
1.444 
1.438 

t.398 
1.407 
1.465 
1.408 
1.399 
1.401 

t .396 
t.406 
1.440 
1.365 
1.431 
1.418 

e Ref. [25]. 

N~ integrals 

1.381 
1.415 
1.422 
t . 4 t6  

1.376 
1.421 
t.430 
t .406 
1.425 

1.387 
1.408 
t.387 
1.413 
1.411 
1.414 
t.368 
1.443 
1.438 

1.399 
1.406 
1.466 
t.407 
1.399 
1.401 

1.396 
1.406 
1.439 
t.367 
1.429 
1.418 

a Ref. [3]. 

Exp[. 

1.364~ 
t .4 t5  
t .421 
1.418 

1.368~ 
1.419 
t .436 
t.399 
1.428 

t .381 b 
1.398 
1.383 
1.405 
1.404 
t.457 
1.372 
t .448 
1.390 

1.391 ~ 
1.413 
1.483 
1.383 
1.401 
1.385 

1.380 a 
1.420 
t .442 
1.320 
1.417 
t.417 

o r d e r i n g  is o b t a i n a b l e  f r o m  t h e  t h e o r y ,  a s i t u a t i o n  t h a t  h a s  n o t  a l w a y s  o b t a i n e d  

[27]. L i t t l e  d e p e n d e n c e  of  b o n d  l e n g t h  o n  t h e  class  of  i n t e g r a l s  (R  or  N M )  is 

o b s e r v e d ,  T h e  c a l c u l a t e d  b o n d  l e n g t h s  o b t a i n e d  he re  a re  v e r y  close t o  t h o s e  

c o m p u t e d  b y  D~WAR a n d  GLEXCg~R [5]. S e v e r a l  s t r i k i n g  d i s c r e p a n c i e s  a re  f o u n d  

i n  b o t h  s tud ie s .  T h e  1 0 -  I t  a n d  1 - -  i~  b o n d s  i n  p h e n a n t h r e n e  a n d  t h e  p y r e n e  

4 - -  5 b o n d  a r e  i n  s u b s t a n t i a l  d i s a g r e e m e n t  w i t h  e x p e r i m e n t .  
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The ca lcula ted  dipole m o m e n t  of azulene is 2.8 D, r a the r  larger  t h a n  prev ious ly  
ca lcula ted  [2, 23]. 

Y 5' / 8 9 l 

5 ~ 5 N r 

= X  

9 /0 

6 5 # 3 

9 t0 

5 
8 

g 
Fig. 2. Topology and numbering system 

Conclusions 
The expressions for the  compu ta t ion  of  fi f rom bond  order  (p) depend  upon  

the  two-center  repuls ion integrals  used. These re la t ions  are:  

I~ in tegrals  

fi = - -0 .40 p - -  2.17 eV 
fi = - -0 .40 p - -  i .97 eV 
fi = --0 .40 p - -  t .85 eV 
fi = --0 .40 p - -  1.83 eV 

NM integra ls  

- -0 .51 p - -  2.04 benzene 
- - 0 . 5 t  p -  t .90 naph tha lene  and  azulene 
- - 0 . 5 t  p - -  J .84 an thracene  and  phenan th rene  
--0.51 p - -  1.82 pyrene.  

W h e n  fi is compu ted  in this  manner ,  ne i ther  set of in tegra ls  is demons t r ab ly  
superior  to  the  o ther  (nearest  ne ighbor  y~, in tegra ls  are reduced  b y  1.2 eV in the  
R procedure) .  

The pa rame te r s  eva lua t ed  in  th is  work  lead to  resul ts  in good agreement  wi th  
the  exper imen ta l  bond  lengths  and  t r ans i t ion  energies and  should provide  a sound 
basis for the  extens ion to  he te roa tomie  systems.  
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