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Singlet energy levels of benzene molecule were calculated using the complete CI method
in z-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-Molekiils wurden mittels der vollstindigen CI-
Methode im Rahmen der z-Elektronennéherung fiir zwei Gruppen von halbempirischen Para-
metern berechnet. Der Einschlul von drei-, vier- und sechsfach angeregten Zustinden hat
praktisch keinen EinfluB auf die Singulettenergieniveaus, wenn die Parameterwerte den halb-
empirischen Verfahren entnommen sind. Demgegeniiber kommt bei Benutzung von Para-
meterwerten, die weitgehend theoretisch berechneten Molekillintegralen entsprechen, eine
betrichtliche Anderung des Energiespektrums zustande.

Les énergies des états singulets dans la molécule de benzéne ont été calculées par la méthode
des interactions de configuration compléte dans P'approximation m-électronique pour deux
séries de parameétres semiempiriques. La considération des configurations tri-, tetra-, et hexa-
excitées n’excerce pratiquement aucune influence sur les énergies des états singulets si 'on
emploie les mémes paramétres que dans les procédés semiempiriques. Si on emploie, par
contre, des parameétres trés similaires 4 ceux qui résultent des intégrales moléculaires calculées
théoriquement, on constate des changements sensibles dans le spectre d’énergie.

Introduction

In a recently published paper [3] the semiempirical CI treatment of benzene
molecule in the 7z-electron approximation considering mono-, doubly-, and triply-
excited configurations was presented. It was shown that inclusion of higher excited
configurations changes significantly the character of the singlet states energy
spectrum. and. that these changes are dependent on the parametrization used.
Therefore, it was interesting to study the influence of further extension of CI up
to the complete CI (in terms of z-electron approximation) on the correlation
energy, excitation energies and, particularly, on the sequence of lower lying singlet
excited states.

Not only the semiempirical methods, but also sc called theoretical methods
using the m-electron approximation cannot be considered as “ad initio” calcula-
tions. Therefore, it is not possible to make the “a priori” general statement that
enlargment of the extent of CI will give better results in respect to the experi-
mental values of excitation energies without the detailed study of the effect of the
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parametrization used. This is the reason why we study in this paper the qualitative
changes in the energy spectrum with the extension of the CI rather than comparing
our results with the experimental data.

The Method

The carbon-carbon internuclear distance was assumed to be 1.39 A. Two sets
of parameters were used in our calculations (compare Tab. 1). The first set was

Table 1. Parameters used (in €V )

-pe Yoo Yor® Voo Vos® Ko© Koy© ‘ Koy© ’ 44

PP I1e 2.805 | 10.530 | 7.300 | 5.460 | 4.900 | 1.245 | 0.445 | 0.325 0.53
M: 2.388 | 10.840 | 5.298 | 3.855 | 3.505 | 1.463 | 0.865 | 0.741 1.45
Te 2.734 | 17.618 | 8924 | 5574 | 4.876 | 2.682 | 1.333 | 1.007 2.31

» Resonance integral.
by = [§ 1t [aw ()12 [av (2)]2 dV, dV,, where au (i) is a localized orbital at the u-th

carbon atom.
¢ Ko; are defined as in [2], eq. (35).
4 A is defined as in [I], eq. (3).
¢ Parameters chosen according to [2], # adapted according to eq. (1) of this paper.
f Parameters chosen according to [4].
£ Parameters chosen according to [7], adapted in a way mentioned in the paper [1].

essentially due to ParisER and Parr [6] except for the value of the resonance
integral B, which was estimated from the relationship:

ﬁbenzene . 8(139) 1
‘Bethylene - S(134) ’ ( )

where S (r) is the overlap integral of 2p,-atomic orbitals in m-orientation located
at a distance r A with effective nuclear charge 3.02.

The value of the resonance integral for ethylene molecule (3 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-

; , mental excitation energy of the longest wavelength
% ¢ transition in the absorption spectrum of ethylene
(7.6 eV). The increase in the resonance integral
compared with the original value used by PARIsER
X7 X 0; and PARR necessitates a decrease of the quantity 4
which is defined in the paper [3]. The value of 4 —
determining the character of the benzene energy
3 R spectrum — obtained above is less than the value of

4 X A according to Axxo and Sapo [7].
Fig. 1. Benzene molecule as formed On the other hand, the second set of parame-

from three ethylene molecules . .
ters used corresponding to the usual parametriza-
tion due to MaTAGA and NisHimoTo [4] is characterized by the large value of 4.
Therefore, with the two sets of parameters used we can expect to obtain the lim-
iting cases as regards the changes of the character of the energy spectrum due to
the extension of CI.
The states corresponding to the irreducible representations 4,4, Bay and By,
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of the symmetry group D were also calculated using the theoretical parameters
determined by the procedure described in the paper [3].

For one-electron functions from which the Slater 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
(cf. 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” ¢ (0 =1, 2, 3), are

uU

. 2%(x‘5+ (— 1) 42)s (= 0,1) . )

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

1 6
§q>m:P:§>=ﬁ;(—1)PPk[IluZ’,§ (k) 705, (F) (3)
where permutation P permutes coordinates k. Further, the following notation

was used:

= (¢1, ¢o: ¢3), Where gz is the number of functions uf,,

m=: (my, my, M), where my, is the number of functions «¥,

P = (P1, P2, P3), Where py is the number of functions u¥, x;

My, 18 & spin function (1, = «, 0y = ) and & distinguishes Slater determinants
having the same values of g, m and p.

