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Singlet energy levels of benzene molecule were calculated using the complete CI method 
in n-electron approximation for two sets of semiempirical parameters. The inclusion of triply-, 
tetra-, and hexa-excited configurations has practically no effect on the values of singlet energy 
levels as far as parametrizations which are common in semiempirical procedures are employed. 
On the other hand, using parameters which are very similar to those obtained with theoretically 
calculated molecular integrals, appreciable changes in the energy spectrum are observed. 

Die Singulettenergieniveaus des Benzol-Molekfils wurden mittels der vollstiindigen CI- 
Methode im Rahmen der z-Elektronenngherung fiir zwei Gruppen yon halbempirischen Para- 
metern bereehnet. Der Einschlul~ yon drei-, vier- und seehsfach angeregten Zusti~nden hat 
praktisch keinen Einflul] auf die Singulettenergieniveaus, wenn die Parameterwerte den halb- 
empirischen Verfahrea entnommen sind. Demgegenfiber kommt bet Benutzung yon Para- 
meterwerten, die weitgehend theoretisch berechneten Molekfilintegralen entsprechen, eine 
betr~chtliche _&nderung des Energiespektrums zustande. 

Les 6nergies des 6tats singulets duns la mol6cule de benz~ne ont 6t6 calcul6es par la m6thode 
des interactions de configuration complete dans l'approximation a-61ectronique pour deux 
s6ries de param~tres semiempiriques. La consid6ration des configurations tri-, tetra-, et hexa- 
excit6es n'excerce pratiquement aucune influence sur los 6nergies des 6tats singulets si l'on 
emploie los m6mes param~tres que dans los proc6d6s semiempiriques. Si on emploie, par 
contre, des param~tres tr~s similaires & ceux qui r6sultent des int6grales mo16culaires calcul6es 
th6oriquement, on constate des changements sensibles dans le spectre d'6nergie. 

Introduction 

I n  a recen t ly  pub l i shed  paper  [3] the  semiempir ica l  C[ t r e a t m e n t  of benzene 
molecule  in the  ~-e lec t ron  a p p r o x i m a t i o n  considering mono-,  doubly- ,  and  t r ip ly-  
exc i ted  configurat ions was presented.  I t  was shown t h a t  inclusion of higher  exc i ted  
configurat ions changes s ignif icant ly  the  charac te r  of  the  singlet  s ta tes  energy 
s p e c t r u m  and  t h a t  these  changes are dependen t  on the  pa rame t r i za t i on  used.  
Therefore ,  i t  was in teres t ing  to  s t u d y  the  influence of fur ther  extension of CI up  
to  the  comple te  CI (in t e rms  of ~-e lee t ron approx ima t ion )  on the  corre la t ion 
energy,  exc i ta t ion  energies and,  pa r t i cu la r ly ,  on the  sequence of lower ly ing  singlet  
exc i ted  s tates .  

N o t  only  the  semiempir iea l  methods ,  bu t  also so called theore t ica l  me thods  
using the  ~-e lec t ron a p p r o x i m a t i o n  cannot  be considered as "ab initio" calcula- 
t ions.  Therefore,  i t  ;s no t  possible to  make  the  "a priori" general  s t a t emen t  t h a t  
en la rgment  of the  ex ten t  of CI will give be t t e r  resul ts  in respec t  to the  experi-  
m e n t a l  values  of  exc i ta t ion  energies wi thou t  the  de ta i l ed  s t u d y  of the  effect of the  
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pa r ame t r i z a t i on  used. This is the  reason why  we s t u d y  in this  paper  the  qua l i t a t ive  
changes in the  energy spec t rum with  the  extens ion  of the  CI r a the r  than  compar ing  
our resul ts  with t he  expe r imen ta l  da ta .  

The Method 

The carbon-carbon  in te rnuc lear  d is tance  was assumed to be J .39 A. Two sets 
of  pa rame te r s  were used in our calculat ions (compare  Tab.  1). The first set  was 

PP II e 

M~ 
Tg 

2.805 
2.388 
2.734 

~oo b 

10.530 
10.840 
t7.618 

Resonance integral. 

