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The accuracy of the symmetry adapted cluster-configuration interaction (SAC-CI) method for
calculating hyperfine splitting constants (hfscs) is examined. Two kinds of SAC-CI expansion are
performed: one is the SAC-CI(SD-R, DT-R) method in which single and double (double and triple
for high-spin multiplicity) excitation operators are included in the linked operators and the other is
the SAC-CI (general-R) method in which higher excitation operators are further included. The hfscs
for the doublet, triplet, and quartet states of small radicals, OH, CH,, BH,, CH;, and H20+,
calculated by the SAC-CI method compare very well with the full CI results. A convenient
configuration selection method, in which both energy and hfsc are used as criteria, is shown to be
useful. This method, which is also applicable to the ordinary CI method, is effective for accurate
calculations of the hfscs especially for large systems and high-spin systems, where a large number
of configurations are required. Finally, the basis-set dependence of the hfscs is examined using the
configuration selection method developed here. Within the Gaussian set, the improvement in energy
does not necessarily result in the improvement of the hfscs. We have to use the basis set which

satisfies the cusp condition, as shown previously.

I. INTRODUCTION

The hyperfine splitting constant (hfsc) is an important
quantity which gives the information of the unpaired
electron-spin distribution at the positions of the nuclei in a
molecule. It is experimentally observed by electron-spin
resonance (ESR) and electron-nuclear double resonance
(ENDOR) techniques. For reliable calculations of this quan-
tity by an ab initio method, the spin polarization and electron
correlation effects and the cusp condition are necessarily in-
cluded in the calculation.!~® This indicates that the theoreti-
cal description of the hfscs requires a highly accurate and yet
useful method of calculating correlated wave functions.

Several studies'®'2 report that a cancellation between
the incompleteness of the basis sets and the neglect of the
higher-order correlation terms gives an accidental agreement
of the calculated hfscs with the experimental values. How-
ever, for the theory to be truly reliable, it is important to
establish the method which describes both spin polarization
and electron correlation effects in high accuracy and based
on such theory, we have to examine a method of systematic
improvement of the basis set for hfsc calculations.

The symmetry adapted cluster-configuration interaction
(SAC-CI) method'® has been successfully applied to the
spectroscopies of the excited and ionized states of various
molecules and also to the calculations of the hfscs of various
doublet radicals.>® The SAC-CI method, which properly in-
cludes both of the spin polarization and electron correlation
corrections, gives a reliable estimate of the hfscs. The
method, in which the higher-order correlation terms are de-
scribed by the unlinked terms, is computationally useful es-
pecially for large systems. The SAC-CI method is applicable
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to arbitrary spin multiplicity'> and its implementation to the

high-spin multiplicities of quartet to septet states has been
performed recently.'* We expect that the method would be
effective for evaluating the hfscs of high-spin multiplet sys-
tems, as well as lower-spin multiplet systems. The first pur-
pose of this paper is to examine the accuracy of the SAC-CI
method for calculating the hfscs by comparing with the full
CI results. The hfscs for the doublet, triplet, and quartet
states of small radicals, OH, CH,, BH,, CH;, and H20+, are
examined by the two types of SAC-CI method reported pre-
viously, i.e., SAC-CI(SD-R, DT-R),!* and SAC-
Cl(general-R) method.'® The former method includes only
single and double (double and triple for the quartet states)
excitation operators in the linked operators, while the latter
includes higher-order operators as well.

Accurate calculations of the hfscs including electron cor-
relations often result in large calculational dimensions for the
following reasons. (1) Since the inner core polarization is
extremely important for the hfscs, the calculation should be
performed with the active space including both core and va-
lence MOs. (2) Extended basis set including flexible AOs
even near the nucleus is necessary for highly reliable results.
(3) The excitation configurations which are important for de-
scribing the hfscs do not necessarily give a large energy con-
tribution and therefore, the configuration selection using only
energy threshold is dangerous for the calculation of the hfscs.
Another purpose of this paper is to propose a convenient
configuration selection method which avoids discarding such
important configurations and guarantees the quality of the
calculated hfscs. Finally, we examine the basis-set depen-
dence of the calculated hfscs within the Gaussian-type
basis set.
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il. METHOD

The SAC-CI wave function is constructed by applying
the reaction operator to the SAC wave function as'’

WSAC-C] =RY gAC , (1)

where the excitator R generates excited, ionized, or electron
attached states from the ground state. The excitator is ex-
panded as

M=, dyg PR}, )
K

where P is the projector which projects out the \I'gAC com-
ponent, and R}( is the (linked) excitation, ionization, or elec-
tron attachment operator of the corresponding spin multiplic-
ity. The \I’SAC usually represents a totally symmetric singlet
closed-shell system and therefore, the projector P is unnec-
essary for the WA of different spin multiplicity.

