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The accuracy of the SAC-CI (symmetry-adapted-cluster configuration-interaction) method for two- and many-electron pro-
cesses is improved by including triple, quadruple and higher excitation terms in the R' operators of the SAC-CI formalism. This
is confirmed by comparing SAC-CI results with full-CI ones for various excited, ionized, and anion states of CO and C,.

Electron correlation in the excited and ionized
states of molecules is an interesting topic to study by
modern theoretical chemistry techniques. We have
developed the SAC (symmetry-adapted-cluster)/
SAC-CI method [1,2] and applied it successfully to
various aspects of molecular spectroscopy involving
these states [3].

The SAC-CI wavefunction may be written with the
use of the reaction operator £ as

'PEAC'CI =R Y}EAC , ( 1 )

where the operator # generates excited, ionized, or
electron-attached states from the ground-state wave-
function. The subscripts g and e stand for ground and
excited, respectively. In this sense, we call the op-
erator 4 the excitator in order to distinguish it from
more elementary excitation operators which are in-
troduced below. Of course, the idea of this kind of
operator is very old. In particular, it is used in the
Green function method [4] and the equation-of-mo-
tion method [5]. The former has been applied ex-
tensively to ionized states by Cederbaum et al. [4],
and the latter was designed to calculate relative
quantities rather than absolute quantities.

In the SAC-CI method, the excitator # is ex-
panded as

A=Y dePRk, (2)

where 2 is a projector which projects out the SAC
component, and R} is an excitation, ionization, or
electron-attachment operator. Important relations
between the SAC and SAC-CI wavefunction are [2]

<q}§AC-CI I WEAC>=O ,
(YRS H| P3¢y =0, (3)

so that the excited state calculated by the SAC-CI
method satisfies the correct relations with the SAC
wavefunction for the ground state. The role of the
excitator Z is to describe an excitation, ionization,
or electron attachment itself and the reorganization
of electron correlations induced by this excitation.
The electron correlations in excited states are writ-
ten by modifying those in the ground state. This
method should be easier than those which calculate
all the correlations in excited and ionized states from
the beginning without referring to those in the ground
state, though this is usually done in the ordinary CI
method.

The accuracy of the SAC-CI method has been ex-
amined for small molecules by comparing its results
with those of full-CI [3,6]. It is quite satisfactory for
ordinary single-electron processes like singlet and
triplet excitations, Koopmans-type ionizations and
electron attachments. This method has been applied
to a number of molecules for investigating their
spectroscopies [3]. Particularly, it has been effective
for calculating V-type excitations of m-conjugated
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molecules [7], excitations and ionizations of metal
complexes [8], and hyperfine splitting constants of
radicals [9]. For two- and higher-electron processes,
however, the accuracy of this method has not yet been
examined in comparison with full-CI, though it has
been applied for studying satellite peaks in ioniza-
tion spectra of some organic and inorganic com-
pounds [10]. The purpose of this communication is
to report the accuracy of the SAC-CI method applied
to two- and more-electron excitation and ionization
processes.

We show two ways for choosing R} operators in
the SAC-CI calculation. One is to limit R}, operators
to single- and double-excitation operators, and the
other is to include also triple-, quadruple- and higher-
excitation operators. The former is a standard choice
in the SAC85 program [11], and all of the previous
calculations are due to this algorithm. The second
way is the topic of the present study. We designate
the former as the SD-R method and the latter as the
general-R method.

In the present calculations, all single- and double-
excitation operators are included in both methods.
Higher-excitation operators in the general-R method
are produced by an exponential-generation algo-
rithm [12]. Namely, triple- and quadruple-excita-
tion operators are produced as products of single- and
double-excitation operators whose coefficients in the
SDCI are larger than a given threshold A,,. A dif-
ferent threshold A 444 is used for generating 5-ple- and
6-ple-excitation operators as products of single- and
double-excitation operators. Thus, the accuracy of
the exponential generation of the higher R} opera-
tors in the general-R method is expressed by a set of
the thresholds (Aaa, Aasa> Aaaaas --)-