Table I. Parameters used (in eV) 

?01 b Y02 b y0a b Kol ~ 

7.300 5.460 4.900 1.245 
5.298 3.855 3.505 1.463 
8.924 5.574 4.876 2.682 

~02  c 

0.445 
0.865 
L333 

K o  3 c 

0.325 
0.741 
1.007 

A~ 

0.53 
1.45 
2.31 

b y , ,  = y; r ; )  [a~ (I)] 2 [av (2)] 2 dV 1 dV2, where a~ (i) is a localized orbital at the /~-th 
carbon atom. 

K0j are defined as in [2], eq. (35). 
a A is defined as in [1], eq. (3). 
e Parameters chosen according to [2], fl adapted according to eq. (t) of this p~per. 

Parameters chosen according to [4]. 
Parameters chosen according to [7], adapted in a way mentioned in the paper [1]. 

essent ia l ly  due to  PAms~I~ and  PARR [6] except  for the  va lue  of  the  resonance  
in tegra l  fl, which was e s t ima ted  f rom the  re la t ionship :  

fib . . . . . .  S (1.39) 
~o,~y,oo~ - s (1.34) ' (1) 

where S (r) is the overlap integral of 2pz-atomic orbitals in 7~-orientation located 
at a distance r ~ with effective nuclear charge 3.02. 

The value of the resonance integral for ethylene molecule (fi ethylene = --3.02 
eV) was obtained by adjusting the theoretical value of excitation energy calculated 
with electron repulsion integrals according to Ref. [6], to the value of the experi- 

? 
Fig. 1. Benzene moleeuIe as formed 

from three ethylene molecules 

menta l  exc i ta t ion  energy of  the  longest  wave length  
t r ans i t ion  in the  absorp t ion  spec t rum of  e thylene  
(7.6 eV). The increase in the  resonance in tegra l  
compared  wi th  the  or iginal  value  used b y  PA~ISna 
and  PARR necessi ta tes  a decrease of the  q u a n t i t y  A 
which is defined in the  paper  [3]. The value  of  A - -  
de te rmin ing  the  charac te r  of the  benzene energy 
spec t rum - -  ob ta ined  above  is less t h a n  the  value  of  
A according to  A ~ o  and  S i D e  [1]. 

On the  o ther  hand,  the  second set of pa rame-  
ters  used corresponding to the  usual  pa rame t r i za -  

t ion due to  MATAGi and  NISHI~OTO [4] is charac ter ized  b y  the  large value  of  A. 
Therefore,  wi th  the  two sets of  pa rame te r s  used we can expect  to  ob ta in  the  l im- 
i t ing eases as regards  the  changes of  the  charac te r  of  the  energy spec t rum due to  
the  extens ion of  CI. 

The  s ta tes  corresponding to  the  i r reducible  represen ta t ions  Alg, B2u and  B~u 
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of the symmetry group D6h were also calculated using the theoretical parameters 
determined by the procedure described in the paper [3]. 

For one-electron functions from which the Slatcr determinants were con- 
structed we took the molecular orbitals of the carbon skeleton of three ethylene 
molecules from which the benzene molecule may be formed as shown in Fig. 1 
(ef. Ref. [2]). This procedure enables us to simultaneous calculation of other 
molecules which contain six conjugated carbon atoms. Therefore, the molecular 
orbitals, corresponding to "ethylene" a (a = i, 2, 3), are 

a 1 a 
u~ = ~  (x0 + ( - l ) ~  z~); (~ = 0,3) . (2) 

The Slater determinants constructed from these orbitals are then given by the 
expression: 

1 6 
l q, m , p ,  ~}  = V ~ p  (--~l)PP~.u~i (k)~]~,~ (k) , (3) 

,~1 
where permutation P permutes coordinates k. Further, the following notation 
W a S  u s e d  : 

q ~ (ql, q2, qa), where q~ is the number of functions uz~, 
m ~ (m,, me, m3), where m~ is the number of functions u~, 
P ~ (Pl, P2, P3), where p~ is the number of functions u~ cr 

~]~ is a spin function (~1 = ~, ~% ~ t3) and ~ distinguishes Siater determinants 
having the same values of q, m and p. 

