
Abstract. We present correlated calculations of the
indirect nuclear spin-spin coupling constants of HD,
HF, H2O, CH4, C2H2, BH, AlH, CO and N2 at the level
of the second-order polarization propagator approxi-
mation (SOPPA) and the second-order polarization
propagator approximation with coupled-cluster singles
and doubles amplitudes ± SOPPA(CCSD). Attention is
given to the e�ect of the so-called W4 term, which has not
been included in previous SOPPA spin-spin coupling
constant studies of these molecules. Large sets of
Gaussian basis functions, optimized for the calculation
of indirect nuclear spin-spin coupling constants, were
used instead of the in general rather small basis sets used
in previous studies. We ®nd that for nearly all couplings
the SOPPA(CCSD) method performs better than
SOPPA.

Key words: NMR parameters ± Spin-spin coupling
constants ± Second-order polarization propagator
approximation ± Second-order polarization propagator
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1 Introduction

The indirect nuclear spin-spin coupling constant de-
pends critically upon the molecular electronic structure
close to the coupled nuclei, more so than most other
molecular properties. Calculations of this quantity thus
serve as a measure of the quality of the wavefunction
both at the nuclear position and ± as it turns out ± also in
general. This can, for instance, be seen from the fact that

the standard zeroth-order method of electronic structure
calculations, the Hartree-Fock method, may give NMR
spin-spin coupling constants that are o� by orders of
magnitude. It thus becomes a challenge to develop
reliable methods for the calculation of this di�cult
property.

Since the early days of polarization propagator
methods [1] we have had an interest in the calculation of
indirect spin-spin coupling constants [2±7] primarily
because the Ramsey expressions [8] for three out of the
four non-relativistic contributions to the coupling are
second-order energy expressions and thus optimally
suited for polarization propagator calculations. More
recently a relativistic variant of the method has also been
formulated [9]. Since the publication of our earliest
calculations of couplings both theoretical methods and
computational possibilities have improved considerably.
In particular, the basis set problem which has been one
of the major reasons for inaccurate theoretical results
is now nearly eliminated for smaller molecules [10].

The main purpose of the present paper is to present
up-to-date non-relativistic calculations of the spin-spin
couplings of the molecules for which we have previously
reported couplings at lower levels of approximation [5,
6, 11±17] using new optimized basis sets and the latest
implementation [18] of the second-order polarization
propagator approximation (SOPPA). We have tested the
importance of a previously ignored second-order term in
the propagator, the so-called W4 term [19], as well as
corrected an incorrect second-order contribution to the
triplet transition moments in our original implementa-
tion [5] of the SOPPA method for the calculation of
couplings.

In addition, we investigate the relative merit of the
original [19], now fully second-order, SOPPA method
and its coupled-cluster generalization [20], the recent
version of which is referred to as the SOPPA(CCSD)
method [21].

In Sect. 2 we give the relevant equations for the in-
direct nuclear spin-spin coupling constants in SOPPA.

Correspondence to: S.P.A. Sauer

e-mail: sps@ithaka.ki.ku.dk

Regular article

Correlated calculations of indirect nuclear spin-spin coupling constants
using second-order polarization propagator approximations:
SOPPA and SOPPA(CCSD)

Thomas Enevoldsen1, Jens Oddershede1, Stephan P.A. Sauer2

1 Department of Chemistry, Odense University, Campusvej 55, DK-5230 Odense M, Denmark
2 Chemistry Laboratory IV, Department of Chemistry, University of Copenhagen,
Universitetsparken 5, DK-2100 Copenhagen [ , Denmark

Received: 6 July 1998 =Accepted: 8 September 1998 / Published online: 23 November 1998

Theor Chem Acc (1998) 100:275±284
DOI 10.1007/s00214980m149



Section 3 is devoted to the choice of basis functions for
coupling constant calculations. In Sect. 4 our results are
presented and discussed in comparison with experi-
mental and other theoretical values.

2 Theory

The indirect spin-spin coupling constant between two
nuclei K and L consists according to Ramsey [8] of four
contributions: the orbital diamagnetic (or diamagnetic
spin-orbit) term
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the Fermi contact term
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and the spin-dipolar term
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The magnetogyric ratio of nucleus K is cK, riK � ri ÿ rK
is the di�erence of the position vectors of electron i and
nucleus K, si and li are the spin and orbital angular
momentum operators of electron i in units Js, d�x� is the
Dirac delta function and all other symbols have their
usual meaning [22].

In the case of the orbital paramagnetic contribution
the sum includes all excited electronic singlet states jni

with energy En, whereas excited triplet states contribute
to the Fermi contact and spin-dipolar terms. Recalling
the spectral representation of the polarization propaga-
tor [1] taken at x � 0
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it can be seen that these three contributions can be
evaluated without explicit calculation of the excited
states by using propagator methods. The orbital dia-
magnetic term, on the other hand, is a ground-state
average value, although it is also possible to express it as
a propagator [23].