Here, we apply the above methods to CO and C,.
We calculate a number of singlet and triplet excited
states, ionized states and electron-attached states. The
basis sets are the [4s2p] GTOs of Huzinaga and
Dunning [13]. We perform full-CI reference calcu-
lations for investigating the accuracy of the present
results. The active MOs are, therefore, limited to four
occupied and four unoccupied MOs, (2s0)?(pn)*-
(po)?(pn*) (po*) (po’) for CO and four occupied
and five unoccupied MOs, (2s6)%(2s6*)2(pn)*
(po) (pn*) (po*) (po’) for C,. The thresholds (A 44,
Aaaas Aaaaa) are (0.04, 0.2, 0.2) for CO. For C,, Aaa
is 0.01 for single excitations, 0.07 for double exci-
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tations, and (Aaaa, Aaaaa) are set to (9.0, 9.0), so
that the R} operators include up to quadruple ex-
citations.

Table 1 shows the full-CI and SAC-CI results for
CO at its equilibrium bond length, 1.1283 A [14].
“Excitation level” denotes the number of electrons
involved in the excitation, ionization, or electron-at-
tachment process. “Main configuration” shows the
most important configuration in the full-CI, and
“size” denotes the dimension of the matrices in-
volved in the calculation. 4 shows the difference be-
tween the SAC-CI and full-CI energies in mhartree.

The SAC calculation is done for the singlet ground
state and the result is commonly used in both gen-
eral-R and SD-R SAC-CI methods. The second row
shows the SAC-CI solution for the ground state.

Between the two SAC-CI methods, the general-R
method gives results which are superior to the SD-R
method. This is clearly seen from the average dis-
crepancy and the standard deviation given in paren-
theses. The accuracy of the general-R method is al-
most constant, independent of the excitations,
ionizations, and electron attachments. The error is
often negative, since the method of solution is non-
variational. The error of the SD-R method is larger
than that of the general-R method, but for single-
electron processes, where the excitation level is un-
ity, the results are acceptable. However, for two-elec-
tron processes, the error is large, more than 20 mhar-
tree, except for the 3 'TI-singlet excited state. Thus,
for two-electron processes, the SD-R method is poor
and we have to use the general-R method.

Table 2 shows the excitation energies, ionization
potentials and electron affinities in electronvolt cal-
culated from the results shown in table 1. The av-
erage discrepancy of the general-R method is 0.025
eV. That of the SD-R method is 0.067 eV for single-
electron processes, but is as large as 0.865 eV for two-
electron processes. We thus conclude that the SAC-
CI SD-R method is reliable only for single-electron
processes. For two- and many-electron processes, we
should use the general-R method.

We next examine the general-R method for the C,
molecule. Since the po-bonding MO is left unfilled
in the low-lying region, the C, molecule has many
doubly excited states in a relatively low-energy re-
gion. Table 3 shows the results of the SAC-CI gen-
eral-R method as compared with the full-CI results.
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Excitation energies, ionization potentials and electron affinities in eV calculated by the full-CI and SAC-CI methods for CO at R=1.1283

A (equilibrium distance)

