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A reliable prediction of the isotropic hyperfine coupling constant Aiso is still a difficult task for 
ab initio calculations. In previous studies, the configuration selected multireference configuration 
interaction method in combination with perturbation theory to correct the wave function 
(MRCI/ BK) yielded accurate isotropic hyperfine coupling constants very economically. The 
present study gives a detailed analysis of the MRCI/ BK method based on the X 2ß state of CH 
as a test case. Furthermore, a comparison to various other methods such as Maller-Ptesset 
perturbation theory and the coupled cluster approach is made. The success of the MRCI/ BK 
method in predicting isotropic hyperfine coupling constants is explained in terms of the inßuence 
of higher than double excitations. 

INTRODUCTION 

The magnetic interaction between the nuclear spin I 
and the electron spin S can be described by the hyperfine 
coupling constants (hfcc). It consists of an isotropic part 
and an anisotropic part. The isotropic part, also called the 
Fermi contact term, possesses no classical analog. It is 
proportional to the net unpaired electron-spin density at 
the nucleus and is given by the isotropic hyperfine coupling 
constant .Aiso defined as1 
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where the term in the bra-ket is the total spin density 
(8(rN)) of the electrons at the location of the nucleus N. 
The term g is the g value for the electrons in the radical, 
while ß N is the Bohr magneton. In the present work, g was 
set to the value for the free electron g •. The quantities KN 
and ß N are the nuclear g factor and the value for the nu
clear magneton, respectively. 

The anisotropic part describes the dipole-dipole inter
action between I and S. Its Cartesian components are de
fined in a molecule-fixed coordinate system as 1 

(2) 

with i,j =x-.v,z; ck indicates that A11 is formulated with 
respect to the center N. 

Since each nucleus with I> 0 contributes to the split
ting, the hyperfine spectrum is very complex, but opens the 
possibility of characterizing the molecule in different re
gions. 

While the calculation of anisotropic hfccs is not too 
complicated, a reliable prediction of Aiso is still a very dif
ficult task for ab initio calculations. The difficulties arise 
since only those orbitals which possess a nonvanishing 
value at the position of the nucleus in question and a net 

spin density contribute to Aiso. Thus spin polarization ef
fects have tobe taken into account. Very often all doubly 
occupied shells contribute to Aiso. Since the contributions 
from the shells are simüar in magnitude, but differ in sign, 
a balanced description of the correlation effects for all 
shells is essential. This explains the strong dependence of 
Aiso on the atomic orbital (AO) basis and on the quality of 
the configuration interaction (Cl) wave fu.nction, as has 
been seen previously. 2-<i 

With respect to the quality of the CI wave function, 
recent investigations3

•
4

•
7
•
8 emphasize the importance of 

higher than double excitations. A good example is the 
ground state (X 2ß) of the CH molecule. 8 For the isotro
pic hfcc of the carbon center Aiso( 13C), very good agree
ment with the experimental value of 46.8 MHz ( ± 2.8 
MHz) can only be obtained if triple excitations are taken 
into account (45 MHz). A single and double excitation 
configuration interaction (SDCI) gives a value of30 MHz, 
i.e., an error of more than 30%. Surprisingly a CI which 
includes only single excitations with respect to tbe 
Hartree-Fock configuration (SCI) gives much better 
agreement ( 41 MHz) than SDCI calculations. The SCI is 
a subspace of the SDCI, so that some sort of error cancel
lation has tobe expected. 