The singlet states were constructed from Slater determinants given by (3)
having zero eigenvalue of the operator §,. The rules for the calculation of matrix
elements using the approximation of zero differential overlap and GoEppERT-
MAyYER and SKLAR 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 C,, and certain part of the calcula-
tions were repeatead using the symmetry group Csy.

Matrix diagonalization of the CIl-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
“Kancelarské 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.

Table 2. Energies of benzene excited states and ground state energy depression (in eV )

PP IIv Me
T T 1 2 | o3 | e
[ [ l
Ay , 0 | -050 | —051 | -052 | 0 | s 133 | 142
Bou 5.73 4.84 ( 4.70 469 | 4.90 2.85 2.40 92.25
B | 778 7.25 6.97 \ 696 | 6.96 6.03 |  5.59 5.56
B | 604 | 587 581 | 580 | 6.14 569 | 533 5.32
By \10.14 © o800 | 778 | s \ 8.48 544 | 4.69 4.5

a Configuration interaction including up to N-times excited states.
» Cf. Tab. 1.
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The origin of the energy scale was chosen for each set of parameters to coincide
with the ground state energy (4,,) calculated with a one-determinant function
constructed on the basis of SCF molecular orbitals. The excitation energies are
given in Tab. 3.

Table 3. Excitation energies of benzene molecule (in eV )

PP I M»
Ne 1 | e 3 6 1 | 2 | s 6
Az, 0 0 0 0 0 0 0 0
Bu | 573 | 534 | 520 | 52 490 | 416 | 373 | 3.68
Buw | 778 | 775 | 747 | 748 | 696 | 7.34 | 692 | 698
Bw | 604 | 637 | 631 | 632 | 614 | 700 | 666 | 675
B:, 1044 | 850 | 829 | 830 | 848 | 675 | 602 | 593
* Cf. Tab. 2.
> Cf. Tab. 1.

The energy spectra are compared for different width of CI in Figs. 2 and 3.
The correlation energy of the ground state, using the theoretical parameters of T,

. PP 70 "
\\ eV
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Fig. 2. The graphical representation of the effect of the extent of CI on the energy levels. Parameters designated
by PP II were used. M : CI with mono-excited configurations, D: CI with mono- and doubly-excited configurations,
T': CI with mono-, doubly-, and triply-excited configurations, H: complete CL

Fig. 8. The graphical representation of the effect of the extent of CI on the energy levels. Parameters designated
by M were used

was —3.261 eV and the energies of the lowest lying By, and By, states were
0.256 eV and 5.744 eV, respectively.

Discussion

The sequence of levels in the energy spectrum caleulated with all configurations
included is the same as in the case when only mono-, doubly- and triply-excited
configurations were considered. Further, the energy differences which follow from
the complete CI treatment are nearly the same as those calculated with mono- and
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doubly-excited configurations only for both sets of parameters P II and M, 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 4 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 4 is so large that the
effect of bigher excited configurations is not negligible: The ground state 4;,4
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
By state decreases by 0.39 eV and the energy of the lowest lying By, state by
0.01 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 MosrowiTz and BArNETT [6]. The
authors just mentioned obtained for the ground state 4;, depression with doubly-
excited states the value —2.72eV and for the correlation energy the value
—~3.08 eV.

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

The parameter 4 was shown to be determining the sequence of the lowest
lying energy states of symmetry species B;y and Hay 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 Ky;.
The value of 4 depends on Ky in such a way, that the faster y decreases with r,
the larger is the value of 4. Therefore, the large value of 4 indicates in general a
strong interaction with higher excited configurations.

Appendix

Supposing the validity of GorrrErRT-MAYER and SKLAR potential, e.g. in our
notation:

jee

P

fXZ = <X% | heore ! X%> = V%g; + VIZ% > (A1)

1

0 o=1

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

a) Diagonal elements:
<q7 m’?) E [ H I q, msP: §> - <QO’ niy, PO I H { g, N2y, P0> (A 2)

3 3
= —2Pf—MBy+% 2 X (¢—2) (g —2) Be,

o=1 ¢=1
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where
3 3
P2 m, M=3[pp—D+@—p@-—p-1 A3
and
go=1(2,2,2),my=(0,0,0), po=(1,1,1) . (A 4)
b) Matrix elements between functions:
l g My, Pr, & = { Uy Mo » uz: Mg o v v e l (A 5)

l g3 M, P, §2> = ‘ ug. Hv1s uz; /IR

which differ in one spin orbital:
{qy my, P, & | H | g, mg, Py, £
3
=00 2 B3 (g —2) + (A 6)
o=

g#o

+ (1 — Bog) [Fog O0a Oox - F3 801 01, + F 011 Doy + Foe 015 61,] -
¢) Matrix elements between functions:
’ q,my, Py, & = I UL, Ny u3 Nvas 7/'/02 Hog » - ] (A7)
] qs; My, P2> §2> = [ u’: 7]1117 ?,L:f "7v27 uz: 771'3 e J ?
which differ in two spin orbitals:
<Q1; mny, .P17 51 , H l q2, mz’ Pza §Z> = (6gr 60(» - 61}1 V2 69«) 610') B@o‘ . (A 8)

The above used symbols are defined as follows:
1

1 . v
Bi=% X YiwBi=1 2 (=1pryl
1y v=0 , #=0
. 1 L
Bi=1 2 (=1rvi . (A 9)
1y v=
1 - 1 N
Fii=g Y (—\pvpl, Fy=% > fl
un, v=0 U, v=0
R 1 L
Fi=3% X (=1rB (A 10)
My v=
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