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The effect of different CI basis sets, including doubly excited configurations, on transition energies
calculated by modified CNDO and INDO methods is examined for H,0, NH,, CH,, and H,CO.

Introduction

Recently, there has been considerable interest shown in the calculation of
excited state properties of molecules by semi-empirical methods of the CNDO
type [1-15]. The most succesful of these involve semi-empirically determined
integrals and are completed by limited configuration interaction among singly-
excited virtual orbital states [8—15]. The CI expansion is usually severely truncated
in order to fit available computer storage. Little account has been taken of the
effects of this truncation or of the changes which would come about on including
doubly and higher excited configurations.

In a series of articles, Giessner-Prettre and Pullman [12—-14] have examined
some of these effects using the CNDO/2 [3], INDO [4], and the modified CNDO
method of Del Bene and Jaffé [9]. They were concerned with unsaturated molecules
and of these, only formaldehyde was small enough to include all of the singly and
doubly excited configurations.

In the present work we have chosen to study the molecules H,O, NH;, and
H,CO for which such a complete treatment is feasible. In addition calculations
were carried out on CH,, including all singly excited configurations and those
doubly excited configurations not involving the deepest occupied MO. The more
extensive CI calculation was not carried out for methane since this would have
required a large amount of computer time and the results for the other three
molecules (see below) indicate that little is to be gained from these configurations
as far as excitation energies are concerned. We examine the effect on the calcu-
lated transition energies of various truncations of the CI expansion.

The methods used were the variations of the CNDO and INDO methods
described in [15]. The expressions for the CI matrix elements were programmed
directly from the formulas given by Cizek [16].
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Results and Discussion

In Table 1, and in graphic form in Fig. 1, we present CNDO and INDO
results for four different CI basis sets.

i) VO — the single configuration, virtual orbital approximation.
ii) SCI — CI among all singly excited configurations.
iii) TDCI — Truncated DCI — all doubly excited configurations involving
the deepest occupied MO are removed from the CI basis of iv).
iv) DCI — CI among all singly and doubly excited configurations.

The truncation iii) was chosen on the basis of orbital energies. In all the cases
studied the deepest MO has an orbital energy less than —28 ¢V and is at least
13 eV lower than the next deepest MO.

Where no results are given for the VO approximation (for NH; and CH,)
it is because the configurations result from transitions between two degenerate
MO’s and are not symmetry functions. This defect is removed by configurational
mixing. Before we discuss the molecules individually it is perhaps worthwhile
to point out several general features.

The transition energies often differ substantially between the CNDO and
INDO methods at all levels of truncation of the CI basis. Differences as high as
about 1.5 eV occur (the 4, (¢* < n) state of NH;) and, for formaldehyde the order
of states changes in several cases. The inclusion of the one-center integrals removes
several of the qualitative failures of the CNDO method (no separation of atomic
states arising from the same configuration; no spin density in ¢ orbitals of planar
aromatic radicals; no singlet-triplet split for m< ¢ transitions) and so the INDO
method should perhaps be preferred on this basis although there is no absolute
means of determining which method (if either) will give the correct prediction in
a given case.

The lowering of the ground state energy upon inclusion of the doubly excited
configurations varies greatly for the molecules studied. It increases with the size
of the molecule (hence the number of configurations) and is in all cases greater
in the INDO method than in CNDO. In every case the doubly excited confi-
gurations involving the deepest occupied MO account for an appreciable fraction
of this lowering so that for ground state properties even relatively high-lying
doubly excited configurations can be important.

As far as excitation energies are concerned, however, the results of the DCI
and TDCI calculations are seen to be very similar. In most cases the excited states
are lowered slightly less than the ground state on going from TDCI to DCI so
that an overall small increase in transition energies results. In no case was the
order of states changed between TDCI and DCI so that for the relatively low-
lying states we are considering the truncation appears to be a reasonable one.

The effect of adding the doubly excited configurations (the differences between
SCI and TDCI or DCI) is in most cases to lower the ground state and the lower
excited states by similar amounts, leaving the transition energies nearly unchanged
and only rarely causing changes in the order of states except for the addition of
states which are predominantly doubly excited. These would be expected to give
rise to extremely weak transitions and should not influence any interpretations
of spectra.
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Table 1. Calculated energies in various truncations of the CI basis set (see text) by modified CNDO
and INDO methods (eV). The zero of energy is the SCF ground state

Molecule State VO SCI TDCI DCI
CNDO INDO CNDO INDO CNDO INDO CNDO INDO

H,0 Ay(gnd) 0 0 0 0 ~012 —018 —0.18 —037
B, (% <n) 817 787 817 787 19 172 792 765
Ay(o* n) 944 915 944 915 919 898 915 888