A more founded understanding of the inftuences of the 
various excitation classes is given in our recent study9 in 
which the effects are divided into an indirect and a direct 
part. Going from a SCI to a SDCI, the double excitations 
can inftuence Aiso in two ways.' First, a direct effect arises 
from the coefficients of the double excitations themselves, 
which are not in the SCI wave function. A second inftuence 
of the double excitations on Aiso is of more indirect nature. 
Due to interactions within the SDCI Hamitton matrix 
among configurations already included in the SCI and the 
double excitations, the coefficients of the restricted 
Hartree-Fock (RHF) configuration and of the single ex
citations obtained by a SDCI treatment differ from those 
obtained by the SCI treatment. From these modifications 

1380 J. Chem. Phys. 100 (2), 15 January 1994 0021-9606/94/1 00(2)/1380/7/$6.00 ® 1994 American Institute of Physics 



B. Engels: Gonfiguration Interaction combined with perturbation theory 1381 

to the coefficients, a further change in Aiao results. It can 
also be traced back to the inftuence of the double excita
tions, and in the following it will be called the indirect 
effect of the double excitations on Aiso. The indirect effect 
contains both normalization effects and changes in the ra
tio among the individual coefficients, but the latter are 
found to be much more important. 

Tbe study shows clearly tbat, at least for tbe studied 
systems (boron, carbon, and nitrogen atoms), tbe effects of 
the higber excitations ( triples and quadruples) arise 
mainly due to indirect effects, while direct effects of the 
higher excitations are quite small. Therefore, a procedure 
whicb would be able to include the indirect effects of less 
important configurations sbould be able to give very reli
able bfccs. 

In a previous paper, we used the BK metbad 10 in a 
modified form5 in combination with a configuration se
lected multireference configuration interaction (MRCI) 
method to calculate tbe isotropic bfccs of nitrogen and 
boron atoms. This approacb was found to be able to cover 
the indirect effects of less important configurations not 
handled variationally. In the present paper, hfcc calcula
tions for a system which is well-known for the difficulties in 
the calculations of isotropic hfccs6

•
11 are presented. After a 

short review of the tecbnical details, a study of tbe ground 
states of CH (X 20) will be discussed. A comparison witb 
various metbods taken eitber from the Iiterature or calcu
lated using the Gaussian88 program 12 will be given. One 
important question in connection witb the B xl A K ap
proach is how the isotropic bfccs or any other property 
calculated with the perturbationally corrected wave func
tion depends on the number of configurations already 
treated variationally, i.e., included explicitly in H 0 • The 
calcu1ations of tbe correction terms being quite expensive, 
the question of bow many configurations actually have to 
be included within the B xl A K step also arises. Both ques
tionswill be discussed in tbe present study. 

THEORY 

The tbeory of tbe BK metbad is based on partitioning 
perturbation theory. 13•14 Suppose tbe Hamitton matrix H 
of tbe MRCI space is partitioned as 

(3) 

where Ho is a NX N submatrix of H containing all impor
tant configurations. Then H 1 is a (K-N) X (K-N) ma
trix formed from configurations of lesser importance and h 
contains the connecting matrix elements between the two 
sets of configurations. Within selective MRCI techniques, 
h and H 1 are neglected and only 

(4) 

is solved. Tbe formula of tbe BK metbad according to 
Davidson lS-lB is obtained if Eq. ( 3) is written as 

[Ho+ h T CE- H1 > -•h 1 eo= Eeo (5) 

and H 1 is replaced by its diagonal part 

(6) 

Depending on how E' in Eq. (6) is chosen, one arrives at 
Brillouin-Wigner (E' is equal to E and the equation is 
solved iteratively) or Rayleigh-Schrödinger [E' is equal to 
tbe energy in Eq. (4)] perturbation theory}5•16 In the 
present work, Rayleigb-Schrödinger perturbation tbeory 
was adopted. The indirect effect of the neglected configu
ration is accounted for because the new vector ~ contains 
the relaxation of cö due to the neglected configurations in 
second-order perturbation tbeory. 

Tbe coefficients of configurations not contained in c0 
can also be estimated in second-order perturbation tbeory 
using the A K metbad 

(7) 

In tbe present study, the efficiency oftbe Bxmetbod in 
correcting a truncated CI wave function is tested. A cal
culation consists of two steps. After choosing the reference 
space, all single and double excitations are generated. In 
the first step, the Ho matrix is diagonalized. It contains all 
configurations which lower the energy by more than a 
given tbresbold T CI. In the second step, tbe BK metbad is 
applied. Since the computation of all terms in 
hT(E' -D)- 1h is very time consuming, they are only cal
culated for tbe most important configurations. All config
urations possessing a coefficient absolutely greater tban a 
given threshold T BK were included in the BK correction. 