In SOPPA and SOPPA(CCSD) the polarization
propagator of an operator P in the presence of a static
perturbation, represented by the operator Q, is de®ned
as [24]
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where the superscripts (n) denote the order, in terms of
the ¯uctuation potential, to which the individual
matrices have to be evaluated. The dimension of the
matrix equations to be solved can be reduced by
partitioning of the second-order polarization propaga-
tor [5, 24]
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In previous implementations [17, 25] this partitioned
form was used and the W4 term (Eq. 10) was omitted,
whereas the new implementation [18] is based on Eq. (7)
and thus always includes the W4 term. Explicit expres-
sions for all the matrices can be found elsewhere [18, 21,
24]1. Therefore we only note here that the original
expressions [5] for the 2p-2h property gradient vectors of
a triplet operator P (e.g. h0j�P ; ~qy~qy�j0i�1�) were recently
corrected [18]. The orbital diamagnetic term is evaluated
as an average value using the same unrelaxed one-
density matrix q [18, 21] as used elsewhere in the SOPPA
and SOPPA(CCSD) approaches. Evaluation of the
polarization propagator through ®rst order yields the
random phase approximation (RPA).

All calculations were carried out with a version of the
DALTON program package [27], whose properties
module ABACUS had been modi®ed to perform SOP-
PA and SOPPA(CCSD) calculations of indirect nuclear
spin-spin coupling constants and which is interfaced to
the integral-direct coupled-cluster program of Koch and
co-workers [28, 29].

3 Basis set study

The sets of Gaussian basis functions used in previous
studies [5, 6, 11, 13±16] were of very di�erent origin and
quality. Apart from HD [14] and CH4 [16, 30] none of
them was optimized for calculation of indirect nuclear
spin-spin coupling constants. For the present study we
could also have used the carbon and hydrogen basis set of
CH4 for carbon and hydrogen in the other molecules.
However, generalization of these basis sets to other atoms
is not straightforward, since the contraction coe�cients
of carbon were chosen from self-consistent-®eld (SCF)
molecular orbital coe�cients obtained for CH4 [16].

We decided therefore to develop a new basis set for
carbon and hydrogen in CH4, which would reproduce
the results of the previous basis sets, and to generate
corresponding basis sets for all the other atoms. Since the
basis sets should also be used in correlated calculations
the correlation consistent basis sets of Dunning and co-
workers [31±33] seem to be an appropriate choice for a

starting set in agreement with the recent basis set study
of Helgaker et al. [10]. Although Schulman and Kauf-
man [34] noticed in 1972 that s-type functions with very
large exponents are of utmost importance for the con-
vergence of the Fermi contact term, this does not seem to
be widely known. Consequently we investigated not only
which level of the correlation-consistent basis sets, such
as polarized valence double-, triple-, quadruple-zeta, is
necessary or by how many sets of di�use functions the
basis set has to be augmented, but we also added s-type
functions with large exponents and decontracted the s
and p set. The exponents of the additional s-type func-
tions were chosen as an even tempered series fi � abi,
where a is the exponent of the s-type function with the
largest exponent fn in the original basis set and b is the
ratio of the exponents of the s-type functions with the
two largest exponents b � fn=fnÿ1. Up to ®ve compact s
functions were thus added to the correlation-consistent
basis sets. Some of the results from our basis set study at
the RPA level are shown in Table 1.

Comparing the three original aug-cc-pVDZ/-pVTZ/-
pVQZ basis sets shows that the results at the valence
triple- and quadruple-zeta level are similar, whereas the
valence double-zeta result is very di�erent. Also the ef-
fect of totally decontracting the basis sets is not the same
for the three basis sets. Whereas the absolute value of
both coupling constants is strongly reduced in the aug-
cc-pVDZ basis set (20% for 1J13Cÿ1H and 11% for
2J1Hÿ1H) and only very slightly reduced in the aug-cc-
pVTZ basis set (1% for 1J13Cÿ1H and 3% for 2J1Hÿ1H), it
is actually increased in the aug-cc-pVQZ basis set (4%
for 1J13Cÿ1H and 4% for 2J1Hÿ1H). On the other hand,
addition of the ®ve compact s functions increases the
absolute value of the coupling constants in all basis sets.
The changes amount to 37% (1J13Cÿ1H) and 43%
(2J1Hÿ1H) for the aug-cc-pVDZ basis set, 15% (1J13Cÿ1H)
and 23% (2J1Hÿ1H) for the aug-cc-pVTZ basis set and
10% (1J13Cÿ1H) and 16% (2J1Hÿ1H) for the aug-cc-pVQZ
basis set. Combining both modi®cations shows a nicely
converging pattern for the aug-cc-pVQZ basis set, an
oscillatory behavior for the aug-cc-pVDZ basis set and a
very small e�ect of the decontraction for the aug-cc-
pVTZ basis set. An explanation for this might be:

1. The sp set of the aug-cc-pVDZ basis set is much too
small and too strongly contracted for calculations of
coupling constants.

2. The aug-cc-pVTZ basis set is very well contracted,
i. e. without a signi®cant change in the results for the
coupling constants.

3. The aug-cc-pVQZ basis set already contains s-type
functions with large enough exponents, which cannot,
however, contribute if the contraction is optimized for
energy calculations.