There exist two ways of choosing the R}} operators in the
SAC-CI calculations. One choice is to limit R} operators to
the lower two levels of excitation operators, single- and
double-excitation operators for singlet to triplet multi-
plicities,w(b) and double- and triple-excitation operators for
quartet and quintet multiplicities."* The other is to further
include the higher-order excitation operators for the R}
operators.'® The former method is designated as SAC-
CI(SD-R or DT-R) and the latter as the SAC-CI (general-R)
method. The latter method is found to be effective for quan-
titative descriptions of the states characterized by the mul-
tiple excitations'® from the SAC state. Explicit forms'>~'° of
the excitation operators and the method of generating higher-
order excitation operators'® are given elsewhere.

We examine two different configuration selection meth-
ods in the present calculations. The first is the usual selection
method!® based on the energy selection alone and the second
is the method proposed here for the calculation of hfscs. In
the SAC-CI(SD-R, DT-R) calculations, double- (triple-) ex-
citation operators are selected according to their contribu-
tions to the second-order perturbation energy in the follow-
ing way.!® Let () represent the state to be calculated and
expanded as

yP=3 aP¢P (p=1,...,N), (3)

where ¢{P) is a component configuration and N is the num-
ber of states to be considered. The excited configuration to
be selected is denoted as ¢, and AEY) is defined as
Ll
AEP =——"— ! 4
* H E’P)-H ss “
where  H®'=(¢,|H|¢{"), HP=(¢|H|¢{), and
H, = (¢, H|¢,). The excitation configuration ¢; is included
as a linked configuration when it satisfies

AEP =), (5)

with at least one of the configurations ¢{*), where \, is a
given energy threshold.
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The configurations which involve the excitations from
the innermost core MOs are very important for the descrip-
tion of hfscs, though they usually give only a marginal en-
ergy contribution. In order not to discard such important con-
figurations in the configuration selection step, the selection
should be done on the basis of the contributions not only to
the energy but also to the hfsc. Such configuration selection
is performed in the following manner. Adopting the first-
order perturbation method, the coefficient c; of the configu-
ration ¢ contributing to the reference function ¢{ is writ-
ten as

HY

CSi:HEf)_Hss '

(6)

On the other hand, the integral necessary for the hfsc is writ-
ten as

(xil 8(r=Ry)|x1), (7

where X is the basis function used and this integral is stored
beforehand in the MO basis. Then, the contribution of ¢, to
the hfsc of the nucleus A is approximated as

8mg
AVhfsc,A=T:g§ gvBn 2 D xal 8(r—R )| x1)
k,l

(in Gauss), (8)
with Dy, given by
Dy=ac,{,|S.|¢")/12M, . ©)

The configuration ¢; is included in the linked configuration
if it satisfies

AVie A= Nntsc A (10)

with at least one of the configurations ¢{”) and for the one
of nuclei A in molecules, where Ay 4 is the threshold for
the hfsc of the nucleus A in gauss. The resultant selected
configurations are the sum of those which satisfy Egs. (5)
and/or (10).

lil. CALCULATION

The SAC-CI method and the full CI method are applied
to the calculation of the hfscs of the doublet, triplet, and
quartet states of small radicals, OH, CH,, BH,, CH;, and
H,0". The ground states of these radicals and the low-lying
excited states of the OH radical are examined. The geom-
etries of these radicals are due to the experimental values;
namely, Ru=0.969 66 A for all the states of OH,
Rey=1.08 A and 6ycy=134° for the B, state of CH,,
Rpu=1.18 A and 6,py=131° for the 2A, state of BH,,'®
Rcy=1.079 A for the A}, state of CHj,'° Ry =0.999 A and
6o =110.5° for the 2B, state of H,0".?° In the examination
of the present method, the basis sets are limited to double-
zeta quality, a [4s2p] set for B, C, and O atoms and a [2s]
set for the H atom of Huzinaga and Dunning,zl in order to
keep the size of the full CI practical. For examining the
basis-set dependence, various contractions based on the
primitive set of Huzinaga (9s5 p/4s)? and the d functions
with ¢,=0.85(0), 0.80(C), and 0.70(B) are examined. The
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TABLE 1. Dimension of the CI, SAC-CI, and full CI calculations.

Cl, SAC-CI?
Molecule State N=1,2 N=1-3 N=1-4 Full CI

OH XM 44 292 814 97 616
A23* 70 295 676 98 044

1%%° 328 893 1452 66 351

141 356 658 896 50 904

CH, B, 190 576 981 181 760
BH, A, 71 288 484 94128
CH, 24 60 496 1466 1955576
H,0* ’B, 48 388 1133 500 638

2N is the excitation level of the linked operators.
"Previously (Ref. 14) this dimension was erroneously written as 77.

closed-shell RHF MOs of the ground states are calculated by
the program HONDO7%2 and are used as the reference orbitals.
All MOs are included in the active space without frozen
MOs. The SAC/SAC-CI calculations are performed by the
modified version of the SAC8s program® and the MEG4/EX-
MEG4 program.?* The full CI calculations are carried out by
using the Slater determinant based algorithm of Knowles
et al.”® coded by Momose.?

