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The role of configuration interaction and of multicentre corrections in semiempirical
pi-electron theory is analyzed on the example of the benzene molecule. It is shown that
a correct interpretation of all the bands of the experimental pi-electronic spectrum of benzene
is possible only in the case when at least doubly excited configurations are taken into account.
The multicentre corrections are more important than the influence of triply excited configura-
tions, however their introduction leads to an improvement of the results only if simultane-
ously at least doubly excited configurations are taken into account.

1. Introduction

Numerous calculations involving large CI (configuration interaction) bases have
shown that inclusion of doubly and triply excited configurations leads to very drastic
change in the calculated pi-electron spectrum [1, 2, 3]. An unsatisfactory agreement be-
tween results of these calculations and experiment has stimulated attempts to recalibrate
the values of empirical parameters in order to improve the results [4, 5, 6, 7]. To that
purpose methods of evaluating the empirical parameters from spectral data have been
formulated [4, 8]. The results obtained using such methods have led to new conclusions
concerning the theoretically p0551b1e ass1gnments of electromc levels [4, 5] and the ge-
ometry of excited states [6] in benzene

The question “how much CI is indispensable in the semiempirical methods?” has
been posed many times (see e. g. [9]) but still remains one of the most 1mportant problems
to be solved. The overvvhelmmg success of the semlempmcal calculations involving very
limited CI bases has given rise to a widely spread conviction that the effect of truncation
of CI basis can be almost completely compensated by a proper calibration of the values of

* Sponsored by the Institute of Low Temperature and Structure Research, Polish Academy of Sciences
and in part by Mathematical Institute of the Polish Academy of Sciences.

** Temporary address: Division of Theoretical Chemistry, Department of Chemlstry, University
of Alberta,: Edmonton, Alberta, Canada T6G 2G2.

(655)



656

electron interaction integrals. In particular it is believed that the inclusion of singly ex-
cited configurations is quite sufficient, at least for a description of the locations of energy
levels to be made. The results of this paper show the incorrectness of such a view, proving
that it is not possible to compensate the influence of multiexcited configurations by any
recalibration of the empirical parameters.

The role of non nearest neighbour core 1esonance integrals in semiempirical calcu-
lations has been investigated by several authors (for a review see [10]). Recently, the
importance of non-Coulomb two-electron integrals was shown by de Bruijn [11]. Ho-
wever, no investigations concerning the relative importance of these corrections and the
ones resulting from inclusion of multi-excited configurations have been reported.

The aim of this paper is to present the results of an energy levels calculation performed
using a variable CI basis and neglecting or including the corrections due to the multi-
centre integrals. The empirical parameters are optimized in the sense of the previously
reported method [4]. All the calculations are performed for the benzene molecule.

2. Method of calculation

The integrals treated as empirical parameters, the values of the experimental energies
used for their calibration, and the assignment of the electronic levels are the same as in
he preceding paper [4]. However eight, instead of seven, experimental values of the exci-
ation energies are now involved in the process of the calibration of empirica 1 parameters.

TABLE 1
Number of variational parameters My and values of errors Dy and Dy versus N
N 0 By ! 2 3 4 ~T7?
My 2 ' 7] 9 38 61 136
Dy(eV) 1.46 0.89 0.63 0.47 0.20 0.24
Dy(eV) 1.83 1.07 0.79 0.40 0.11 0.07

2 All up to triply excited configurations.

In opposition to [4], the experimental energy of 1E,, state has now also been used in the
spectral matching procedure. The values of parameters were optimized sepa-
rately for every considered stage of approximation of the theory, using
the method previously described [4].

The CI basis was varied, starting from the minimal one to that including all configu-
rations up to the triply excited ones. All these configurations for which |ko—k,| < N,
where N = 0, 1, 2, 3, 4, were successively included (ko and k, denote the coefficients with
which the f integral appears in the diagonal matrix elements corresponding respectively to
the lowest and the s-th configurations of a particular symmetry representation). Additionally
the basis including all up to triply excited configurations was used. This last case corre-
sponds to N = 7 approximately. The CI basis including all up to doubly excited configura-
tions corresponds roughly to N = 4. For N = 0 the basis is the minimal one. The total
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number My of CI variational parameters, which are not determined by the space or spin
symmetry requirements, versus N, is given in Table L

For integrals which appear in the expressions for the CI matrix elements two kinds
of approximations were used.

Approximation I. The non nearest neighbour core resonance integrals B, and
B3, as well as non-Coulomb two-electron integrals are neglected. This corresponds to the
conventional ZDO scheme.