Since the di�erences between basis sets H and O are
less than 0.4% and basis sets L, M, N and O are pro-
hibitively large for correlated calculations, we continued
the basis set optimization with basis set H. Inclusion of
an extra set of di�use functions for each angular
momentum, so-called doubly augmented basis sets, in
basis set K, did not change the results. Comparison of
basis sets H, I and J shows that the ®fth compact s-type
function and the additional di�use second polarization

1 Notice the corrections to the W4 term given in Ref. [26] and that
the C�1� matrix in Eq. (C.16) of Ref. [24] has the wrong sign
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functions (f -type function on C and d-type function
on H) in the augmented basis set changes the results by
at most 0.2 % and can therefore be omitted. Our ®nal
basis set is thus basis set J, which is called II in Tables 2±
15. Basis sets for the other atoms B, Al, N, O and F were
constructed accordingly. Details of the basis sets are
given in the footnotes to Tables 3, 4, 12, 13 and 15.

After the completion of this work, Helgaker and co-
workers [10] published a similar study of basis set e�ects
on the coupling constants of HF and H2O. Besides the
aug-cc-pVXZ basis sets they also investigated the
cc-pCVXZ basis sets, which include an additional

function meant to describe the core valence region. They
also extended the basis sets by decontracting the s
functions and by adding additional tight s functions.
Their ®ndings fully agree with our conclusions.

4 Results and discussion

4.1 Earlier SOPPA numbers and the W4 term

There are three main di�erences between the previous
SOPPA and the present SOPPA numbers. The present
SOPPA uses the unrelaxed second-order density rather
than Hartree-Fock densities to obtain the JOD contri-
bution. It includes the W4 term and ®nally the correct
formulas for the triplet 2p-2h property gradient vectors
are used [18]. One of the purposes of this paper is to
determine the importance of the W4 term.

The present SOPPA implementation without the W4

term is labeled SOPPA(W2). Comparing SOPPA and
SOPPA(W2) showed that inclusion of the W4 term in the
JOP contribution is of no importance for all the mole-
cules considered here. This con®rmed the ®ndings of a
previous study [19], where the importance of the W4 term
for another singlet response function, the polarizability,
was investigated.

However, this is not completely the case for the triplet
properties JFC and JSD. The largest relative di�erence in
JSD of 14% is observed for HF. The W4 contribution to
JFC is largest for AlH (7% ), N2 (3% ) and CO (1% ). In
absolute terms the W4 term is, however, only important
for AlH, where W4�JFC� is 10% of the total J and for N2,
where the change in JFC is 2% of the total J.

Table 2. H2: results
a of di�erent methods for 1J1Hÿ2H (in Hz) using

basis sets Ib and IIc

Method JOD JOP JSD JFC Jd

I RPA )0.33 0.83 0.57 53.23 54.30
SOPPA )0.32 0.83 0.51 43.11 44.12
SOPPA(CCSD) )0.31 0.81 0.49 40.33 41.33

II RPA )0.31 0.78 0.59 52.99 54.05
SOPPA )0.30 0.78 0.52 42.94 43.93
SOPPA(CCSD) )0.29 0.76 0.50 40.19 41.17

a RHÿH � 0:740848 AÊ ; The ground state total energies for basis set
I are: ESCF � ÿ1:133619 �h=mea2

0,
EMP2 � ÿ1:165876 �h=mea20;ECCSD � ÿ1:173406 �h=mea20; and for
basis set II: ESCF � ÿ1:133318 �h=mea20;EMP2 � ÿ1:165288 �h=mea20,
ECCSD � ÿ1:172986 �h=mea20
b Cartesian Gaussian basis set H from Ref. [14]: (14s5p2d)
c Basis set J from Table 1
d Experimental values: 42:94� 0:04 at 300 K [46]; 41:13� 0:04
equilibrium value obtained by subtracting the computed [14] rovi-
brational correction at T � 300 K (1.81 Hz) from the experimental
value in Ref. [46]

Table 1. CH4: basis set study for 1J13Cÿ1H and 2J1Hÿ1H (in Hz) at the (RPA) levela

Basis setb # 1JFC
13Cÿ1H

1J13Cÿ1H
2JFC

1Hÿ1H
2J1Hÿ1H

A aug-cc-pVDZc 4s3p2d=3s2p 59 157.5460 158.7467 )22.0307 )22.3829
B A + 5s/5sd 9s3p2d=8s2p 84 216.0453 217.3378 )31.4753 )31.8216
C A uncontracted 10s5p2d=5s2p 79 126.8648 128.3376 )19.6475 )19.2780
D C + 5s/5sd 15s5p2d=10s2p 104 156.4555 157.9259 )27.3726 )27.0038