In the SAC-CI calculation, all single- and double- (or
double- and triple-) excitation operators are included without
configuration selection both in the SD-R (or DT-R) and
general-R method. In the general-R method, higher-order ex-
citation operators are included using the configuration selec-
tion method. The reference functions ¢{") are those whose
SD-CI coefficients are larger than 0.1 in the reference states.
This method is different from the original scheme.!® The
perturbation energy threshold in the configuration selection
is \,=1.0X 107> a.u. Since the higher-order excitation op-
erators are included in the linked operators, some unlinked
terms may have the same excitation operators, and in the
present calculation, such unlinked terms are neglected.

In the examination of the configuration selection meth-
ods, the threshold Ay 4 is set to 3 G for all the nuclei. This
threshold is improved as Ay, o=1 G for the basis-set exami-
nation.
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IV. COMPARISON WITH THE FULL CI RESULTS

The doublet, triplet, and quartet states of the OH, CH,,
BH,, CH;, and H,0" radicals are investigated by the SAC-
CI(SD-R, DT-R), SAC-CI(general-R), and full CI methods in
order to examine the accuracy of the SAC-CI method. The
CI calculation using the same linked operators as the
SAC-CI calculation is also performed for comparison. The
SAC-CI method is performed with systematic inclusion of
the RY operators; namely, the SAC-CI(SDT-R) method in-
cludes up to triple-excitation operators (denoted as N=1-3)
and the SAC-CI(SDTQ-R) method includes up to quadruple
ones (denoted as N=1-4). The calculational dimensions are
given in Table 1. Table II shows the summary of the total
energies calculated by these methods, and Table III summa-
rizes the results for the hfscs.

A. The OH radical

We first investigate the two doublet (X 2IT and A 23 7)
and two quartet (1“%~ and 1 *“TI) states of the OH radical.
The results of the total energies calculated by the SAC-
CI(SD-R, DT-R) method are given in Table II, and some
discussions were given in the previous paper.'* We summa-
rize here only the relevant result. The 1“3~ state has some
triple-excitation nature and therefore, the unlinked terms of
the form {S"S"XR ¢ } are important for an appropriate de-
scription in the SAC-CI(DT-R) method. On the other hand,
the energy calculated by the SAC-CI(SDT-R, DTQ-R)
method first given in this paper is very accurate for all the
states, though the calculated values slightly overshoot the
full CI ones: The average discrepancy is only 0.51 mhartree.
The effects of the unlinked terms are estimated to be 11-16
mhartree in the SAC-CI(SDT-R, DTQ-R) method.

We examine the hfscs of the ground and excited states of
the OH radical. The full CI method gives the hfscs of the

X 211 state as —18.70 and —31.87 G for the O and H atoms,

respectively. The experimental values are —18.1 (0)*’ and
—26.1 G(H).?® The SD-CI calculation underestimates the hf-
scs of this state as —5.28 (O) and —23.48 G (H), while the
SAC-CI(SD-R) method improves the values to —12.23 (O)
and —25.61 G (H), but the difference from the full CI values
are still 6.47 and 6.26 G, respectively. This improvement of

TABLE II. Total energy of small radicals calculated by the SAC-CI(SD-R, DT-R), SAC-Cl(general-R), and full CI methods (in hartree).®

N=1,2 =1-3 N=1-4

Molecule State Cl SAC-CI(R-SD") Cl SAC-CI(R-SDT?) Cl SAC-CI(R-SDTQ") Full CI
OH X 21 7541247 (82.16) —75.492 96 (1.67) —75.478 61 (16.02)  —75.49495 (—0.32) —75.49049 (4.14) —75.49507 (—0.44) —75.494 63
A3t -7525840(81.13) —75.33780 (1.73) -75.32579 (13.74) —75.33962 (—0.09) —75.33556 (3.97) —75.34013 (-0.60) —75.33953
193" —75.15044 (41.62) —75.187 34 (4.72) -75.180 85 (11.21)  —75.192 03 (0.03) —75.190 41 (1.65)  —75.190 91 (1.15) ~175.192 06
11 ~75.038 85 (37.72) —75.07738 (—0.81) —75.06522 (11.35) —75.07498 (1.59) °~ —75.07198 (4.59) ~—75.073 14 (3.43) ~75.076 57
CH, B, -38.936 27 (61.72)  —38.995 09 (2.90) -38.99279 (520)  —38.995 73 (2.26) —38.994 56 (3.43)  —38.997 02 (0.97) —38.997 99
BH, 24, —25.74720 (57.74)  —25.800 46 (4.48) -25.79799 (6.95)  —25.803 61 (1.33) —25.799 47 (5.47)  —25.803 63 (1.31) ~25.804 94
CH, 2 —39.567 05 (90.69)  —39.652 94 (4.80) —-39.646 58 (11.16)  —39.658 47 (—0.73)  —39.65235 (5.39) —39.658 63 (—=0.89) —39.657 74
H,0* ’B, ~75.637 16 (85.70)  —75.721 29 (1.57) —75.705 86 (17.0)  —75.72322 (-0.36) —75.71728 (5.58) —75.722 71 (0.15) —75.722 86

