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A study is reported of the effect of the choice of parameters on the character of the spec- 
trum of benzene calculated in the ~-electron approximation by the configuration interaction 
method including double- and triple-excited configurations. Only the integrals which are not 
neglected in the usual versions of the PA~ISER, PA~,  and POPLE method have been taken into 
account. It  is confirmed that the order of levels in the spectrum, in particular for the lowest 
E,~g and BI~ levels, depends markedly on the choice of parameters. We find that a simple 
expression permits an a priori prediction, from the parameter set used, of the order of the 
lowest E~g and BI~ energy levels resulting from configuration interaction including higher 
excited configurations. The effect of the inclusion of triple-excited configurations can be 
neglected only in the case of the ground state (cf. [16]). However, it does not change the 
over-all character of the spectrum. 

Es wird der Einflul~ der versehiedenen Wahl der Parameter auf den Charakter des Benzol- 
Spektrums in der g-Elektronenn~herung unter EinschluB zwei- und dreifach angeregter 
Konfigurationen studier~. Es werden nut diejenigen Integrale beriicksichtigt, die aueh in den 
iiblichen Versionen der Methode yon PA~ISE~, P ~ R  und POPLE nieht vernachlgssigt werden. 
ES wird bestiitigt, dab die Reihenfolge der Niveaus, speziell der tiefsten E2g- und Bl~-Terme, 
stark yon der Wahl der Parameter abh~ngt. Ein einfacher Ausdruck wird angegeben, der, 
ausgehend vom verwendeten Parametersa~z, die a priori .Voraussage der Reihenfolge der 
niedrigsten E2g- und Bl~-Niveaus ermSglicht, unter Beriicksichtigung hSher angeregter 
Konfigurationen. Der Eirdtul] der dreifaeh angeregten Konfigurationen ist nur ftir den Grund- 
zustand vernachtKssigbar (s. [16]); er ~ndert jedoeh nicht den qualitativen Charakter des 
Spektrums. 

Dans le present travail est ~tudi~e l'influenee du ehoix des param~tres sur le caract~re du 
spectre du benz~ne dans les calculs utilisant l'approximation ~-61ectronique et la m6thode 
des interactions de configuration avee les configurations diexcit~es et triexcit6es. Seulemen~ 
de telles intdgrales sont consid6r~es qui ne sont pas n~glig~es dans les versions habituelles de 
la m~thode de PA~ISnR, P ~  et POPLn. I1 est confirm6 que l'ordre des niveaux 6nerg~tiques 
dans un spectre, en partieulier entre les E2g et B~, les plus bas, d6pend essentiellement du 
choix des param~tres. Une expression simple est trouv~e qui permet de pr~voir, 6rant donn6 le 
jeu de param~tres, l'ordre de ces deux niveaux tout en consid~rant les configurations polyexei- 
tdes. Les configurations triexcit~es sont n6gligeables au cas de l'dtat fondamental seulement [16], 
mais e]les ne transforment pas le caract~re qualitatif du spectre. 
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The success of  the semiempirical method  of  FARISEI~ and P i a a  makes it 
desirable to discuss the approximations involved. One of  the mos t  impor tan t  
approximations is the restriction of  configuration interaction to monoexci ted 
states. I n  our opinion, the neglect of  higher excited configurations cannot  be justi- 
fled by  referring to the unrealistically high energy of  these configurations. I t  
seems to us tha t  such an argumenta t ion overestimates the physical meaning of  
monoexcited configurations. For  this reason, we have studied the effect of  incln- 
sion of  all double- and triple-excited configurations on the relative position of  the 
resulting energy levels of  benzene. This appears interesting in view of the nncer- 
rain assignment of the second absorption band  of benzene, the experimental  da ta  
available being insufficient ~o determine whether the band is due to a B l u  +- A lg  
or a E2g <-  Ala transit ion [1, 5, 6]. 

The aim of  this paper Js to examine the effect of the choice of  semiempirical 
parameters upon the order of  energy levels ff higher excited configurations are 
included. This problem has been dealt with in the paper of  BLOOR, LE~ and  