E aug-cc-pVTZc 5s4p3d2f =4s3p2d 138 136.7036 138.3495 )23.4219 )23.1605
F E + 5s/5se 10s4p3d2f =9s3p2d 163 156.5600 158.2049 )28.7498 )28.4890
G E uncontracted 11s6p3d2f =6s3p2d 158 135.7405 137.2445 )22.7491 )22.0892
H G + 5s/5se 16s6p3d2f =11s3p2d 183 155.6459 157.1490 )27.7513 )27.0915
I G + 4s/4se 15s6p3d2f =10s3p2d 178 155.3898 156.8929 )27.6854 )27.0257
J I ) 1f/1df 15s6p3d1f =10s3p1d 151 155.4226 156.9232 )27.6748 )27.0273

K daug-cc-pVTZ
uncontracted + 5s/5se 17s7p4d3f =12s4p3d 235 155.6492 157.1514 )27.7479 )27.0864

L aug-cc-pVQZc 6s5p3d3f 2g=5s4p3d2f 264 138.6513 140.1672 )23.5812 )23.0022
M L + 5s/5sg 11s5p3d3f 2g=10s4p3d2f 289 152.6952 154.2109 )27.4007 )26.8218
N L uncontracted 13s7p4d3f 2g=7s4p3d2f 285 143.6748 145.2671 )24.5418 )23.8216
O N + 5s/5sg 18s7p4d3f 2g=12s4p3d2f 310 155.8447 157.4369 )27.8364 )27.1163

a RCÿH � 1:0858 AÊ ; all basis sets consist of spherical Gaussian functions
b The speci®cations of the contracted basis set in front and after the solidus refer to the basis sets centered on the heavy atoms and on the
hydrogen atoms, respectively
c Ref. [32]
d The exponents of the additional s-type functions are fs�C� � 44422:0, 296074.0, 1973334.0, 13152271.0, 87659890.0 for carbon and
fs�H� � 86:0; 572:0; 3793:0; 25153:0; 166789:0 for hydrogen
e The exponents of the additional s-type functions are fs�C� � 54924:0; 366281:0; 2442668:0; 16289729:0; 108633300:0 for carbon and
fs�H� � 225:0; 1496:0; 9950:0; 66145:0; 439713:0 for hydrogen
f One f-type function [ff �C� � 0:268] centered on carbon and one d-type function [fd�H� � 0:247] centered on hydrogen were removed
g The exponents of the additional s-type functions are: fs�C� � 226889:0; 1514974:0; 10115704:0; 67544045:0; 451001506:0 for carbon and
fs�H� � 550:0, 3664.0, 24403.0, 162504.0, 1082138.0 for hydrogen
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4.2 Results with the new basis sets

We now discuss the results obtained using the extended
correlation-consistent basis sets described in Sect. 3.

Comparison of the results obtained with the two
di�erent basis sets shows the variable quality of the basis

sets used in previous studies [5, 6, 11, 13±16]. Since the
basis set for C2H2 is the smallest the largest basis set
e�ect at the RPA level is observed for the one-bond
coupling constants 1J13Cÿ13C (33.9 Hz, 9% ) and 1J13Cÿ1H

(16.7 Hz, 4% ) in this molecule. However, the one-bond
coupling constants in HF (11 Hz, 2%), H2O (6.5 Hz,

Table 3. HF: resultsa of di�er-
ent methods for 1J19Fÿ1H (in Hz)
using basis sets Ib and IIc

Method JOD JOP JSD JFC Jd

I RPA )0.06 199.41 )12.43 468.65 655.57
SOPPA 0.02 195.88 )0.65 339.74 534.99
SOPPA(CCSD) 0.03 194.58 )1.12 331.91 525.40

II RPA )0.03 195.05 )11.73 483.62 666.91
SOPPA(W2) 0.04 190.52 )0.64 348.43 538.34
SOPPA 0.04 190.65 )0.56 349.40 539.52
SOPPA(CCSD) 0.05 189.82 )0.94 340.50 529.43

a RHÿF � 0:916958 AÊ ; The ground-state total energies for basis set I are: ESCF � ÿ100:069693 �h=mea20,
EMP2 � ÿ100:369908 �h=mea20;ECCSD � ÿ100:371882 �h=mea20; and for basis set II:
ESCF � ÿ100:061758 �h=mea20;EMP2 � ÿ100:392090 �h=mea20;ECCSD � ÿ100:394003 �h=mea20
b Cartesian Gaussian basis set from Ref. [6]: �13s8p4d=8s3p1d� contracted to �9s6p4d=6s3p1d�
c Spherical Gaussian basis set �15s6p3d1f =10s3p1d�. Hydrogen: basis set J from Table 1; ¯uorine:
uncontracted aug-cc-pVTZ augmented by four s-type functions with exponents fs�F� � 130088:0,
867853.0, 5789645.0, 38624049.0 and without the f-type function with exponent ff �F� � 0:724
d Experimental values: 529� 23 [47]; 558� 23 equilibrium value obtained by subtracting the computed
[45] zero-point rovibrational correction ()28.9 Hz) from the experimental value in Ref. [47]

Table 4. H2O: resultsa of dif-
ferent methods for 1J17Oÿ1H (in
Hz) using basis sets Ib and IIc