Average discrepancy (67.31) (2.84) (11.58) (0.84) (4.28) (1.12)

“Deviations from the full CI values are given in the parentheses in mhartree.

®For quartet states, SD-R, SDT-R, and SDTQ-R methods correspond to DT-R, DTQ-R, and DTQQ-R methods, respectively.
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TABLE II1. Hyperfine splitting constants of small radicals calculated by the SAC-CI(SD-R, DT-R), SAC-Cl(general-R), and full CI methods (in G).?

N=1,2 N=1-3 N=1-4
Molecule
atom RHF Cl SAC-CI(R-SD®) Cl SAC-CI(R-SDT") Cl SAC-CI(R-SDTQ") Full CI Expt.
OH
xm :
o —5.28(13.42) —12.23(6.47) —15.41(3.29) —20.28(—1.58) —17.56(1.14) —20.88(—2.18) -18.70 -18.1¢
H ~23.48(8.39) —25.61(6.26) —29.74(2.13) —31.72(0.15) ~-30.58(1.29) —-31.50(0.37) -31.87 -26.1¢
Ax*
(o] -161.47 —221.69(—8.45) —214.78(—1.54) —207.82(5.42) —215.81(~2.57) ~212.53(0.71) -215.87(-2.63) -213.24
H 247.48 276.00(—8.82) 273.24(—11.58) 290.89(6.07) 285.96(1.14) 287.18(2.36) 285.79(0.97) 284.82
1%°
o —35.55 —64.05(14.12) —73.40(4.77) —80.40(—2.23) —81.67(-3.50) —81.87(—3.70) —82.40(—4.23) -78.17
H 0.63 29.92(0.94) 29.67(0.69) 29.16(0.18) 29.02(0.04) 28.63(—0.35) 29.04(0.06) 28.98
1'n
o -89.38 —101.85(6.61) —105.56(—2.90) —110.72(-2.26) —112.49(—-4.03) -111.73(-3.27) —112.14(-3.68) —108.46
H 83.13 112.37(-2.51) 115.06(0.18) 115.64(0.76) 113.77(-1.11) 114.35(-0.53) 114.42(-0.46) 114.88
CH, B,
C 53.43 92.57(-10.33) 96.45(—6.45) 96.91(— 5.§9) 104.54(1.64) 98.69(—4.21) 102.88(-0.02) 102.90 (85.2)°
H 9.58 —13.36(—4.45) —15.75(-2.06) -16.11(-1.70) —17.40(—0.41) —16.66(—1.15) —17.48(-0.33) -17.81 -7
BH, %A,
B 72.57 130.30(—1.05) 123.80(-7.55) 123.55(—7.80) 131.34(-0.01) 125.83(-5.52) 130.86(—0.49) 131.35 1288
H 11.70 1.64(0.06) 0.93(—0.65) 1.41(-0.17) 1.64(0.06) 1.42(-0.16) 1.73(0.15) 1.58 +13.6%
CH; %A%
C 25.77(—15.80) 28.69(—12.88) 31.46(—10.11) 42.06(0.49) 35.12(—6.45) 42.45(0.88) 41.57 28.7"
H —26.80(8.51) —28.67(6.64) ~31.68(3.63) —35.18(0.13) —32.85(2.46) —34.90(0.41) —-35.31 -24.7"
H,0* B,
(o] e —15.20(18.43) —20.09(13.54) —28.94(4.69) —34.09(—0.46) ~34.55(—0.92) —34.64(—-1.01) —33.63 +29.7
H .. —23.81(11.00) —28.23(6.58) -32.17(2.64) —34.68(0.13) —34.31(0.50) —34.49(0.32) —34.81 +26.11
Average discrepancy in absol valud
A 11.03 7.01 522 1.79 324 1.89
H 5.59 4.33 2.16 0.40 1.10 0.38

*Deviations from the full CI values are given in the parentheses (in G).