RESUL TS AND DISCUSSION 

The calculation of tbe isotropic hfcc of tbe carbon cen
ter Aiso( 13C) in tbe X 2n of CH is a great challenge for ab 
initio calculations, although only seven electrons need to be 
correlated. The X 2ß state is derived from the electronic 
configuration tu22u23u211T1

• Sin~e only tbe 1T orbital is sin
gly occupied, tbe restricted Hartree-Fock ( RHF) ap
proach yields a value of zero for the isotropic hfccs of both 
centers. The correct value [the experiment19•20 gives ( 46.8 
± 2.8 MHz) for tbe carbon center and (-57. 7 ± 0.3 
MHz) for the hydrogen center] is determined by correla
tion and/or polarization effects wbicb can be taken into 
account for example by a MRCI treatment. 

For tbe study of the CH molecule, the two different 
AO basis sets given in Table I were used. The smaller AO 
basis set ( 13s8p3d1f /9s3p)- [8s5p3dlf /6s3p] was used to 
perform less expensive calculations. Experience gained 
from this basissetwas used in calculations witb the !arger 
basis set ( 14s9pSdl/!10s3p) -[9s6pSd1f/1s3p]. The latter 
is flexible enougb for a very reliable calculation of isotropic 
hfccs. All calculations were performed for Re= 1.118 Ä. 

Let us first focus on the results obtained with the 
smaller basis set. To test the quality of tbe Bxl Ax approx
imation, we compared the isotropic bfccs obtained with the 
BxiAx scbeme witb the exact Iimit, given by Aiso calcu
lated with tbe unselected MRCI wave function. This was 
possible for a smaller reference space (six configurations) 
leading to a total MRCI space of 171 901 configurations. 
The MRCI calculations were performed with the 
MELDF-X program package. 22 The calculated values of 
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TABLE I. The description of AO basis sets used for the CH molecule. 

sman AO basis 

Carbon center ( 13s8p)-[SsSp) Duijneveldt (Ref. 21) 
+3d function (2.292/0.838/0.292) 
+1/function (0.761) 

Hydrogencenter (fb)-[Ss) Duijneveldt (Ref. 21) 
+ ls function (2.4) 
+3p function ( 1.848/0.649/0.228) 

Large AO basis 

Carbon center 

Hydrogen center 

Small basis 
+ls (0.02) 
+ lp (0.0358) 
+2d (8.0/0.1) 
Small basis 
+ls (0.01) 

Aiso( 13C) as a function of the number of configurations 
handled variationally are given in Fig. 1. Because of their 
importance for one-electron properties, all single excita
tions were not subject to the selection procedure, i.e., all 
single excitations are always included in ßo. For these test 
calculations, self-consistent field molecular orbitals (SCF
MOs) were used as the one-particle basis. If the truncated 
MRCI wave function without corrections is used, a strong 
dependence of Aiso( 13C) on the number of configurations 
handled variationally is found. First, ü the number of con
figurations is smaller than about 10 000, a decrease in 
Aiso( 13C) is found. For H 0 ranging in size from 10 000 to 
30 000 configurations, the value of Aiso( 13C) increases 
strongly, while for larger H 0 , slow convergence to the ex
act MRCI value is seen. Similar behavior for tbe isotropic 
hfccs of the heavier center was also found for Aiso( 1"N) in 
the ground state X 3:I- of NH.23 To push the error below 
5% (1.2 MHz), it is necessary to include 20%-30% ofthe 
total MRCI space. The value of Aiso( 13C) obtained with 
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FIG. 1. A comparison of the BK/A.K method with MRCI calculation. 
The points denote A.~( 13C) obtained from truncated MRCI 
calculations. BK/ A.K were performed for Ta= m-7 (21 290 configura
tions). The isotropic hfcc obtained with the BK method is indicated with 
+; the values including the BK and the A.K corrections are denoted by 0. 