TABLE II
Corrections to the matrix elements in the minimal CI basis introduced in Approximation II

Correction (eV)
Space symmetry Matrix element
singlet state | triplet state
1

By Hiy 2B3+0.205 265—0.036

By, Hyy 2B5+40.135 2B540.145

Eyy Hyy 2f3+0.150 265+0.054

Hyy 36,+0.396 38,+0.322

E,y H,, —3$,—0.019 —365—0.060

Hy, 0.056 0.066

TABLE III
The optimal values of empirical parameters (in eV)? as a function of N
N Approximation I Approximation II
x | = | 8 x | v = | 8

0 2.909 1.465 1.317 —2.517 2.923 1.402 1.239 —2.501
1 3.671 1.124 0.458 —2.633 3.834 1.109 0.328 —2.632
2 3.419 1.192 0.616 —2.632 3.561 1.176 0.495 —2.630
3 3.766 1.312 0.350 —2.785 4.120 1.233 | —0.012 —2.810
4 3.389 1.545 0.676 —2.653 3.693 1.470 0.350 —2.676
~7b 3.204 1.557 0.756 —2.616 3.471 1.471 0.428 —2.626

# Parameters x, y, z and f are defined in [4].
b All up to triply excited configurations.

Approximation IL For all the integrals neglected in Approximation I, the values
calculated by Chong [12] using the orthogonalized Slater-type 2pm orbitals with the effective
nuclear charge 3.18 are taken. With respect to non-Coulomb two-electron integrals only
these matrix elements are corrected which correspond to the CI basis determined by N=0
apart from the dimension of the basis actually used. It was shown by de Bruijn that such,
a simplification is reasonable [11]. The values of these corrections are given in Table IL.
The corrections due to the core integrals are introduced to the whole CI matrices. The
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TABLE IV

Differences between best fitted theoretical and experimental excitation energies (in 10-2 eV) as a function
of N, and experimental values of Franck-Condon maxima for transitions from the ground state (Eexp) —

in eV
N Bo | B | B | Eag | Bu | Ew | B | Es
Approximation I?
0 -9 —6 0 41+ 36 —18 —76 8+
1 37 2 -7 8- 28 2 —30 —21+
2 33 0 -3 16~ 6 4 —34 —12f
3 —28 —2 —38 21- 11 —12 7 10+
4 —15 1 —2 10~ 17 -1 3 —3+
~7° —16 0 -2 16~ 14 0 2 —6+
Approximation IT
0 -1 -8 —6 52 35 —26 —92 14
1 50 2 —4 -1 26 -5 —41 —18
2 46 0 0 6 4 -3 —45 —8
3 —22 -3 —8 15 8 —19 7 11
4 -8 1 -1 0 14 - 4 -2
~7b -8 0 —1 7 11 -5 3 —6
Eexp® 4.93 6.21 6.96 7.48 3.95 4.75 5.60 6.75

2 Superscripts “+” and “—” correspond to the states E'{o and E7 respectively.
b All up to triply excited configurations.
¢ For references see Table I in [4].

values of these integrals (calculated in [I12]) are: f, = +0.066¢eV, f; = —0.055¢€V.
The same integrals as those in Approximation I are considered as empirical parameters.
However they are optimized after the above mentioned corrections were introduced.

3. Results

The optimal values of empirical parameters are given in Table III. The differences
between calculated (the best fitted) and experimental values of the excitation energies, for
the states involved in the spectral matching procedure, are presented in Table IV. The
theoretical excitation energies of the two remaining levels, lying below the ionization
potential, as well as the depression of the ground state caused by CI are given in Table V.

The experimental energy of the second triplet of E,, species (~8.9 eV.[13]) was not
used in the spectral matching procedure and was not accounted for in the further discussion
of the errors connected with the specific approximations of the theory, because its location
seems to be too uncertain. It is however worthwhile noting, that its calculated energy falls
well within- the limits ‘of experimental uncertainty, at least for N > 2.

The uncertainty in determining the experimental energies of Franck-Condon transitions
cannot be less than the splitting between consecutive lines of the totally symmetric progres-
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TABLE V

Values of excitation energies from the ground state to the states which have not been used in the
spectral matching procedure and depression of the ground state caused by CI (in eV), as a function of N

N: 0 1 2 3 4 ~TP
Approximation I?
1Eag 9.21- 8.68+ 8.50* 9.25+ 8.77* 8.63+
3E2g 9.21- 8.54~ 8.64~ 8.93— 8.98~ 8.96~
A*A4,° 0.060 0.00 0.00 0.00 —0.36 —0.51
Approximation IT
'Esg 9.35 9.07 8.89 9.91 9.40 9.22
3Esg 9.22 8.55 8.65 8.93 8.98 8.96
AT A1,° 0.00 0.00 [ 0.00 0.00 —0.35 —0.55

2 Superscripts “+” and “—* correspond to the states E+ and E,, respectively.
b All up to triply excited configurations.

¢ Depression of the ground state caused by CIL.
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Fig. 1. Dy and Dy plotted versus My
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sion in the vibrational spectrum. For benzene the frequency of a;, vibrations is 900 cmt—
1000 cm~* (0.12 eV-0.13 eV)!. Therefore the error in estimated Franck-Condon excita-
tion energies is assumed to be +0.06 eV for the levels observed in electron impact experi-
ments (six levels of ungerade type) and £0.1 eV for the two ones known from optical
experiments only (1E,, and 3E,, levels). The sums of the absolute values of deviations of
calculated energies over these ranges of the error, extended over the eight energy levels
under consideration, are denoted D; and Dy (indices I and II refer to Approximations 1
and II respectively). The values of Dy and Dy are calculated separately for every N and
are used here as a measure of correctness of the specific approximation. Their values are
given in Table I and are plotted, versus My, in Figure 1.

