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The exponentially generated configuration interaction (EGCI) method is extended to high-spin
multiplicity. This method, in which excited, ionized, and electron attached states are calculated
on the basis of the correlated wave function of the ground state, is applicable to quasidegenerate
states of various spin multiplicity and various number of excitation processes. The accuracy and
efficiency of the EGCI method is examined for the high-spin quasidegenerate states with
multiple excitation nature. Test calculations are performed for several high-spin states of C,,
Ci#, N,, N7, and m-phenylenebis (methylene) (m-PBM) molecules. The EGCI method repro-
duces well the full-CI results in total energy, spectroscopic constants, and spin density distri-
butions. The EGCI method is confirmed to be accurate and useful not only for investigating the
energetics involved in the study of dynamics and reactions but also for studying spin density

distributions of various spin multiplet states.

I. INTRODUCTION

High-spin states have received much attention in many
fields of science.!"? They play an important role in reac-
tion dynamics and energy relaxation processes, and in the
design of ferromagnetic materials. They appear in the
ground and excited states of molecules with degenerate or
near degenerate orbital structure, such as diatomics, metal
complexes and clusters, and well-designed organic high-
spin compounds, etc. For example, the ground state of C5f
is identified as quartet state X ‘2; 1% Furthermore, these
high-spin molecules often have quasidegenerate characters
with various spin multiplet states owing to their highly
degenerate open-shell structure. Therefore, theoretical
method for investigating the properties and dynamics of
these high-spin molecules should be able to deal with not
only one high-spin state but also all of the related high-spin
states in a same accuracy.

Recently, we have extended our SAC(symmetry
adapted cluster)-CI method to high-spin multiplicity.?!
The SAC-CI method?? describes excited, ionized, and elec-
tron attached states using the functional space for such
states generated by the SAC calculation® for the ground
state. This method has been shown to be very accurate and
useful.?* We applied the method to the high-spin states of
N,, NJ*, OH, and m-PBM systems and confirmed that it is
again accurate and efficient.?! The remarkable advantage of
the SAC-CI method is as follows. (1) It is applicable to a
large number of excited states at the same time. (2) It is

applicable to a various spin multiplicities in the same man-.

ner. (3) The effect of higher order excitations are included
in the nonlinear unlinked terms. (4) If such effect is essen-
tial, it can also be included in the linked term.?* However,
the SAC-CI method critically depends on the validity of
the SAC theory, which is the single reference cluster ex-
pansion theory. There should exist at least one such state
for solving SAC method. For cases in which such state
does not exist, we have proposed exponentially generated
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wave function (EG-WF) method?® to which the
MR (multireference)-SAC,”” MEG (mixed exponentially
generated),28 and EGCI methods® belong.

The EGCI method has been designed to overcome the
defect of the single-reference cluster expansion method,
and nevertheless, to have desirable properties of the cluster
expansion method.’*?® The expansion operator in the
EGCI method is generated along the exponential expan-
sion and yet free variables are given for each operator.
Therefore, it is essentially one of the CI methods and there-
fore variational. However, it satisfies size-consistency and
self-consistency to the order of truncations of the higher
terms.2® The EGCI method was extended to excited, iop-
ized, electron attached states with the use of the excitator
method,? which is common to the SAC-CI method.

In this paper, we apply the EGCI method to the high-
spin states with quartet to septet multiplicities, and inves-
tigate its accuracy and efficiency. We apply the EGCI
method to the ground and excited states of the quasidegen-
erate high spin states of C,, Cf, N,, Nj, and
m-phenylenebis (methylene) (m-PBM) molecules. The ac-
curacy of the EGCI method is examined for the energy and
spin density by comparing with the full-CI results calcu-
lated at the same time for these molecules.

il. EGCI METHOD FOR HIGH-SPIN MULTIPLICITY

In this series of papers,®?® we have introduced a new

basic expansion operator defined by
&2 ( > aKA})
K

1
=Q(ao+ 2“1{4{""2' > aKLA;(AI."'“')’
K KL
where the excitation operator A} runs over all the space
and spin symmetries and Q is a symmetry projector. Single

and double excitation operators are usually adopted for the
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A}, operators. The constructions of the higher order exci-
tation operators are made in the spirit of the cluster expan-
sion theory: the higher order operators are generated as the
products of lower-order operators as in the cluster expan-
sion. In order to include all possible highly connected
terms such as simultaneous double excitations, all indepen-
dent spin and space functions are included for the product
operators {A}A*L}, and the redundant terms are deleted.
The coefficients of the product operators ay; are made free
from those of the lower operators ay, which is important
for quasi-degenerate states.