Ref. 31 

Ref. 31 

the exact MRCI wave function is 23.6 MHz. A BK/AK 
treatment was performed for Ta= 10-7 hartrees. With 
this threshold, 21 290 configurations, i.e., 12.4% of the 
total MRCI space, were handled variationally. The indi
rect effect, estimated by the BK treatment, is 3.2 MHz, 
while the direct effect calculated with the AK metbad gives 
2.4 MHz. Using perturbation theory, Aiso( 13C) iscorrected 
from 18.4 to 24.0 MHz. This is about 0.4 MHz ( 1.2%) 
higher than the exact MRCI value. To obtain similar 
agreement using the configuration selected MRCI method 
without any correction, it is necessary to include about 
50% ofthe MRCI space (95 ()(X) configurations). The re
maining differences to the experimental result of 46.8 MHz 
are due to the neglect of higher excitations. The exact 
MRCI energy ( T c1=0.0 hartree) is -38.4510 hartrees. 
For Tc1= Io-7 hartree, a total energy of -38.4497 har
trees is calculated. Using the energy extrapolation scheme 
developed by Peyerimhoff and Buenker,24 -38.4508 har
trees are obtained, while the BK method gives -38.4512 
hartrees. It is seen that both methods Iead to very similar 
estimates ofthe exact MRCI energy, the former procedure 
being less expensive. However, it should be kept in mind 
that in this extrapolation scheme, only the energy is cor
rected, while the wave function remains unchanged. 

For calculations using larger reference spaces which 
are very important for a reliable description of isotropic 
hfccs, our software was unable to handle the total MRCI 
space. Therefore, results will be compared with experimen
tal data. To obtain faster convergence of the CI expansion, 
natural orbitals (NOs) were used as the one-particle basis. 
Besides the reliability of the method, the question of econ
omy is also important. In connection with the BK/ A K ap
proach, it is therefore interesting to investigate how the 
isotropic hfccs ( or any other property) calculated with the 
perturbationally corrected wave function depend on the 
number of configurations already included in Ho· To gain 
insight into the problem, we varied the size of Ht.· The 
inßuence of higher excitations was studied by increasing 
the size of the reference space. The reference configurations 
were selected according to the size of their coefficients. The 
results of the various calculations performed with the 
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TADLE 11. Details of calculations performed for thc X 20 statc of CH using thc small basis set. Energy is 
with rcspect to -34.0 hartrees, isotropic hfccs are in megahertz. 

Tab SAF Ectd A~(nc)e A~(H)e EMRD-CI 
r 

Es•' A~(lJC)I A!:(H)' 

42 reference conftgurations cl::::0.98o- MR space-443 464 SAF 
10.0 2366 -0.4360 16.7 -54.0 -0.4544 -0.4580 32.1 -57.3 
1.0 8 258 -0.4486 31.1 -55.3 -0.4529 -0.4559 41.8 -57.7 
0.1 21947 -0.4524 35.6 -56.4 -0.4541 -0.4547 40.7 -57.9 
0.05 29240 -0.4529 35.0 -56.8 -0.4S43 

53 referencc configurations c2::::0.984• MR space-523 413 SAF 
10.0 2894 -0.4362 15.2 -54.1 -0.4541 
1.0 8 575 -0.4487 31.2 -S5.0 -0.4532 -0.4562 41.8 -57.3 
0.1 22 582 -0.4526 36.5 -56.2 -0.4545 -0.4550 41.4 -57.6 

72 reference configurations cl::::0.98,. MR space-638 893 SAF 
1.0 11 255 -0.4492 30.2 -55.5 -0.4538 -0.4563 41.5 -58.2 
0.1 24743 -0.4527 35.3 -S6.4 -0.4545 -0.4553 41.6 -58.2 

•part of the reference space of the CI wave function on basis on thc sum of thc squarcs of coefficents. 
bin 10-6 hartrces. 
O'fhe numbcr of SAFs inc1udcd in the diagonalization proccdure. 
dEnergy obtaincd by diagonalizing Ho. 
CJsotropic hfcc calculated with thc truncatcd MRCI wavc function. 
'Corrected using the MRDCI scheme. 
'Corrcctcd using the B x scheme. 

smaller AO basis set are given in Table II. In Fig. 2, the 
isotropic hfcc of the carbon Aiso( 13C), which is the more 
sensitive property, is also plotted as a function of the var
ious parameters. 