4. Discussion

The Approximation I with the minimal CI basis (N = 0), and with inclusion of all
singly excited configurations (My = 4) was discussed earlier by other authors [14]. In
these cases it was possible to reproduce the experimental locations of By, 1Bi., 1E;, and
3B, levels of benzene. Until 1965 only these four excited levels of benzene were experi-
mentally detected. However up till now transitions to nine levels have already been 1e-
ported (for references see [4]). The results presented in Table IV shown thai a proper
interpretation of the whole spectrum is disputable using such a limited CI. The main sources
of the error are connected with the accidental degeneration of B,, and *B,, levels, as well
as with the reversed order of 'Ej, and 1E;; levels when compared to that in large CI bases.
The 1B,,—3B,, degeneration occurs exactly for N < 3 in Approximation I but it is re-
moved in Approximation II when multicentre corrections are introduced. However the
introduction of these corrections causes that the 3B,, level becomes lower than the 1B,
one, contrary to the experiment. The locations of 1B,, and 3B,, levels which qualitatively
agree with the experimental ones can be obtained only in the case of relatively large CI
basis (N > 3). This results from the fact that the configurations of B,, species which can
interact with the ground configuration of this symmetry may be formed only for N > 3.
For this reason inclusion of multicentre corrections is not effective for N < 3 (compare
Figure 1). Inclusion of some doubly excited configurations is also necessary in order to
obtain the proper sequence of the levels of E,, species.

In order to find a limit for the dimension of the indispensable CI basis, let us consider
the behaviour of D; and Dy as a function of N. As results {from Figure 1 and Table I,
the effect induced by passing from N to N+1 is large for N < 4. On the other hand,
when N changes from 4 to ~7, the number of CI variational parameters rises from 61 to
136, while D; and Dy remain almost unchanged (Dy even slightly increases). On this ground
we can conclude that it is needless to extend the CI basis over one corresponding to
N = 4, because the importance of other neglected factors become then comparable to CI.
However, a commonly used limitation of CI to the singly excited configurations only
(i. e. to 4 variational parameters in the case of benzene) is rather inadequate for a proper

1 The author is. indebted to the referee for his comment concerning this point.
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interpretation of the whole lectronic spectrum to be made (see Table IV). The correlation
errors resulting from such a reduction of the CI basis cannot be compensated by a recali-
bration of the empirical parameters. On the other hand, extension of CI reduces the error
of fitting the calculated to observed spectra by almost ten times.

The multicentre corrections proved to be of secondary importance when compared
to CL In particular the improvement of the theory by their inclusion Teads to worse results
when N < 3 (see Figure 1). Therefore an inclusion of these corrections in the case of limited
Cl seems to be useless. On the contrary, in the case of a large CI basis the relative role
of multicentre corrections becomes important. For N = 4 their introduction reduces the
error from Dy = 0.20 eV to Dy = 0.11 eV, i. e. by 45%,. In the case when all triply excited
configurations are included these corrections are still more important (D; = 0.24 eV
while Dy = 0.07 eV). In particular, the role of triply excited configurations 1s negligible,
when compared to multicentre corrections?.

The remaining inadequacy of the theory, resulting in 0.07 eV inaccuracy in fitting the
theoretical values of the excitation energies to the experimental ones should probably
be attributed to causes lying outside the pi-electron approximation. It seems that the
limit value of Dy = 0.07 eV can be reduced only slightly by a more careful determination
of the values of f, and B3 integrals and the multicenter corrections as well as by fuirther
extension of the CI basis. Of course, errors in the estimated values of Franck-Condon
excitation energies may also influence the values of Dy and Dy. Especially for the states
of E,, species these errors can be relatively large. However, also for the lowest triplet state
the value 4.05 eV has been recently proposed [6]. The differences between calculated and
estimated values of the vertical transitions would be further reduced if such a value were
used instead of 3.95 eV resulting from electron impact experiments (see Table IV).

It should be noted that, in principle, all these conclusions are valid only for benzene.
‘The question, to what extent are they general is to be answered. However, some results may
be considered as quite general ones, because the benzene molecule acts here as a counterex-
ample. In particular it has been shown that:

1. Inclusion of at least doubly excited configurations is necessary if one wants to reach
a good agreement between theory and experiment for the whole pi-electron spectrum.

2. Inclusion of the multicentre corrections is justified only in the case of a rather
large CI basis.

The author is much indebted to Docent W. Woznicki for many discussions and for
his critical reading of the manuscript. He also thanks Dr S. de Bruijn for his helpful com-
ments, and Professor A. Golebiewski for several discussions.

All the calculations were -performed at the Department of Numerical Calculations
of the Warsaw University.
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