YFor quartet states, SD-R, SDT-R, and SDTQ-R methods correspond to
DT-R, DTQ-R, and DTQQ-R methods, respectively.

‘Reference 27.

9dReference 28.

*MRD-CI value calculated with the extended basis sets; Ref. 30.

the SAC-CI is attributed to (1) the reorganization of the
linked terms due to the inclusion of the unlinked terms and
(2) the contribution of the unlinked terms itself. Similar im-
provements are also obtained for the hfscs of the excited
states: The improvement is more remarkable for the hfscs of
the O atom than for those of the H atom. The SAC-
CI(SDT-R) method, in which the excitation operators up to
triple ones are included in the R operators, gives more ac-
curate values as —20.28 (0) and —31.72 G (H) for the X 2I1
state: The errors are only —1.58 and 0.15 G, respectively.
Comparing the results of the CI method with those of the
SAC-CI method, the effect of the higher-order terms is rec-
ognized as to increase the spin density at the nucleus espe-
cially of the radical center.

The two quartet states, 1 %~ and 1 “T1, have the elec-
tronic  configurations of (po)’(pm)*(o*)'  and
(po)'(pm)3(c*)", respectively. First, the analysis of the
spin appearing mechanism for these states is performed: i.e.,
the decomposition into the spin delocalization, spin polariza-
tion, and electron correlation effects. The RHF contributions
which correspond to the spin-delocalization ones are calcu-
lated to be —35.55 (O) and 0.63 G (H) for the 1“3 state
and —89.38 (O) and 83.13 G (H) for the 1 *II state. Reflect-
ing the two and one unpaired spins in the 7 orbitals of the

Reference 29.
8Reference 30.
PReference 31.
iReference 32.
JA is the first row atom.

143" and 1 *II states, respectively, total correlation contri-
butions are large for these states; —42.6 (O) and 28.4 G (H)
for the 143 state and —19.1 (O) and 31.8 G (H) for the
1°T1 state. The accuracy of the SAC-CI(DT-R) method is
excellent for the quartet states. The deviations from the full
ClI results are only 4.77 (O) and 0.69 G (H) for the 143
state, which correspond to 6.1% and 2.4% of the exact val-
ues. Those for the 1“1 state are —2.90 (O) and 0.18 G (H),
which are 2.7% and 0.2% of the exact values. The hfscs of
the quartet states calculated by the SAC-Cl(general-R)
method are almost in the same accuracy as those calculated
by the SAC-CI(DT-R) method. The SAC-CI(DT-R) method
is very accurate because (1) these quartet states have some
RHF contributions and (2) {R"|0)} space for the quartet mul-
tiplicity covers wider variational space than that for the dou-
blet one.

The present examination shows that the SAC-CI method
gives quantitatively reliable values not only for the energies
but also for the hfscs in spite of the smallness of the calcu-
lational dimensions: 44 (SD-R) and 292 (SDT-R) compared
with the full CI dimension 97 616 for the X *I state. In
particular, the SAC-CI(SD-R) method largely improves the
result of the SD-CI method. Quantitative agreement of the
hfscs guarantees the accuracy of the fine details of the
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SAC-CI wave function with respect to the spin correlations
and electron correlations.

B. The CH, and BH, radicals

We next examine the ground states of the CH, and BH,
radicals, >B; and ?A,. The full CI total energies are calcu-
lated to be —38.997 99 a.u. for CH, and —25.804 94 a.u. for
BH,, respectively, and for all the excitation levels of the R'
operators, the SAC-CI method reproduces well the full CI
values, as shown in Table II. The errors reduce as the higher-
order operators are included in the R" operators. The errors
of the SAC-CI(SDTQ-R) is only 0.97 a.u. and 1.31 a.u. for
CH, and BH, respectively.

The hfscs of the 3B, state of CH, are calculated to be
102.90 (C) and —17.81 G (H) using the [452p/2s] basis set
by the full CI method. The experimental value of —7.2 G is
available for the H atom.”” The MRD-CI calculation with the
extended basis set gives the hfsc of 85.2 G for the C atom.>
The RHF contributions are estimated to be 53.43 (C) and
9.58 G (H), where the value for the H atom is positive. The
effects of the spin and electron correlations are as large as
49.5 (O) and —27.4 G (H). The results of the SAC-CI
method are excellent; the SAC-CI method improves the hfsc
values of C and H estimated by the CI method in all cases of
the excitation levels. The effects of including unlinked terms
are approximately 4 G for the C atom and —1 to —2 G for
the H atom, respectively. The deviations from the full CI
results are only 1.64 (C) and —0.41 G (H) in the SAC-
CI(SDT-R) method.