Let us first consider Aiso( 13C). Using the uncorrected 
truncated MRCI wave function, the calculated value of 
A~ct 3C) increases by about 15 MHz if Tc1 is lowered 
from Io-~ hartrees ( ~3000 configurations) to 10-6 har
trees ( ::::::8000-9000 configurations). If H 0 is further en
larged, A~( 13C) increases less rapidly, but it can be seen 
that convergence is not yet achieved at T CI= S X 10-8 
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FIG. 2. Isotropie hfccs of the 13C center calculated without and with BK 
corrections in depcndence of the number of configurations handlcd vari
ationally in thc truncatcd MRCI calcu1ation and thc size of thc refcrcnce 
space. All calculations were performcd with the sma11cr basis set. Tbc 
single calculations are indicatcd as follows: 42 referencc configura
tions- -+- -truncatcd MRCI, 0 inciuding Bx; 53 refcrence configura
tions-- -X-- -tnlncatcd MRCI, 0 inc1uding BK; 72 refcrcnce 
ooniiguration---•--- truncated MRCI, ß including Bx. 

(29 240 configurations). This behavior is quite similar to 
the dependencies found in other molecules6

•23 and in the 
MO calculations discussed above. The Iack of the decrease 
of A~( 13C) for smaller sizes of H0 as found for the MO 
calculations is due to the nature of the NOs. 23 The depen
dence of A~( 13C) on the number of configurations han
dled variationally is comparable for all reference spaces 
used in the present work. The decrease in A~( 13C) going 
from 53 reference configurations to 72 reference configu
rations seems to be due to the selection criterion which 
tests the energy contribution of the single configurations, 
but not their importance for a given property. We will 
come back to this point later on. 

Using the BK method, the indirect efl'ect of the ne
glected configurations is taken into account. As expected, 
the BK method gives the largest correction for the smallest 
CI calculation ( Tc1= 10-~ hartree; 2366 configurations 
handled variationally), where a correction of about 16 
MHz is obtained for the isotropic hfcc of the carbon center 
[A~ci3C)=16.7 MHz;A!:( 13C) = 32.1 MHz], but com
parison with the calculation with smaller T CI thresholds 
shows that the variationally handled space is too small. If 
more configurations are included in H 0 , A!:( 13C) shows 
little dependence on Tc1 • For the thresholds T c1= 10-6 

and 10-7 hartrees, the value calculated with the corrected 
wave function A::( 13C) varies by about 1. MIU, while 
A~( 13C) obtained from the normal truncated MRCI wave 
function changes by about 6 MHz. Furthermore, the cor
rected values are higher by about 5-10 MHz. The direct 
effect of the neglected configurations on A00(

13C) was 
studied using the AK method. The influence is less than 0.2 
MHzindependent of the size of H0 • This is in agreement 
with calculations at the boron atom which also sbow a 
small direct contribution if NOs rather than MOs are 
used.~'9 
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TADLE 111. Details of calculations perfonned for the X 2n state of CH using thc largc basis set. Encrgy is 
with respect to - 34.0 hartrees, isotropic hfccs arc in megahertz. 