State Excitation Main configuration ®  Full-CI SAC/SAC-CI®
level
size  energy general-R SD-R
size  energy 4° size  energy 49
singlet
T+ 0 Hartree-Fock 492 0.0 106 0.0 0.0 51 0.0 0.0
m 1 n-mn* 432 8.946 85 8.958 0.012 36 8.978 0.032
T- 1 ot 408 10.548 56 10.528 -0.020 30 10.507 —-0.041
A 1 nom* 492 10.568 56 10.563 —0.005 51 10.540 —0.028
' 1 2s—->m* 432 14.399 85 14.446 0.047 36 14.471 0.072
T+ 1 n—2pc* 492 14.758 106 14.837 0.079 51 14.800 0.042
T+ 1 non* 492 17.109 106 17.117 0.008 51 16.835 —-0.274
m 2 n-n* 1o n* 432 17.828 85 17.857 0.029 36 17.856 0.028
(0.021) @ (0.024) &
triplet
M 1 nomn* 392 6.713 95 6.724 0.011 44 6.821 0.108
33+ 1 ot 584 9.338 84 9.337 -0.001 44 9.205 —-0.133
3A 1 nom* 584 9.960 84 9.959 —0.001 44 9.877 —0.083
-1 n-n* 584 10.340 71 10.313 -0.027 40 10.301 —0.039
it 1 2s-»n* 592 13.122 95 13.187 0.065 44 13.108 -0.014
(0.009) ¢ (-0.032) @
ion
DRSS n-oo 616 14.048 147 14.046 —0.002 22 14.060 0.012
1 1 T—00 588 17.185 143 17.145 —0.040 17 17.015 -0.170
DR | 2s—00 616 20.013 147 19.986 —-0.027 22 19900 -0.113
y- 2 n, T-n* co 560 24950 146 25.028 0.078 12 25.997 1.047
2A 2 n, T-n* co 616 25.000 147 25.059 0.059 22 26.182 1.182
11 2 n, n-»n* oo 588 25.139 143 25.151 0.012 17 26.440 1.301
(0.013) ¥ (0.543) &
anion
1 1 co—T* 588 —-3498 84 —3.531 -0.033 17 —3.604 —0.106
DR | co—2pc* 616 -8.129 87 —8.223 —0.094 22 —-8.193 —0.064
2A 2 o, n—»>x*, * 616 —10.712 87 —10.747 —-0.035 22 —11.338 —-0.626
3+ 2 0, n—>T*, T* 616 —11.294 87 —11.348 —-0.054 22 —-12.019 -0.725
35— 2 0, n->T*, T* 560 —11.938 64 —12.002 —-0.064 12 —13.087 —1.149
(-0.056) ¢ (-0.534) @

2 The MO ordering is (2s)2(n)*(n)?(n*) (po*)(pc’). ® Relative to the SAC-CI energy for the singlet ground state.

©) Difference from the full-CI result. ¢’ Average discrepancy.
As seen from the excitation level, there are many two-
and even three-electron processes. The errors of the
present SAC-CI results are consistently small, inde-
pendent of the excitation levels, though the sizes of
the matrices involved are much smaller than those
of the full-CI.

Table 4 shows the excitation energies, ionization
potentials and electron affinities of C, calculated
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from the results shown in table 3. The average error
from the full-CI results is 0.054 eV.

The C, molecule has unique excited, ionized and
anion states due to the unfilled pc MO. The elec-
tronic structures and spectroscopic properties of C,
and C5 have received much experimental [14] and
theoretical [15-18] attention. In particular, the ex-
citation energies are very small for several lower sin-
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Table 3
Full-CI and SAC-CI results in hartree for C; at R=1.24253 A (equilibrium distance)