Method JOD JOP JSD JFC Jd

I RPA )0.07 )12.25 0.39 )85.00 )96.94
SOPPA )0.08 )11.51 )0.17 )67.01 )78.77
SOPPA(CCSD) )0.08 )11.42 )0.18 )65.55 )77.23

II RPA )0.04 )12.27 )0.01 )91.12 )103.44
SOPPA )0.05 )11.56 )0.47 )70.34 )82.42
SOPPA(CCSD) )0.05 )11.51 )0.47 )68.56 )80.60

a ROÿH � 0:958390 AÊ , �HOH = 104.45; The ground-state total energies for basis set I are:
ESCF � ÿ76:060784 �h=mea20, EMP2 � ÿ76:310968 �h=mea20, ECCSD � ÿ76:317357 �h=mea2

0; and for basis set
II: ESCF � ÿ76:061259 �h=mea2

0, EMP2 � ÿ76:377714 �h=mea20, ECCSD � ÿ76:383475 �h=mea2
0

b Cartesian Gaussian basis set from Ref. [48]: �11s7p2d=5s1p� contracted to �6s5p1d=3s1p�
c Spherical Gaussian basis set �15s6p3d1f =10s3p1d�. Hydrogen: basis set J from table 1; oxygen:
uncontracted aug-cc-pVTZ augmented by four s-type functions with exponents fs�O� = 102222.0,
681629.0, 4545186.0, 30307833.0 and without the f-type function with exponent ff �O� � 0:500
d Experimental values: ÿ78:70� 0:02 measured in cyclohexane-d12 at 293 K [49]; ÿ83:04� 0:02 equi-
librium value obtained by subtracting the computed [40] rovibrational correction at 300 K (4.34 Hz)
from the experimental value in Ref. [49]; ÿ80:62� 0:06 measured in nitromethane-d3 at 323 K [50];
ÿ85:01� 0:06 equilibrium value obtained by subtracting the computed [40] rovibrational correction at
340 K (4.39 Hz) from the experimental value in Ref. [50]

Table 5. H2O: resultsa of dif-
ferent methods for 2J1Hÿ1H (in
Hz) using basis sets Ib and IIc

Method JOD JOP JSD JFC Jd

I RPA )7.17 8.12 1.47 )25.05 )22.63
SOPPA )7.02 8.25 1.10 )13.90 )11.57
SOPPA(CCSD) )7.05 8.26 1.09 )13.44 )11.14

II RPA )7.23 9.09 1.25 )25.50 )22.39
SOPPA )7.13 9.29 0.90 )12.19 )9.14
SOPPA(CCSD) )7.14 9.31 0.89 )11.87 )8.81

aÿc See footnotes aÿc to Table 4
d Experimental values: ÿ7:2� 0:7 at ambient temperature in organic solvent [51]; ÿ7:8� 0:7 equilibrium
value obtained by subtracting the computed [40] rovibrational correction at 300 K (0.55 Hz) from the
experimental value in Ref. [51]; ÿ7:34� 0:03 nitromethane-d3 at 297 K [50]; ÿ7:89� 0:03 equilibrium
value obtained by subtracting the computed [40] rovibrational correction at 300 K (0.55 Hz) from the
experimental value in Ref. [50]
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7%), AlH [5.8 Hz, 84% at the SOPPA(CCSD) level] and
the geminal coupling constants 2J13Cÿ1H C2H2 [5.5 Hz,
12% in SOPPA(CCSD)] and 2J1Hÿ1H H2O [2.3 Hz, 21%
in SOPPA(CCSD)] are also signi®cantly a�ected by the
use of an improved basis set. Furthermore, the e�ect of

the enlarged basis set manifests itself di�erently at the
uncorrelated and the correlated level. With the exception
of N2 we ®nd that the correlation correction to the
coupling constants is larger in extended basis set II. This
is in contrast to what is found, for example, for polar-

Table 6. CH4: results
a of dif-

ferent methods for 1J13Cÿ1H

(in Hz) using basis sets Ib and
IIc

Method JOD JOP JSD JFC Jd

I RPA 0.25 1.39 )0.24 155.96 157.37
SOPPA 0.26 1.49 )0.01 126.92 128.65
SOPPA(CCSD) 0.26 1.44 0.01 122.15 123.86

II RPA 0.24 1.47 )0.21 155.42 156.92
SOPPA 0.25 1.54 0.02 125.07 126.88
SOPPA(CCSD) 0.25 1.50 0.03 120.58 122.32

a RCÿH � 1:0858 AÊ ; The ground-state total energies for basis set I are:
ESCF � ÿ40:215277 �h=mea20;EMP2 � ÿ40:438357 �h=mea20;ECCSD � ÿ40:460402 �h=mea2

0; and for basis set
II: ESCF � ÿ40:214507 �h=mea2

0, EMP2 � ÿ40:458618 �h=mea20, ECCSD � ÿ40:480654 �h=mea2
0

b Cartesian Gaussian basis set from Ref. [30]: �15s7p4d=9s2p� contracted to �10s5p4d=6s2p�
c Basis set J from Table 1
d Experimental value: 120:87� 0:05 equilibrium value [52]