Tab SAF Ead .A~(nc)e .A~(H)e EMllD CJr Esl• .A::( 13C)1 A::(H)1 

53 reference configurations c':::::0.984a MR space-86.S 680 SAP 
1.0 13 209 -0.4506 33.2 -55.1 -0.4561 -0.4.S95 44.4 -57.6 
0.2 24066 -0.4541 37.0 -56.0 -0.4566 -0.4580 44.2 -S7.9 

77 reference conftgumtions c':::::0.987• MR space-1 154 750 SAP 
1.0 13 218 -0.4508 33.8 -.S.S.1 -0.4563 -0.4597 46.0 -.S8.2 
0.2 24135 -0.4542 37.2 -.S6.3 -0.4.S67 -0.4583 45.8 -58.3 

•patt of the reference space of thc CI wave fWlction on basis on the sum of the squares of coefficents. 
"'n 1 o-6 hartrees. 
OJ'be number of SAFs included in the diagonalization procedure. 
dEnergy obtaincd by diagonalizing lfo. 
~tropic hfccs calculatcd with tbe truncated MRCI wave function. 
rCorrcctcd using the MRDCI scbcmc. 
ICorrectcd using thc BK shcme. 
bThe number ofcorrectcd SAFs is 1500-2000 (Tsc = 0.001). 

The present study shows clearly that, for a reliable 
description of the isotropic hfccs, less than 2% of the total 
MRCI space has to be handled variationally if the effect of 
neglected configurations are taken into account using per
turbation theory. The theoretically most sound value of 
Aiso( 13C) (72 reference configurations, 2S 000 configura
tions handled variationally, and 2000 configurations cor
rected perturbationally) is 41.4 MHz. The error with re
spect to experiment is about 11%, i.e., the error of 20% 
within the truncated MRCI wave function was reduced by 
a factor of 2. 

The values calculated for the hydrogen center are 
given in Table II. The dependence on the quality of the 
calculation is smaller than was found for Aiso( 13C), but 
similar trends can be seen. The theoretically most sound 
value is A!:'(H) = -S8.3 MHz. 

Before discussing the reasons for the success of the BK 
method, we will give a short description of our results 
obtained with the larger AO basis set. Several studies2

•
3.25•26 

show that to obtain very accurate isotropic hfccs for 
atomic centers betonging to the second row, the inclusion 
of two compact d functions in the basis set is necessary. 
This condition is fulfilled by the second, larger basis set. 
The results obtained with the larger basis set are given in 
Table 111. The smaller reference space (52 configurations) 
corresponds to that used for the smaller basis set. The 
larger reference space (77 configurations) was optimized 
with respect to the spin density. For Aiso( 13C), the values 
calculated with the truncated MRCI wave function differ 
by about 1-2 MHz from those obtained with the smaller 
AO basis set. The dependence of Aiso( 13C) on the size of 
the variationally handled space H 0 is comparable to that 
found for the smaller basis set, i.e., it increases by about 4 
MHz if the number of variationally handled configurations 
is increased from about 13 000 to about 24 000. The devi
ation from the experimental value is about 9 MHz ( 20%). 
The difference between both reference spaces is quite small. 

Ifthe Bxmethod is used, A!:( 13C) depends only little 
on the underlying truncated MRCI calculation ( <0.3 
MHz). The correction of Aiso( 13C) due to the Bx method 

is about 8-9 MHz. The agreement of the theoretically most 
sound value ( 72 reference configurations, 24 000 configu
rations handled variationally, and 1 SOO configurations cor
rected perturbationally) with the experimental value is ex
cellent (45.8 vs 46.6 MHz), i.e., witb the correction, the 
theoretical value lies within the experimental uncertainty 
(±2.8 MHz). 

As already seen for the smaller basis set, similar but 
less prominent trends are found for Aiso(H) (Table 111). 
Using the Bx method, a value of- 58.5 MHz is calculated. 
It differs only 0.8 MHz from the experimental value 
( -S7.7±0.3 MHz). 

The success of the BK method can be understood in 
light of recent investigations performed for smaller sys
tems,5·9 where we could show that tbe method is able to 
incorporate a large part of the indirect effect of the ne
glected configurations. These studies also show that most 
of the inßuence of higher than double excitation on spin 
properties is of indirect nature. 