State  Exci- Main configuration ® (C>0.3) Full-CI SAC-CI (general-R) ®
tation
level size  energy size energy 49x10°
singlet
Ty 0 0.85(2222)—-0.35(20222) 748 —75.52629 46 —75.51985 6.44
112 —=75.52378 2.51
T, 1 0.96(22121) 654 —75.45297 86 —75.45147 1.50
Ty o2 0.63(22202+22022)—0.32(20222) 748 —75.42469 112 —75.42195 274
‘A, 2 0.68(22202-22022) 748 —75.42356 112 —75.42130 2.26
T, 2 0.90(21212)+0.36(2211101) 654 —75.32914 69 —75.32437 4.77
DR 0.86(21221) R 688 —75.30272 111 —75.30186 0.86
'z 2 0.60(20222)+0.39(2222)—-0.30(212111-2112101) 748 —75.25369 112 —75.24821 5.48
DA | 0.62(221201-2221001) 620 —75.22000 79 —75.21597 4.03
A, 1 0.63(221201)+0.62(2221001) 620 —75.20743 111 —75.20551 1.92
(2.90+1.46) @
triplet
m, 1 0.94(22121) 950 —75.50716 158 —75.50437 2.79
BF 1 0.91(21221) 960 —75.48006 152 —75.47606 4.00
s 2 0.96(22112) 940 —75.45908 95 —75.45324 5.84
m, 2 0.90(21212) 960 —75.42354 124 7541957 3.97
33TF o1 0.57(222101-2212001)+0.31(21221) 960 —75.28156 152 —75.27305 8.51
A, 1 0.62(2221001+2212001) 940 —75.25573 152 —75.24966 6.07
Mm, 2 0.80(2211101)+0.48(222011) 960 —75.23213 124 —75.22675 5.38
33501 0.62(2221001+221201) 940 —75.23070 115 —75.22491 5.79
M, 2 0.59(2211101)+0.48(222011—-220211)—0.34(2211101) 960 —75.19460 124 —75.18999 4.61
F 2 0.50(212111-2112101)—0.42(212111-2112101) 920 —75.19404 124 —75.18586 8.18
(5.51£1.72) ¥
cation
1, 1 0.84(2212)—0.39(20122) 756 —75.06396 145 —75.05952 4.44
N, 2 0.66(22201-—-22021) 784 —74.99347 141 -7499174 1.73
zr o2 0.61(22201+22021)-0.37(20221) 784 —74.99019 141 —74.98752 2.67
T2 0.82(22111)—-0.48(22111) 728 —74.97066 109 —74.96650 4.16
T, 2 0.85(21211) 756 —74.96718 139 -—-74.96376 3.42
DA | 0.90(2122) 784 —74.96041 149 —74.95513 5.28
1, 3 0.89(22102) 756 —74.95202 145 —74.94621 5.81
2A, 3 0.64(21202-21022) 728 —74.89972 123 -—-74.89819 1.53
xF 3 0.61(21202+21022) 784 —74.86227 149 —74.86018 2.09
ZH o2 0.81(20221) 784 —74.84186 141 —74.83864 3.22
D Yl 0.78(21112)+0.45(21112) 728 —74.83681 123 —74.83394 2.87
(3.38%£1.34) ¥
anion
DY 0.93(22221) 1164 —75.57950 133 —75.57263 6.87
1, 2 0.96(22122) 1100 —75.54346 142 —75.54102 2.44
Tr o2 0.87(21222) 1144 —75.48444 121 —75.48003 4.41
T, 1 0.88(222201) 1100 —75.35620 125 —75.35020 6.00
Tr 2 0.64(222111-2212101) 1144 —75.32372 121 —75.31868 5.04
3y 2 0.66(2221101)—0.50(221211)+0.45(221211) 1056 —75.32053 125 —75.31667 3.86
T, 3 0.78(2211201)+0.56(222021) 1100 —75.31882 125 —75.31391 491
2, 2 0.59(221211)+40.57(2221101) +0.35(2221101) +0.32(221211) 1056 —75.31794 121 —75.31379 4.15
A, 2 0.60(221211)—0.58(2221101) +0.36(2221101) —0.33(221211) 1056 —75.30293 125 —75.29987 3.06
Tro2 0.65(2221101)—0.49(221211)+0.47(221211) 1056 —75.28780 125 —75.28073 7.07

(4.781£1.45)

) The MO ordering is (256) (2s6*) (pn) (pn) (po) (pn*) (pr*) (po*) (po”).

®) The first row is the SAC value and all the others are the SAC-CI values.

©) 4 shows the difference from the full-CI result.

4 (x+y) where x means the average discrepancy from the full-CI value and y means the standard deviation, both in mhartree.
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Table 4
Excitation energies, ionization potentials and electron affinities in eV calculated by the full-CI and SAC-CI methods for C, at R=1.24253
A (equilibrium distance)