The singlet states were constructed from Slater determinants given by (3) 
having zero eigenvalue of the operator Sz. The rules for the calculation of matrix 
elements using the approximation of zero differential overlap and GonP~E~T- 
MAYER and SKLAP~ potential are presented in the Appendix. 

Along the actual calculations only a subgroup of the symmetry group of the 
model was used, namely the symmetry group Car and certain part of the calcula- 
tions were repeatead using the symmetry group Csv. 

Matrix diagonalization of the CI-matrices was carried out in the Computing 
Laboratory of Oxford University unless the order of the matrix was less than 70. 
The matrices of lower orders were diagonalized in the Computing Center of 
"Kaneels stroje". 

The Results 
The energies of states obtained from the CI including mono-, doubly-, etc. up 

to the hexa-excited configurations are given in Tab. 2. Classification of con- 
figurations was accomplished on the basis of SCF molecular orbitals of benzene. 

Tabl, 2. Energies o/benzene excited states and ground state energy depression (in eV) 

Na 

Aid 
B2u 
E,u 
B,u 
E2a 

�9 Confi 

PP IIb 

I 2 3 6 I ', 2 

0 -0.50 -0.5  -0.52 0 
5.73 4.84 4.70 4.69 4.90 2.85 
7.78 7.25 6.97 6.96 6.96 6.03 
6.04 5.87 5.8t 5.80 6.14 5.69 

t0.14 8.00 7.78 7.78 8.48 5.44 
uration interaction including up to N-times excited states. 

b Cf. Tab. 1. 

M b 

3 

-1.33 
2.40 
5.59 
5.33 
4.69 

- i . 4 2  

2.25 
5.56 
5.32 
4.51 
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The origin of  the  energy scale was chosen for each set of  pa rame te r s  to  coincide 
wi th  the  g round  s ta te  energy (Alg) ca lcu la ted  wi th  a one -de te rminan t  funct ion  
cons t ruc ted  on the  basis of  SCF molecular  orbi ta ls .  The  exc i ta t ion  energies are 
given in Tab.  3. 

Table 3. Excitation energies o/benzene molecule (in eV) 

N a l 

Alg 0 
B2~ 5.73 
E ~  7.78 
B1, 6.04 
Eeg t0A4 

Cf. Tab. 2. 
Cf. Tab. 1. 

2 

0 
5.34 
7.75 
6.37 
8.50 

PP I1 b 

3 

0 
5.21[ 
7.47 
6.31 
8.29 

0 
5.21 
7.48 
6.32 
8.30 

0 
4.90 
6.96 
6A4 
8.48 

0 
4A6 
7.34 
7.00 
6.75 

~b 

3 

0 
3.73 
6.92 
6.66 
6.02 

0 
3.68 
6.98 
6.75 
5.93 

The energy  spec t ra  are  compared  for different  wid th  of  CI in Figs.  2 and  3. 
The corre la t ion  energy of  the  g round  s ta te ,  using the  theore t ica l  pa r a me te r s  of T, 

eV \ \ eV 
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\ 

\ 

/Y /7 T / /  -2 H /7 T / /  

Fig. 2 Fig. 3 

l~ig. 2. The graphical representation of the effect of the extent of CI on the energy levels. Parameters designated 
by PP I I  were used. M: CI with mono-excited configurations, D: CI with roche- and doubly-excited configurations, 

T: CI with mono-, doubly-, and triply-excited configurations, H: complete CI 

Fig. 3. The graphical representation of the effect of the extent of CI on the energy levels. Parameters designated 
by lg were used 

was - 3 . 2 6 1  eV and  the  energies of  the  lowest  ly ing B2u and  Blu  s ta tes  were 
0.256 eV and  5.744 eV, respect ively .  