The hfsc of the B atom for the 2A; state of BH, is cal-
culated to be 131.35 G by the full CI method in good agree-
ment with the experimental value of 128 G.* The RHF con-
tributions are large and estimated as 72.57 (B) and 11.70 G
(H). The SD-CI method gives, perhaps accidentally, a very
good value of 130.30 G for B. However, the inclusion of the
higher-order terms reduces the spin density at B and the re-
sults become seemingly worse. On the other hand, the
SAC-CI results behave more naturally and again the SAC-
CI(SDT-R) method gives excellent results with the errors of
only —0.01 (B) and 0.06 G (H).

C. The CH, and H,0" radicals

The CH; and H,0" radicals are doublet 7 radicals and
therefore, their spin distributions are determined solely by
the spin polarization and electron correlation effects. The to-
tal energy of the 2A) state of the CH; radical is calculated to
be —39.657 74 a.u. and the dimension of the full CI calcu-
lation is as large as 1955 576. The SAC-CI method gives
—39.65294 and —39.658 47 a.u. with the dimensions of
only 60 and 496 by the SD-R and SDT-R methods, respec-
tively. The hfscs of CH; are calculated to be 41.57 (C) and
—35.31 G (H) by the full CI method, which are larger than
the experimental values of 28.7 (C) and —24.7 G (H).3! The
CI calculation of the N=1-3 level gives the values of 31.46
(C) and —31.68 G (H): The errors are as large as —10.11 (C)
and 3.63 G (H). The SAC-CI(SDT-R) method improves the
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values as 42.06 (C) and —35.18 G (H), whose deviations
from the full CI are only 0.49 and 0.13 G for C and H,
respectively.

The results for the 2B state of H,0™ are very similar to
those of the X 2I1 state of OH. The total energy of the 2B,
state of H,0™ is calculated to be —75.722 86 a.u. by the full
CI method. Even the CI calculation of the N=1-3 level
gives the error of 17 mhartree. The SAC-CI method shows
good agreement in all cases of the excitation levels; the er-
rors are within 2 mhartree. The hfscs of H,0" are calculated
to be —33.63 (O) and —34.81 G (H) by the full CI method.
Experimental values are reported to be =29.7 (O) and +26.1
G (H),** whose signs are not determined. As for the hfsc of
the O atom, it is difficult to reproduce the full CI value and
the inclusion of the higher-order terms is necessary for an
accurate description. The CI calculations of N=1,2 and
N=1-3 levels give —15.20 and —28.94 G for the hfsc of
the O atom, whose errors are as large as 18.43 and 4.69 G,
respectively. The SAC-CI method improves these values to
—20.09 and —34.09 G, respectively, and the errors are 13.54
and —0.46 G, respectively. The effects of including unlinked
terms are estimated to be —4.9 and —5.2 G, respectively.
The result of the SAC-CI(SDT-R) method is satisfactory and
the errors are as small as —0.46 (O) and 0.13 G (H).

V. CONFIGURATION SELECTION METHOD FOR THE
HFSCs

We next consider the effect of the configuration selection
on the calculation of the hfscs. Two configuration selection
methods described in Sec. II are examined for the SAC-
CI(SD-R, DT-R), and SAC-Cl(general-R) calculations. The
calculational dimensions and the results are summarized in
Table IV. The first one, named “method I,” corresponds to
the usual selection method in which only energy is used for
the criterion according to Eq. (5). In the second method
(method II), the contribution to the hfsc of each atom is also
taken into account: Selected configurations are the sum of
those which satisfy Eqgs. (5) and (10). The results of these
two methods are compared with those obtained without do-
ing configuration selection, which are shown in the column
under “full.”

The effectiveness of method II is discussed in terms of
the results of the SAC-CI(SD-R, DT-R) method. The differ-
ence of the two methods is remarkable for the hfscs of the
radical center atoms. For the X *TI state of the OH radical,
e.g., the hfsc of the O atom is calculated as —12.23 G with-
out configuration selection. Method I whose energy criterion
is Ae=5X1073 a.u. gives —56.12 G, but method II gives
the reliable value of —11.24 G. This difficulty of method I is
caused by the fact that it discards the important (only three)
excitation configurations which describe the inner-core po-
larization. Method 11 is also reliable for the hfscs of the quar-
tet states. The "hfscs of the O atom calculated by method II
deviate only —0.65 and 1.36 G for the 1 43~ and 1 “I1 states,
respectively, from those obtained without the selection, while
those by method I deviate by as much as —23.38 and —17.60
G, respectively. The excitation configurations, which are im-
portant for describing the hfscs of the H atom, also give large
perturbation energy contributions to the reference functions.
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TABLE IV. Two types of the configuration selection methods applied to the calculations of the energy (a.u.) and

hyperfine splitting constants (hfscs) (G) of small radicals by the SAC-CI method.