Table 1. Values o/Integrals (eV) and Derived Quantities 

PP~ 

_fib 2.390 
7~0 t0.530 
7~ 7.300 
7~ 5.460 
~,~ 4.900 
Kd 1 1.245 
Kod ~ 0.445 
K~3 0.325 
A e 0.69 

a) Parameters chosen 

p~ 

2.371 
i0.959 

6.895 
5.682 
4.978 
1.i99 
0.560 
0.592 
1.03 

AS~ 

2.722 

1.348 
0.498 
0.365 
0.64 

BLG~ 

2.300 

1.800 
1.000 

0.800 
t .92 

M~ 

2.388 
10.840 

5.298 
3.855 
3.505 
1.463 
0.865 
0.741 
1.45 

T~ 

2.734 
17.618 

8.924 
5.574 
4.876 
2.682 
t .333 
t.007 
2.31 

GAI~TSIDE [3]. These authors pointed out  tha t  the choice of  parameters  has con- 
siderable influence upon the character of  the spectra. However,  the values of 
parameters  chosen did not  correspond to those usually adopted  in the semiempiri- 
eal methods,  and also the extent  of configuration interaction was considerably 
limited (see below). The other papers work with one set of  parameters  only [2, 4, 
11, 13]. 

Further ,  it seems interesting to investigate the possibilities of an a priori  estimate 
of  the order of  these energy levels wi thout  t ime-consuming numerical calculation. 

We used the sets of  parameters  presented in Tab. 1. These sets have been 
used in semiempirical calculations previously [2, 8, 12, 15] with the exception of 
the BLG [3] and theoretical ones [7, 9, 13]. The theoretical set has been included 

according to [15] - (PP), [12] - (P), [2] - (AS), [3] - (BLG), 
[8] - (1Vi) and [13] - (T), obtained [9] by transformation into integrals over orthonormal 
orbitals [7], the other parameters being neglected). 

b) Resonance integral. 
e) ~ = fS r 9  [ ~  ( t ) ]  2 [a~ (2)] 2 dr1 dV2,  

where a~ (i) is a localized orbital at the #th carbon atom. 
d) Koj are defined as in [14], eq. 35. 
e) .4 is defined by eq. (3) cf. eqs. (4), (5). 
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i n  ou r  c a l c u l a t i o n s  i n  o r d e r  t o  m a k e  poss ib le  a c o m p a r i s o n  w i t h  t h e o r e t i c a l  me-  

t h o d s .  

T~ble 2. Energies of Excited States and Ground State Depressions (eV) 

N~ PP~ pb AS b BLG~ Mb I T~ 
/ 

f Symmetry 

Aig 

B~u 

E1 u 

Biu 

E2g 

E2g 

0.00 
-0 .57 
-0 .58  

4.90 
3.90 
3.75 

6.95 
6.34 
6.04 

5.20 
5.01 
4.94 

8.89 
6.59 
6.31 

8.t8 
7.76 
7.55 

0.00 
-0 .77 
-0 .78  

4.7~[ 
3.50 
3.27 

6.55 
5.94 
5.65 

5.96 
5.65 
5.43 

8.36 
6.09 
5.62 

8.20 
7.77 
7.51 

0.00 
-0 .60  
-0.61 

5.58 
4.50 
4.34 

7.77 
7.14 
6.83 

5.93 
5.73 
5.65 

10.00 
7.56 
7.31 

9.29 
8.86 
8.82 

0.00 
-1.81 
- t . 8 5  

4.80 

0.00 
- t . 3 1  
-1 .33 

4.90 
2.08 2.85 
1.43 2.40 

7.40 6.96 
6.07 6.03 
5.54 5.59 

5.99 6.14 
5.44 5.69 
5.01 5.33 

8.70 8.48 
4.63 5.44 
3.59 4.69 

9.10 9.02 
8.30 8.42 
7.59 7.89 

a) Confi urat ion interaction including up ~o N4imes  excited states .  
b) cf. Tab. 1. 

0.00 
-2 .84  
-2 .92  

5.79 
1.70 
0.65 

9.83 
7.62 
6.75 

7.04 
6.32 
5.75 

11.23 
4.79 
3.19 

11 A9 
9.93 
8.87 

eV P 
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Fig. 1. The graphical rel)resentation of the effect 
of extent of CI on energetical levels. Parameters 
after [15]. M-up to mono-excited, B-up to 
double-excited T- uI) to triple-excited configu- 

rations, respectively 
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Fig. 2. The gral)hieal representation of the effect 
of extent of CI on energetical levels. Parameters 

after [12] 

T a b .  2 shows  t h e  energ ies  of  t h e  l owes t  e x c i t e d  s t a t e s  b e l o n g i n g  t o  each  o f  t h e  

r e p r e s e n t a t i o n s  B~u, Biu ,  Eiu  a n d  t w o  l o w e s t  e x c i t e d  s t a t e s  o f  t h e  r e p r e s e n t a t i o n  

N o  a t t e m p t  was  m a d e  t o  f ind  a se t  of  p a r a m e t e r s  w h i c h  w o u l d  g ive  n m a e r i c a l  

a g r e e m e n t  w i t h  e x p e r i m e n t .  W e  do n o t  cons ide r  t h i s  e s s e n t i a l  a t  p r e s e n t .  
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E~ .  Ground state depressions are given, too. Fig. 1 - 6  show the changes in 
energy levels arising on gradual inclusion of the higher excited configurations. 
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Fig. 3. The graphical  ret)resentation of  the effect 
of extent  of  C I  on energetical levels. Para-  

meters  af ter  [2] 
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Fig. 4. The graphical representation of the 
effec~ of  extent  of  C I  on energetical levels. 