The EGCI method normally starts from the totally
symmetric singlet state and the wave function is defined
with the & 222 operator as 2%

VESA_ g 2 ( > aKA}) |0)
K

1
=Q(ao+ S apdltt 3 auALAH-“) 0,
K 2 KL

where |0) is the Hartree-Fock determinant. The wave
functions for the excited, ionized, and electron attached

states are constructed by applying the excitation operator,
R as,

EGCI EGCI
yEoCl gy EoCt

The operator R, which is a kind of reaction operators, is
called excitator in order to distinguish it from the more
elemental excitation operators A}. This operator describes
excitation, ionization, and electron attachment, and at the
same time the reorganizations of orbitals and electron cor-
relations. The excitator R is expanded by a linear combi-
nation of the excitation operators { B}} as

R= D byBl
K

and the resultant EGCI wave function of various spin mul-
tiplicity is expressed as

1
waC'=Q( S bxBl+; 3 brdkB

1
+3 x%u bxruAlAL Bl + - ) |0).

In the previous calculation for singlet, doublet and
triplet states,”’ we included one- and two- electron opera-
tors for the B} operators. For higher-spin multiplicity,
higher order excitation operators are necessarily included
in the B} operators. In the present calculation, the B}
operators are taken to be identical with the operators de-
fined as R} operators in Table I of Ref. 21. For example,
two- and three-electron operators, B(2) and B(3), are
necessary for quartet and quintet states; namely, symmetry
adapted 2h1p, 3h2p and 2h2p, 3h3p operators are adopted
for quartet and quintet, respectively. The SAC-CI calcula-
tions with these operators are referred to as SAC-CI(R-
DT) in the present paper.
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FIG. 1. Molecular structure of m-phenylenebis(methylene).

The physical basis of the excitator method is as fol-
lows. Electronic excitations usually involve only one or
two electrons and the other electrons lie in the environ-
ments more or less similar to those of the ground state.
Therefore, the correlations in the excited states are more
easily described by starting from those of the ground state
than by starting from the beginning. In the EGCI method,
we utilize the knowledge of the ground-state correlations
through the operators A}.

In actual applications, we adopt the configuration se-
lection method, especially for the higher order terms. The
detailed algorithm of the configuration selection in the
EGCI method was reported in the preceding paper.2® We
adopt the same configuration selection algorithm and use
the set of the thresholds (4,,4,,,4,44) in the following
discussions and in the tables.

lil. CALCULATIONAL DETAILS

The present method is applied to several high-spin
states of C,, C§, N,, N3, and m-phenylenebis (methyl-
ene) (m-PBM) molecules. In the previous report,29 we
have applied the EGCI method to the singlet to triplet
states of C,, C, and C; . The potential curves of the
quartet states of C; and the quintet states of C, are cal-
culated at appropriate 13 points. The hyperfine splitting
constant (hfsc) is calculated for the X “Z} state of C5
with the C-C distance of 1.41 A as in the previous theo-
retical studies."? For N, and N;* we perform calculations
at the internuclear distance of 2.0 A (1.827,), because we
are interested in the quasidegenerate states of these mole-
cules. The high-spin states of N, at the equilibrium geom-
etry have successfully been calculated by the SAC-CI
method.?! The molecular structure of m-PBM and the
numbering of the carbon atoms are depicted in Fig. 1. The
molecular geometry is constructed from those of free ben-
zene and methylene: the C-C and C-H lengths in benzene
ring are set to 1.397 and 1.084 A, respectively, and the
C-C-H angle and the C-H length of the methylene group
to 140° and 1.08 A, respectively.

The basis set for carbon is the [4s2p] set of Huzinaga—
Dunning® plus Rydberg s function with £,=0.023 for the
calculation of the potential curves of C, and C; . The min-
imal STO-6G set is used for the calculation of the hfsc of
C#, because the complete full-CI calculations are difficult
for the [452p] basis. The basis set for nitrogen is the [45s2p]
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