D i s c u s s i o n  

The sequence of  levels in the  energy spec t rum ca lcu la ted  wi th  all configurat ions 
inc luded  is the  same as in the  case when on ly  mono-,  doubly-  ~nd t r i p ly -exc i t ed  
configurat ions were considered.  Fu r the r ,  the  energy differences which follow from 
the  comple te  CI t r e a t m e n t  are nea r ly  t he  same as those  ca lcu la ted  wi th  mono- and  

~Zz 

m ~ g  

m A ~  
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doubly-excited configurations only for both sets of parameters P II  and 3s in 
contrast to the situation when values of the energy differences calculated with 
mono-excited states only and corresponding values calculated with both mono- 
and doubly-excited configurations are compared. 

The effect of higher excited configurations is more significant the larger para- 
meter A. One can say that  for the values of A encountered with semiempirical 
methods the effect of higher than triply-excited configurations is negligible. 
However, for the set of parameters denoted T the value of A is so large that  the 
effect of higher excited configurations is not negligible: The ground state A~g 
depression with doubly-excited configurations amounts to --2.84 eV whereas the 
complete CI gives correlation energy -3 .26  eV. The energy of the lowest lying 
B2u state decreases by 0.39 eV and the energy of the lowest lying Blu state by 
0.0~ eV in going from the CI with triply-excited states only to the complete CI. 
The results for the set denoted T with complete CI are in a good qualitative 
agreement with the theoretical calculations by ~[OSKOSVITZ and BAtglgETT [6]. The 
authors just mentioned obtained for the ground state A~g depression with doubly- 
excited states the value -2 .72  eV and for the correlation energy the value 
--3.08 eV. 

The results presented allow us to draw the conclusion that  for parametrization s 
used in semiempirical methods higher than doubly- or eventually triply-excited 
configurations are not essential. 

The parameter A was shown to be determining the sequence of the lowest 
lying energy states of symmetry species Blu and E2~ when considering the doubly 
excited configurations. 

At first sight it might seem strange why the value of A is able to describe the 
character of the energy spectrum in general. The apparent explanation is that  
linear combinations of integrals, which determine the value of matrix elements of 
the hamiltonian in the basis of configurations, have larger values the faster para- 
meters y decrease with increasing internuclear separation. In the case of benzene 
molecule are the linear combinations of integrals mentioned above denoted as Koj. 
The value of A depends on K0} in such a way, that  the faster y decreases with r, 
the larger is the value of A. Therefore, the large value of A indicates in general a 
strong interaction with higher excited configurations. 

Appendix 
Supposing the validity of GOE~PE~T-MA~ and S K L~  potential, e.g. in our 

notation: 
1 8 

~=0  o = 1  

and of zero differential overlap approximation the following formulas are obtained 
for matrix elements of the hamiltonian H:  

a) Diagonal elements : 

<q, m, p, ~ [ H I q, m, p, ~> - <qo, m0, Po 1 H [ qo, m0, Po} (A 2) 
3 8 

= - - 2 P I ~ I - - M B n + � 8 9  ~ )2 (q~--2)(qQ--2)B< o , 
o'=1 ~ = 1  
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where 
3 8 

P = ~  ui, M = ~ ,  [pi(p~- ~)+(ql-p~)(q~-p~-l)] (A3)  
~ = 1  4 = 1  

and 
q 0 =  (2, 2, 2), m0------ (0, 0, 0) ,p0=~ (l, l ,  t) . (A 4) 

b) Mat r ix  e lements  be tween  funct ions :  

[ ql ,  m ,  p ,  ~ )  = [ u~ ~1,  u ~  %~ . . . . . .  [ (A 5) 

which differ in one spin  o rb i t a l :  

3 

Q = I  

e) Mat r ix  e lements  be tween funct ions :  

(~ zc 3 ] ql,  m l ,  .Pl, ~1) = ] u-~ ~]Vl, u~ ~]v~, u~a ~8 . ' '  I (A 7) 

which differ in two spin orbitals: 

The above  used symbols  are defined as follows: 
1 1 

t ~, v ~ 0  /z, v = 0  
1 

/-~, v=O 

~_ ii .. = i i  

,u, v=O /z, v ~ O  
1 

/ 4  v=O 
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