Parameters  after [3] 

Tab. 3 demonstrates the effect of extension of configuration interaction with 
double-excited states on the position of the energy level of the state 

cj, z~ (b) (b) xi,  k �9 
j ,  t~, I. 

m , b  

The notation used is that of  MURm~LL and ~ c E w E ~  [11] .  ~ 
follows : 

eV 
10 

8 

8 

0 

1 
~I~= ~ (~ - ~) �9 (2) 
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Fig. 5. The graphical  representat ion of  the effect of  
extent  of  C f  on energeHcal levels. Parameters  

after [8] 

(1) 

is defined as 
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Fig. 6. The gr~phic~1 reloresentation of the 
effee~ of extent of CI on energetical levels. 

Parameters after [7, 9, 13] 
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Tab. 3 makes it clear tha t  the interaction between T~2g and the configuration 

22 provides a major contribution to the lowering of the energy of the 1 Xll (P~2g 
function. 

�9 Accordingly, a convenient measure of the depression of the energy of the 1 ~PE2a 
state obtained on including the double-excited configurations is provided by the 
parameter  

B 
A = ~ - .  (3) 

The term 
B = 4 K021 

[ -  ~ + K02-- K03] (4) 

is the perturbation approximation to the depression of the ~2~ function due 

to interaction with the x~ configuration. The term 

C --- - fi § 2 K01 - 4 K03 (5) 

is the difference between the energy of the ~2~ function and that  of the linear 

combination of configurations 

~1~ = V~ (x-1 + xY~) (6) 

which belongs to the B~u representation. 
~B~ is in weak interaction with x]. There are no other monoexcited confi- 

gurations belonging to the B~u representation. The energy of the 1 ~ ,  function 

is thus a good approximation to the lowest energy of a B~u type function resulting 
from interaction with monoexeited configurations only. fi is the resonance integral 
and K0j is defined in [14]. 

Since the interaction is strong the perturbation calculation overestimates the 
depression. I t  is possible that  in this case, to a certain extent, this makes up for 
the neglect of the depression produced by  interaction with other configurations. 
Changes in the position of the lowest Blu level brought about by  CI are consider- 
ably smaller than those in the position of the lowest E~g level. According to our 

Table 3. E#eet o] the Extent o] Con/iguration Interaction on the Depression o] the Energy o] qJ~2a 

CI wi~h pp~ pb AS b BLG~ M~ T b 

~2 0.66 0.66 0.66 0.63 0.63 0.63 Xli 

Xll, 0.81 0.79 0.81 0.75 0.76 0.75 

all double-excited states 1 l 1 1 1 1 

a) Relative to the depression resulting from interaction with all double-excited states. 
b) cf. Tab. 1. 

results, the lowest E~a state lies below the Blu if A is large, while the reverse is 
true ff A is small. The critical value of A is about one (cf. Tab. i). A thus seems 
to provide a suitable criterion for energy depression of the ~2g wave function 

even though depression due to interaction with other configurations than x~ is 
quite important,  of course. 
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22 BLoon, LEE ~nd GAlaTSIDE [3] consider only CI of F~2~ with X]l as can be 

seen on analysis of their numerical values. 
In his calculations on benzene, DO~AT~ [4] took into account all single- and 

double-excited configurations. He used the same values of  y as PARISE~ and 
P A ~  [15] and took ~ equal to --2.48 eV. The character of the spectrum calculat- 
ed by him is in agreement with the value A = 0.65 resulting from his parameters. 

It was impossible to include data of ref. [10] in the comparison with theore- 
tical methods, as the requisite values of integrals were not given in this reference. 
Moreover, there are no calculations on the E~g state. 

It is worth noting that the procedure labelled as T, N = 2, in Tab. 2 yields 
results which differ only slightly from those given in ref. [13]. 

Additional data on matrix elements, energy levels and the corresponding wave 
functions will be published in Collection Czech. Chem. Commun. 

The conclusions are given in the summary above. 

We are obliged to Mr. J. FIgEn and Mr. J. VOZTiK for their help in the calculations. 
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