Table 7. CH4: results
a of dif-

ferent methods for 2J1Hÿ1H

(in Hz) using basis sets Ib and
IIc

Method JOD JOP JSD JFC Jd

I RPA )3.54 3.63 0.44 )27.69 )27.16
SOPPA )3.54 3.63 0.35 )16.26 )15.83
SOPPA(CCSD) )3.51 3.60 0.34 )14.87 )14.45

II RPA )3.54 3.73 0.46 )27.68 )27.03
SOPPA )3.55 3.75 0.37 )15.85 )15.28
SOPPA(CCSD) )3.53 3.72 0.36 )14.53 )13.98

aÿc See footnotes aÿc to Table 6
d Experimental values: ÿ12:564� 0:004 [53]; ÿ11:878� 0:004 equilibrium value obtained by subtracting
the computed [30] zero-point rovibrational correction (ÿ0:686 Hz) from the experimental value in Ref.
[53]

Table 8. C2H2: results
a of dif-

ferent methods for 1J13Cÿ13C

(in Hz) using basis sets Ib and
IIc

Method JOD JOP JSD JFC Jd

I RPA 0.01 15.60 29.87 347.41 392.90
SOPPA 0.02 6.77 8.48 164.83 180.09
SOPPA(CCSD) 0.01 6.21 8.28 164.58 179.08

II RPA 0.01 15.05 29.06 365.35 409.47
SOPPA 0.01 6.73 8.55 173.97 189.25
SOPPA(CCSD) 0.01 6.34 8.46 173.92 188.72

a RCÿC � 2:27391a0;RCÿH � 2:00406a0; The ground-state total energies for basis set I are:
ESCF � ÿ76:840569 �h=mea20;EMP2 � ÿ77:151410 �h=mea20;ECCSD � ÿ77:167593 �h=mea2

0; and for basis set
II: ESCF � ÿ76:851242 �h=mea2

0;EMP2 � ÿ77:251388 �h=mea20;ECCSD � ÿ77:266707 �h=mea20
b 6-31G** [54] called basis set II in Ref. [11]: cartesian Gaussian basis set �11s5p1d=5s1p� contracted to
�4s3p1d=3s1p�
c Basis set J from Table 1
d Experimental value: 171.5 [55]

Table 9. C2H2: results
a of dif-

ferent methods for 1J13Cÿ1H

(in Hz) using basis sets Ib and
IIc

Method JOD JOP JSD JFC Jd

I RPA 0.33 )3.55 4.19 376.26 377.21
SOPPA 0.33 )0.59 0.47 237.64 237.84
SOPPA(CCSD) 0.33 )0.58 0.44 228.49 228.69

II RPA 0.27 )3.60 3.04 411.41 411.11
SOPPA 0.26 )0.83 0.46 263.04 262.94
SOPPA(CCSD) 0.27 )0.85 0.43 253.73 253.58

aÿc See footnotes aÿc to Table 8
d Experimental value: 248.7 [55]

280



izabilities [35]. Finally it is interesting to note that the
spin-dipolar contribution to 1J11Bÿ1H in BH has di�erent
signs in the two basis sets.

Comparing the four contributions to the coupling
constants and their correlation dependence we can see

that with the exception of the geminal or vicinal hy-
drogen-hydrogen coupling constants J1Hÿ1H in H2O,
CH4 and C2H2, the orbital diamagnetic term gives a
small contribution to the total coupling constants. JOD is
calculated as an average value and it turns out that it

Table 10. C2H2: results
a of di-

�erent methods for 2J13Cÿ1H (in
Hz) using basis sets Ib and IIc

Method JOD JOP JSD JFC Jd

I RPA )1.34 7.98 )3.04 )57.57 )53.98
SOPPA )1.34 5.28 0.64 42.44 47.02
SOPPA(CCSD) )1.33 5.08 0.65 41.82 46.21

II RPA )1.35 8.28 )1.52 )55.25 )49.85
SOPPA )1.35 5.75 0.97 47.24 52.62
SOPPA(CCSD) )1.35 5.60 0.98 46.47 51.71

aÿc See footnotes aÿc to Table 8
d Experimental value: 49.2 [55]

Table 11. C2H2: results
a of di-

�erent methods for 3J1Hÿ1H (in
Hz) using basis sets Ib and IIc

Method JOD JOP JSD JFC Jd

I RPA )3.58 4.67 3.32 77.23 81.64
SOPPA )3.57 3.93 0.61 10.60 11.57
SOPPA(CCSD) )3.55 3.87 0.59 9.67 10.58

II RPA )3.60 5.54 3.02 79.93 84.88
SOPPA )3.60 4.85 0.60 10.31 12.16
SOPPA(CCSD) )3.58 4.81 0.59 9.49 11.31

aÿc See footnotes aÿc to Table 8
d Experimental value: 9.6 [55]

Table 12. BH: resultsa of dif-
ferent methods for 1J11Bÿ1H (in
Hz) using basis sets Ib and IIc