SAC-CI (SD-R, DT-R)

SAC-CI (SDTQ-R, DTQQ-R)

Method I Method II° Full® Method ' Method II° Full®
OH
X2  Dimension 26 29 44 525 528 814
Energy (a.u) —75.49285 —7549288 —75.49296 —75.49427 7549430 —75.49507
Hfsc (G) O  —56.12 -11.24 -12.23 -68.98 ~25.62 -20.88
H -25.60 -25.61 -25.61 -30.85 -30.86 -31.50
A 2%*  Dimension 36 39 70 422 425 676
Energy (au) —75.33677 -7533763 -7533780 —7533881 -7533882 -75.34013
Hfsc (G) O —221.76 -202.72 -214.78 -224.11 -206.04 -215.87
H 2737 273.70 273.24 286.92 286.91 285.79
1%~ Dimension 132 164 328 833 865 1452
Energy (au) -—75.17787 -—75.17795- -75.17813 -75.18971 —75.18978 —75.19091
Hfsc (G) O —97.17 ~74.44 -73.79 -107.36 -85.78 -82.40
H 3037 30.37 30.35 28.96 28.96 29.04
1 Dimension 108 124 356 447 463 896
Energy (a.u) -75.07035 —75.07039 -7507075 —75.07171 =7507175 -—75.07314
Hfsc (G) O —122.41 -106.17 -104.81 -130.81 -114.93 -112.14
H 116.05 116.05 116.00 114.51 114.52 114.42
CH,
3B, Dimension 77 89 190 562 575 981
Energy (au) —38.99424 -—3899431 —38.99509 -—3899406 —38.99413 —38.99702
Hfsc (G) C  124.61 98.95 96.45 132.99 107.98 102.88
H -1643 —-16.43 -15.75 -17.31 -17.31 -17.48
BH,
A, Dimension 32 36 71 334 338 481
Energy (au) -—25.79986 —25.79988 —25.80046 —25.80165 —25.80166 —25.80363
Hfsc (G) B 128.26 125.11 123.80 137.81 134.70 130.86
H 2.50 2.50 0.93 3.09 3.09 1.73
CH,
244 Dimension 34 38 60 840 844 1466
Energy (a.n) —39.65286 —39.65289 —39.65294 —39.65771 —39.65774 —39.65863
Hfsc (G) C 63.32 30.99 28.69 83.00 51.29 42.45
H -2867 -28.68 -28.67 —34.43 ~34.44 -34.90
H,0*
B, Dimension 29 34 48 272 277 1133
Energy (au) -—7572114 =7572119 -75.72129 —7572228 ~—75.72233 -75.72271
Hfsc (G) O -71.13 -18.93 -20.09 -81.75 -37.26 -34.64
H -2817 -28.18 -28.23 -34.46 —34.49 -34.49

*Configuration selection is performed with only the energy criterion [Eq. (5)].
YConfiguration selection is performed with the criterions of both energy and hfsc [Eqs. (5) and (10)].

“Without configuration selection.

Therefore, method I also gives good description for the pro-
ton hfscs. These trends hold good for other radicals except
for the 2A, state of BH, in which core MOs of the B atom
are not so much deeply bounded. The deviations of method I
for the hfscs of the radical centers are calculated to be 28.16,
34.63, and —51.04 G for CH,, CH,, and H,0", respectively,
while those of method II are only 2.50, 2.30, and 1.16 G. The
effectiveness of method II is also observed in the SAC-CI
(general-R) method as shown in Table IV.

The increases of the dimensions from method I to
method II from 3 to 32 configurations are required for the
accurate description of the hfscs. They are very small but the
effects on the hfscs are very important, though the effects on
the energies are marginal. They represent the inner-core po-
larization effect. The efficiency of the present method would
increase as the system becomes large, as the system includes
heavy atoms, and as the spin multiplicity of the molecule
increases.

VI. BASIS-SET EXAMINATIONS

We have now shown the accuracy of the SAC-CI method
and the usefulness of the proposed configuration selection
method for calculating the hfscs. The SAC-CI (SDT-R)
method combined with the present configuration selection
procedure is considered to give a very accurate result for the
hfscs. Therefore, we finally examine here the basis-set de-
pendence by changing the contractions of the Gaussian basis
functions and by adding the polarization functions.

Table V gives the total energies and the hfscs for the
ground state of five radicals, OH(X %IT), CH,(’B),
BH,(%A,), CH,(?4%), and H,0"(*B,), calculated by using
some different Gaussian basis sets. Entries 1 and 2 are the
results of the [452p/2s] and [4s2p1d/2s1p)] set,”! respec-
tively, and therefore we can see the effect of the polarization
functions. In particular, the hfscs of CH, are much improved:
from 96.91 (C) and —16.11 G(H) with the [452p/2s] set to

J. Chem. Phys., Vol. 100, No. 8, 15 April 1994



Nakatsuji, Enara, and Momose: Hyperfine splitting constants

5827

TABLE V. Energies (a.u.) and hyperfine splitting constants hfscs (G) of small radicals calculated by the SAC-CI (SDT-R) method using the energy and hfsc

configuration selection method [Egs. (5) and (10)].