To test the MRCI/ BK method used in the present 
study, the isotropic hfccs ·were also calculated witb various 
other methods, e.g., the unrestricted Hartree-Fock, 
(UHF) method, Meller-Plesset perturbation theory up to 
the fourth order (MP2-MP4), coupled cluster methods 
with and without an estimation of the triple excitations 
[CCD and CCD(T)], and the quadratic configuration in
teraction method27 with [QCISD(T)] and without an esti~ 
mation of triple excitations ( QCISD) as well. In the 
present study, all these treatments are based on UHF wave 
functions, while the RHF is the starting point for the 
MRCI/ BK method. All calculations were performed with 
the larger AO basis set (Table I) using the Gaussian88 
program package. 12 A comparison of the various theoreti
cal methods is given in Table IV, which further includes 
results taken from the literature. For Aiso( 13C), the values 
calculated in the present study are also summarized in 
Fig. 3. 

Let us first focus on the results for the hydrogen cen
ter. Except for UHF, which overestimates the absolute 
value of Aiso(H) by about 26 MHz and MP2 which shows 
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TABLE IV. A comparison ofisotropic hfcc using various methods. 

Method 

Calculations perfonned in the present study 
using the large basis set (see Table I) 

UHF 
MP2 
MP3 
MP.D' 
MP4D<l 
MP4STQb 
CCD 
CCD(T)c 
QCISD 
QCISD(T)c 
MRDCI 
MRDCI+BK 

100.4 
37.4 
31.4 
29.5 
32.1 
35.0 
33.6 
37.2 
43.7 
42.1 
37.2 
45.8 

Calculations taken from the Iiterature 
47.8 SDCI/STQe 

MBPT/STO' 
MCSCF/num' 
CCD(ST)/CGTOh 
SCVCGT01 

SDCI/CGTd 
SDTCI/CGTd 

37.3 
49.9 
36.6 
41.4 
30.0 
45.8 

Experimental data 
46.sJ 

:1:2.8 

IIQnly parts of the excitation classes are included. 
bpuU fourth order perturbation thcory. 
9:..arge basis set using Slater functions ( Ref. 28). 
'Many-body perturbation theory (Ref. 29). 

-M.4 
-62.1 
-58.0 
-56.7 
-51.2 
-57.6 
-56.7 
-S6.1 
-58.5 
-57.2 
-56.3 
-58.5 

-42.4 
-59.4 
-57.8 
-51.0 
-57.1 
-51.8 
-58.0 

-57.7'' 
:1:0.3 

'Numerical MCSCF, polarization effects are taken into account (Ref. 
30). 

"coupled cluster with estimates of triple and quadruple contributions 
( 14.s'9p4dlf,9s3pld) .... [8sSp4dl/,6.s3pld] (Ref. 11 ). 

1(10s6p2dlf,6.s2pld) -+[6.s3p2dl/,4.r2pld] (Ref. 8). 
iJleference 19. 
"Reference 20. 

a deviation of about 4 MHz, all methods give very similar 
results {- -S1.S MHz). This behavior refiects the relative 
simplicity of the calculation as mentioned above. 

The more difficult nature of A~so ( 13C) can be seen in 
Fig. 3. UHF overestimates Aiso( 13C) by more than a factor 
of 2 and only three methods predict values Iarger than 41 
MHz, i.e., a deviation of Iess than 10% from the experi
mental result. If MP2 is used, a value of 37.4 MHz is 
found, but the value decreases to 31.6 MHz if third order 
perturbation theory (MP3) is also included. By incorpo
rating the fourth order (MP4STQ), the calculated value of 
Aiso( 13C) increases to 3S.O MHz, but it is still lower than 
the value obtained with MP2. All parts of the fourth order 
seem tobe important, i.e., Aiso( 13C) decreases to 29.S MHz 
if only double substitutions within the fourth order pertur
bation theory {MP4D) are accounted for. The dependence 
of Aiso( 13C) on the various orders of perturbation theory 
indicates that the good value obtained merely with MP2 is 
based on fortuitous error cancellation. The reasons for this 
behavior arestill unknown. The CC methods used in the 
present study give values of 33.6 MHz {CCD) and 37.2 
MHz [CCD{T) ]. These are in good agreement with the 

---~~~------------------------------------------
45 

10 

100.4 

UHF P.P3 MP4DQ CCO QOSO MRD-CI 
MP2 MP40 MPitSTQ CCD (T) OllSDITI r-RO-CI +BK 

FIG. 3. Ailo( 13C) oftheX 2U of the CH molecule calculated with various 
methods. 