Method JOD JOP JSD JFC J

I RPA )0.52 )0.40 d 66.00
SOPPA )0.51 )0.66 d 53.52
SOPPA(CCSD) )0.51 )1.06 )1.21 52.06 49.27

II RPA )0.51 )0.32 d 66.95
SOPPA )0.51 )0.61 d 53.32
SOPPA(CCSD) )0.51 )1.01 1.04 51.92 51.44

a RBÿH � 2:336a0; The ground-state total energies for basis set I are:
ESCF � ÿ25:131332 �h=mea20;EMP2 � ÿ25:239271 �h=mea20;ECCSD � ÿ25:267231 �h=mea2

0; and for basis set
II: ESCF � ÿ25:130563 �h=mea2

0;EMP2 � ÿ25:245099 �h=mea20;ECCSD � ÿ25:272104 �h=mea20
b Cartesian Gaussian basis set from Ref. [56]: �13s8p4d=10s3p� contracted to �8s6p4d=6s3p�
c Spherical Gaussian basis set �15s6p3d1f =10s3p1d�: Hydrogen: basis set J from table 1; boron:
uncontracted aug-cc-pVTZ augmented by four s-type functions with exponents fs�B� � 36488, 243274,
1621926, 10813498 and without the f-type function with exponent ff �B� � 0:163
d Triplet instability

Table 13. AlH: resultsa of dif-
ferent methods for 1J27Alÿ1H (in
Hz) using basis sets Ib and IIc

Method JOD JOP JSD JFC J

I RPA )0.10 )2.30 d )18.26
SOPPA )0.10 )2.58 0.45 1.63 )0.61
SOPPA(CCSD) )0.10 )2.58 0.42 9.15 6.90

II RPA )0.10 )2.29 d )17.61
SOPPA(W2) )0.09 )2.60 0.38 7.91 5.60
SOPPA )0.09 )2.61 0.38 8.46 6.14
SOPPA(CCSD) )0.09 )2.66 0.36 15.09 12.70

a RAlÿH � 3:114 a0; The ground-state total energies for basis set I are: ESCF � ÿ242:458417 �h=mea20,
EMP2 � ÿ242:737791 �h=mea20, ECCSD � ÿ242:758264 �h=mea20; and for basis set II:
ESCF � ÿ242:462214 �h=mea20, EMP2 � ÿ242:697400 �h=mea20, ECCSD � ÿ242:717984 �h=mea20
b Cartesian Gaussian basis set from Ref. [15]: �16s10p5d=12s6p4d� contracted to [12s7p4d=8s4p2d]
c Spherical Gaussian basis set �20s10p3d1f =10s3p1d�. Hydrogen: basis set J from Table 1; aluminum:
uncontracted aug-cc-pVTZ augmented by four s-type functions with exponents fs�Al� � 1372002,
9160058, 61156336, 408304972 and without the f-type function with exponent ff �Al� � 0:0858
d Triplet instability
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hardly makes any di�erence whether the SCF density,
the unrelaxed second order density with Mùller-Plesset
correlation coe�cients or coupled-cluster amplitudes are
used. The largest change between the correlated and
uncorrelated results are observed for J1Hÿ1H in H2O
(0.1 Hz) and for the coupling constant in HF (0.7 Hz). In
the latter case the sign of JOD is also altered at the cor-
related level. Otherwise the changes are 0.02 Hz or less.

The three other contributions to the total coupling
constant are calculated as polarization propagators as
described in Sect. 2 and they are therefore as expected
more dependent on electron correlation. There is a
moderate correlation contribution to the JOP term. It is
most pronounced for the triply bonded molecules. The
di�erence between SOPPA and SOPPA(CCSD) orbital
paramagnetic results is very modest. The largest absolute
di�erence is found in the HF molecule where the SOPPA
number is 0.83 Hz larger than the SOPPA(CCSD) re-
sult. However, the relative di�erence is less than 0.5% .
For the BH molecule there is a relatively larger di�er-
ence: SOPPA(CCSD) is numerically larger by 66% .

This is not surprising since SOPPA is known to have
di�culties describing the near degeneracy e�ects in BH
[15, 36±38]. The spin-dipolar term is even unstable for
SOPPA.

It is well-known that RPA gives unreliable triplet
properties and in this study we see no exceptions from
this general observation. In two of the molecules, BH
and AlH, we even get instabilities for the spin-dipolar
contribution.

The contributions to the spin-dipolar term from
SOPPA and SOPPA(CCSD) di�er by at most 0.1 Hz
except in one case. For the HF molecule the di�erence is
0.38 Hz. In this molecule we also have a large absolute
correlation contribution to JOP.

The main di�erence between the SOPPA and SOPPA
(CCSD) numbers comes from the Fermi contact
contribution. In all cases but AlH (DJFC � 6:63 Hz)
the absolute SOPPA(CCSD) value of JFC is smaller than
the corresponding SOPPA result. For the HF molecule
the change is 9.0 Hz. This is only exceeded by the change
in 1JFC

13Cÿ1H
for C2H2 which is 9.3 Hz.