State Excitation Main Full-CI SAC-CI (general-R) »
level configuration
size energy size energy 49
singlet
Py 0 Hartree-Fock 748 0.0 112 0.0 0.0
m, 1 pR—po 654 1.995 86 1.968 ~0.027
DX 2 pTm, pR— PG, PG 748 2.765 112 2.771 0.006
Ay 2 pT, pR— PG, PG 748 2.795 112 2.789 —0.007
'TI, 2 25G*, pit—po, po 654 5.365 69 5.426 0.061
Do 1 2s6*—po 688 6.084 111 6.039 —0.045
DX 2 2s6*, 2s6*—po, po 748 7.418 112 7.499 0.081
D 1 pn-pn* 620 8.335 79 8.376 0.041
A, 1 prn—-pn* 620 8.677 111 8.661 -0.016
(0.036) @
triplet
11, 1 pR—po 950 0.520 158 0.528 0.008
33 F 1 2s0* - po 960 1.258 152 1.299 0.041
o 2 PR, pR— PG, PO 940 1.829 95 1.920 0.091
1, 2 256*, pn—po, po 960 2.796 124 2.836 0.040
33F 1 pr—prn* 960 6.659 152 6.823 0.163
3A, 1 pr—pn* 940 7.362 152 7.459 0.097
M, 2 pT®, pn—po, pr* 960 8.005 124 8.083 0.078
3T 1 pr—pn* 940 8.043 115 8.133 0.089
i, 2 pm, pn—po, pr* 960 9.026 124 9.083 0.057
oy 2 2sc*, pn—po, pr* 920 9.041 124 9.195 0.154
(0.082) @
cation
11, 1 pR—co 756 12.581 145 12.633 0.053
2A, 2 pT®, p—po, co 784 14.499 141 14.478 —-0.021
Dy 2 p®, pPR—PG, O 784 14.588 141 14.592 0.004
3 2 PR, pPT— PO, 0O 728 15.120 109 15.164 0.045
zl'Is 2 2s0*, pt—po, co 756 15.214 139 15.239 0.025
Doy 1 286* >0 784 15.399 149 15.474 0.075
11, 3 P, X, pT— PG, PG, CO 756 15.627 145 15.717 0.090
2A, 3 256*, pn, pn— PG, PO, © 728 17.050 123 17.023 -0.027
Do 3 2s0*, pT, pR— PO, PG, CO 784 18.069 149 18.058 -0.011
22:’ 2 2s0*, 25s6*—po, co 784 18.624 141 18.644 0.019
Do 3 2sG*, pT, pT— PG, PO, O 728 18.762 123 18.772 0.010
(0.035)
anion
g 1 0 —po 1164 1.488 133 1.329 —-0.119
1, 2 PR, co— DO, pC 1100 0.467 142 0.469 0.002
Do 2 250*, co— PG, PO 1144 —1.138 121 —1.191 —0.052
11, 1 co—-pn* 1100 —4.628 125 —4.723 —-0.095
Do 2 p®, co—po, pn* 1144 —-5.512 121 —5.581 —-0.069
Db 2 pm, c0o—po, pr* 1056 —5.599 125 -5.636 —0.037
T, 3 PR, PR, 00— Po, po, pr* 1100 —5.646 125 -5.711 —0.065
2A, 2 pT, 00— po, pr* 1056 -5.670 121 -5.714 —0.045
2A, 2 PR, 00— PG, pn* 1056 —6.078 125 —6.093 -0.015
D 2 p%, co—po, p* 1056 —6.490 125 —6.614 —-0.124
(=0.062) @

2) The Hartree-Fock MO ordering is (2s6) (2s6*) (pn) (p%) (po) (pn*) (pn*) (po*) (po’).
b Relative to the SAC-CI energy for the singlet ground state. © 4 shows the difference from the full-CI result. ¢ Average discrepancy.
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glet and triplet states, and the electron affinity is pos-
itive for some lower anion states. The lowest
excitation is for the 3T, state. The calculated exci-
tation energy is 0.528 eV in comparison with the adi-
abatic excitation energy of 0.09 eV [14]. The lowest
doubly excited state is the 1°Z; state, which is 1.92
eV above the ground state. The experimental adi-
abatic energy is only 0.80 eV above the ground state
[14]. The existence of stable excited states of the an-
ion is particularly unique. Two anion states are cal-
culated to be more stable than the neutral ground
state. Experimentally, at least three adiabatic states
of C5 seem to be lower than the neutral ground state
[14]. In the ionized states, simultaneous excitation—
ionization two- and even three-electron processes
appear in a lower-energy region. However, because
of the limitations in the active space and the basis
set, detailed comparisons of the present results with
experiment are almost meaningless.

We conclude from the present study that the ac-
curacy of the SAC-CI method for two- and many-
electron processes is improved by using the general-
R method. For single-electron processes, the con-
ventional SD-R method is reliable, as has already
been confirmed.

The author thanks Mr. S. Saito for his assistance
in the full-CI calculations. This study has been par-
tially supported by the Grant-in-Aid for Scientific
Research from the Ministry of Education, Science,
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