CCD(ST) study by Carmichael (see the lower part ofTa
ble IV) who calculated 36.6 MHz using the CCD(ST) and 
a basis set of similar quality. 11 Besides the MRCI/ BK 
method presented here, only the QCISD method ( 43.7 
MHz) and theQCISD(T) method (42.1 MHz) areableto 
calculate Aiso( 13C) with an error of less than 10%. It 
should be noted, however, that in the QCISD method, the 
inclusion of the triple excitations lowers Aiso( 13C) while 
opposite behavior is found for CCD calculation. The best 
value of the various methods presented in Fig. 3 is obtained 
by the MRCI/ Bx method (45.8 MHz). 

As discussed above, the expense of the BK method 
should increase almost quadratically with the size of the 
BK space. The question of the dependence of the calculated 
value of a given property on the number of configurations 
actually corrected by the BK treatment is therefore quite 
important. In Fig. 4, Aiso( 13C) is plotted as a function of 

so 

N 
::1: 
:.t: 
.c;; 

F 40 

' < 

. 
E)(p 

•• -0-. -o· '0".- •• ~---.- ·,;--.-- ••• --~----.-- ••••• -.- •• --- •• -- •• 0 

------------------------------------------------· l.llcarrected MR-CI value 

~0~--~--~----~--~--~----~--~~ 
o 200 40o 600 eoo 1000 uoo uoo 

rt.Jmber rl cmfiguralions ccm!cts:l within Bk 

FIG. 4. A~~o( 13C) as a function ofthe sizc ofthe BK space. Tbc foregoing 
MRCI calculation was performed with the large AO basis set and 77 
rcference configurations. A total of 24 135 configurations were handled 
variationally. The value obtained with the truncated MRCI wave function 
and the experimental value are given for comparison 
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the size of the BK space. In the foregoing truncated MRCI 
calculation, 24135 configurations were handled variation
ally; the reference space consists of 77 configurations lead
ing to a total MRCI space of 1 154 750 configurations. The 
isotropic hfccs obtained with the truncated MRCI wave 
function (A~) and the experimental values are given for 
comparison. The configurations included in the B x treat
ment were selected according to the magnitude of their 
coefficients in the truncated MRCI wave function. In Fig. 
4, it can be seen that for very small BK spaces ( < 100 
configurations), the calculated value of Aiso( 13C) increases 
dramatically ( :::::::9 MHz), while further extension of the 
Bx space Ieads to much smaller variations ( < 1 MHz) in 
Aiso( 13C). The fast convergence of Aisoct3C) as a function 
of the nurober of configurations actually corrected in the 
B x treatment is obvious. 

SUMMARY 

In the present paper based on the X 2ll state of CH, a 
detailed study of the MRCI/ BK method was undertaken. 
As expected, a reliable description of the isotropic hyper
fine coupling constant (hfcc) of the carbon center is a very 
difficult task for ab initio calculations, while the spin den
sity at the hydrogen center is much easier to obtain. In all 
calculations, the correction of the MRCI wave function by 
the Bx method was found to reduce the error within the 
isotropic hfccs considerably. Using an appropriate AO ba
sis, the value obtained with MRCI/ BK is within the exper
imental uncertainties (MRCI/ Bg--45.8 MHz; exp:-46.8 
±2.8 MHz), while a value of 37.2 MHz is found ü no 
correction is performed. To test the MRCII BK method, 
the isotropic hfccs were also calculated with various other 
methods. Besides MRCI/ Bx, QCISD and QCISD(T) also 
give excellent results, while other methods such as MP2, 
MP3, MP4, and CCD (T) deviate more greatly. Finally, 
the spin densities were found to converge rapidly with re
spect to the nurnber of configurations actually corrected 
within the BK treatment. 
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