OH CH, BH, CH, H,0*
x4 ’B, Ay %4 ’B,
1. [4s2p/2s])?
Energy —75.494 95 —38.995 73 —25.803 61 —39.658 47 ~75.723 22
Hfsc 0-15.41 C 96.91 B 123.55 C 31.46 0O -2894
H-29.74 H-16.11 H 1.41 H-31.68 H -3217
2. [4s2p1d/251p]®
Energy —75.580 46 -39.05115 —25.845 38 -39.733 02 —75.821 47
Hfsc 0-16.88 C 83.02 B 128.45 C 2641 0 -3347
H-26.15 H -8.79 H 7.23 H-26.54 H -2852
3. [5s2pld/2s1p]® .
Energy —75.582 45 —39.052 03 —25.846 26 —39.734 02 —75.822 89
Hfsc 0-21.99 C 78.63 B 114.39 C 30.80 0 -4214
H-26.13 H —-8.77 H 7.28 H-26.52 H -2865
4. [5s2p1d/3sT1p]®
Energy —75.582 90 —39.052 66 —25.846 56 —39.735 08 —75.824 33
Hfsc 0-22.46 C 79.66 B 114.34 C 30.79 0 -3935
H-26.04 H -7.62 H 7.74 H-25.12 H -26.74
5.(9s5pld/4s1p)?
Energy —75.620 45 —39.075 96 —25.873 91 —39.761 94 —75.862 34
Hfsc 0-22.97 C 80.66 B 111.24 C 35.08 0o -3832
H-22.00 H -6.92 H 9.06 H-22.19 H -24.46
Expt. :
Hfsc 0-15.2° C (85.2)° B 1288 Cc 287" 0 *29.7
H-26.1¢ H -7.2f H *13.68 H-24.7" H *26.1

*Reference 21.
"Reference 33.
“Reference 27.
9Reference 28.
*MRD-CI calculation with extended basis sets; Ref. 30.

83.02 (C) and —8.79 G(H) with the [452p1d/2s1p] set. For
carbon the MRD-CI calculation®® with extended basis set
gave 85.2 G and for proton the experimental value is —7.2
G.% Such improvements are also obtained for the hfscs of
BH, and CH, and also for the H atoms of OH and H,0". In
entries 3 and 4, the flexibility of the s shell is enlarged for the
radical center atoms and for the H atom, respectively. Chip-
man’s contraction scheme™® is adopted in entry 4. In entry 5,
the primitive set of Huzinaga?! with the polarization function
(9s5p1d/4slp) is examined. The total energies are im-
proved as the basis sets are qualified, however, the values of
the hfscs are not necessarily improved. This difficulty of cal-
culating the hfscs is also pointed out in the studies using the
Gaussian basis sets.!%!! As we have pointed out previously,
further improvement will be obtained only by the wave func-
tion which satisfies the cusp condition.® Slater-type orbitals
are necessary at least for the s-type orbitals. The Huzinaga—
Dunning [4s2p1d/2s1p] contraction seems to give good
compromise values among these basis sets.3>

Vil. CONCLUDING REMARKS

The accuracy and the usefulness of the SAC-CI method
for calculating hyperfine splitting constants (hfscs) are exam-
ined and confirmed for the doublet, triplet, and quartet states
of several small radicals. The results of the SAC-CI method
show good agreement with those of the full CI ones. The
SAC-CI (general-R) method is applied to the high-spin states

TReference 29.
BReference 30.
"Reference 31.
iReference 32.

for the first time and is found to give an accurate description
of the hfscs. In particular, the SAC-CI(SDT-R) method gives
highly accurate hfsc results.

A convenient configuration selection method which
keeps the quality of both the calculated energy and hfsc is
proposed. This method, in which both energy and hfsc are
used as the criteria in the configuration selection procedure,
is also applicable to an ordinary CI method and is effective
for accurate calculations of hfscs especially for large systems
and for high-spin molecules, where a large number of con-
figurations are required. Furthermore, it is easy to modify
this method to the properties other than the hfsc.

The basis-set dependence of the calculated hfscs is ex-
amined. Within the Gaussian set, the improvement in energy
does not necessarily result in the improvement of the hfsc.
We have to use the basis set which satisfies the cusp condi-
tion, like STO. Within the GTOs, the Huzinaga—Dunning
[4s2p1d/2s1p] contraction is a good compromise for the
hfscs.
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