A, (6% o) 11.57 1043 11.31  10.33 11.13  10.14 11.09 10.04
B, (6% «0) 1244 1192 1232 11.88 1212 11.65 1207  11.57
B,(c* <o) 1429  14.59 1437  14.58 1425 1438 1424 1434

NH, A(gnd) 0 0 0 0 —021 —032 —031 -060
Ay(o*n) 747 600 735 594 717 574 714 567
E(c*<n) 925 842 920 841 898 819 894  8.ii
E(o* <o) 1201 1205 1192 1192 1176 1166 1172 1161
Ay(c* o)  — — 1351 1377 1329 1355 1324 1349
E(c* <o) — — 1407 1466 1393 1449 1390 1443

CH, Ay(gnd) 0 0 0 0 —032 —048
T, 1005 1056 995 1041 972 1018
T, — — 1217 1242 1190 1215
E — — 1217 1270 1186 1251
T, — — 13.00 1353 1288 1344
A, — — 1451 1427 1433 1423

H,CO A,(gnd) 0 0 0 0 —065 —087 —082 —116
A,(n* —n) 432 456 427 454 384 400 378 393
B, (6% «n) 665 611 657 603 547 511 537 503
B, (n* <o) 960 958 957 956 920 899 914 896
A (% <n) 9.97 987 941 938 833 844 825 835

A (m*n*«nn) 952 1090 — — 932 1040 932 1036
Ai(c* —a) 11.87 1099 1259  10.69 10.34 9.67 10.25 9.76
B, (6% <) 1071 11.25 10.68 11.22 9.95 10.28 9.88 10.22
B, (c*n*<nn) 1091 11.72 — — 1045 1098 1044 1094
B,(c%«n) 1205 11.87 12.00 11.87 1145  11.29 1141 1121

A, (¥ ) 1240 1293 11.06  12.85 11.87 1234 11.83  12.26
Ay(c*o*<nn) 1410 13.50 — — 12.89  11.99 12.87  11.97
A, (n* o) 13.15  13.57 1320 13.54 1206 1235 12.05 1232
B,(c*«0) 14.57 1393 1444 13.89 1330 1296 1322 1294
Ay(o* ) 13.63 1426 13.63 1431 1296 1352 1290 1345
A,(n*o*<—nn) 1433 1494 — — 13.79  14.26 13.79  14.20
B,(0*«0) 14.84  14.98 1496  14.95 1394 1399 13.88  13.96

The interpretation of the electronic spectra of these molecules as given by
the SCI truncation has been discussed previously [15, 17, 18]. Below we discussed
only the effects due to the doubly excited configurations.

For water and ammonia the effects of CI are minimal at all levels of truncation,
the results for the VO approximation being in complete qualitative agreement
with those of DCI.

While the same comments apply to most of the states of methane, the E and
T, states as calculated by the CNDO method are rather interesting. These are
accidentally degenerate in the SCI truncation because of the CNDO approxima-
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Fig. 1. Calculated energies in various truncations of the CI basis set {see text) by modified CNDO (—}
and INDO (c0°) methods (eV). The zero of energy is the SCF ground state

tions and because there are no other states of these symmetries to split them.
Mixture with doubly excited states does split them so that in this case the doubly
excited configurations do make a qualitative difference.

The case of formaldehyde is somewhat more complicated by the existence
of relatively low-lying doubly-excited states resulting from the promotion of
both lone-pair electrons. As stated above, these would not be expected to appear
in the spectrum. If these are ignored then once again there are no qualitative
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changes in the results for low-lying states on going from SCI to TDCI, although
the energy differences between states are somewhat affected.

The n* — 7 state of formaldehyde deserves comment. As was found by Giessner-
Prettre and Pullman [13], no state in this molecule can really be called n* <=
after CI, the n* « = configuration always mixing very heavily with a close-lying
A(0* <o) configuration. The level marked n* <z in Fig. 1 is that with the largest
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contribution from the n* « n configuration. In the CNDO method, the addition
of doubly excited configurations results in the ¢* <o state becoming lower than
the n*«—r in agreement with the INDO results, although as we have just stated
this is somewhat semantical.

Conclusions

We have examined the effect of doubly-excited configurations in modified
CNDO and INDO methods. The ground state energy is found to be lowered
considerably and these configurations may be quite important for the calculation
of ground state properties (see {14]).

For excitation energies, however, their effect is minimal, for these molecules,
and especially in light of the approximate nature of the methods it is questionable
whether the added computational effort is worthwhile.
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