Table 14. CO: resultsa of dif-
ferent methods for 1J13Cÿ17O

(in Hz) using basis sets Ib and
IIc

Method JOD JOP JSD JFC Jd

I RPA 0.10 12.25 )9.29 )8.15 )5.09
SOPPA 0.09 14.81 )4.41 9.43 19.92
SOPPA(CCSD) 0.09 14.49 )4.45 8.10 18.23

II RPA 0.10 11.81 )9.07 )8.53 )5.69
SOPPA(W2) 0.10 14.43 )4.29 10.34 20.58
SOPPA 0.10 14.42 )4.31 10.20 20.41
SOPPA(CCSD) 0.10 14.11 )4.37 8.76 18.60

a RCÿO � 2:132 a0; The ground-state total energies for basis set I are: ESCF � ÿ112:785795 �h=mea2
0,

EMP2 � ÿ113:169439 �h=mea20, ECCSD � ÿ113:173724 �h=mea20; and for basis set II :
ESCF � ÿ112:782411 �h=mea20, EMP2 � ÿ113:234629 �h=mea20, ECCSD � ÿ113:23985 �h=mea20
b Cartesian Gaussian basis set from Ref. [13]: (12s7p3d ) contracted to [8s4p3d ]
c Spherical Gaussian basis set �15s6p3d1f =10s3p1d�. Carbon: basis set J from table 1; oxygen: see
footnote c of Table 4
d Experimental values: 16.4�0.1 [57]; 15.6�0.1 equilibrium value obtained by subtracting the zero-point
rovibrational correction computed [13] at the SOPPA level (0.76 Hz) from the experimental value in Ref.
[57]

Table 15. N2 : resultsa of dif-
ferent methods for 1J15Nÿ14N

(in Hz) using basis sets Ib and
IIc

Method JOD JOP JSD JFC Jd

I RPA 0.03 0.50 )8.16 )7.67 )15.31
SOPPA 0.03 3.25 )1.69 0.98 2.56
SOPPA(CCSD) 0.03 3.17 )1.78 0.58 2.00

II RPA 0.03 0.43 )7.84 )7.49 )14.87
SOPPA(W2) 0.03 3.09 )1.66 1.25 2.72
SOPPA 0.03 3.09 )1.65 1.21 2.67
SOPPA(CCSD) 0.03 3.00 )1.76 0.79 2.06

a RNÿN � 2:068 a0; The ground-state total energies for basis set I are: ESCF � ÿ108:988608 �h=mea20,
EMP2 � ÿ109:391950 �h=mea20, ECCSD � ÿ109:391767 �h=mea2

0; and for basis set II:
ESCF � ÿ108:986727 �h=mea20, EMP2 � ÿ109:457078 �h=mea20, ECCSD � ÿ109:457556 �h=mea20
b Cartesian Gaussian basis set from Ref. [13]: �12s7p3d� contracted to �8s4p3d�. Note that contrary to the
statement in Ref. [13] the exponents for the s- and p-type functions are taken from the van Duijneveldt
[58] 12s7p basis set for nitrogen, the contraction coe�cients are the ones given in Table II of Ref. [13]
and the exponents of the d-type functions are fd�N� � 0:11, 0.45, 1.51
c Spherical Gaussian basis set �15s6p3d1f =10s3p1d�: Nitrogen: uncontracted aug-cc-pVTZ augmented
by four s-type functions with exponents fs�N� � 76177, 508148, 3389636, 22610777 and without the
f-type function with exponent ff �N� � 0:364
d Experimental values: 1:8� 0:6�59�; 1:4� 0:6 equilibrium value obtained by subtracting the zero-point
rovibrational correction computed [13] at the SOPPA level (0.43 Hz) from the experimental value in Ref.
[59]
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4.3 Comparison with experiment
and other correlated calculations

In Fig. 1 we show the deviation of the SOPPA and
SOPPA(CCSD) coupling constants from experimental
data. When available we have subtracted the rovibra-
tional correction from the experimental couplings in
order to consider comparable quantities. The ®gure
demonstrates that the SOPPA(CCSD) results are gener-
ally in better agreement with experiments than the
SOPPA results with the exceptions of HF and 1J17Oÿ1H in
H2O. For all molecules but HF and C2H2 SOP-
PA(CCSD) gives coupling constants which di�er by less
than 2.5 Hz from the experimental data. It should,
however, be noted that not all the experimental numbers
are obtained from gas-phase experiments nor have the
rovibrational contributions been taken into account in
all cases. The latter e�ects are investigated in another
series of papers [30, 39±41] and may amount to as much
as 5% .

For some of the molecules we can also compare our
SOPPA (CCSD) values with other theoretical results.
In particular for CH4, HF, CO and N2 we can compare
our results obtained with basis set I directly with the
multicon ®gurational random phase approximation
(MCRPA) ones of Vahtras and coworkers [7, 42] and the
equation-of-motion coupled cluster singles and doubles
(EOM-CCSD) results of Perera et al. [43] as in principle,
they used the same basis sets. Fukui et al. [44] reported
®nite-®eld second-order perturbation theory calculations
of the coupling constants of HF, H2O and CH4. Un-
fortunately the basis sets used were quite small and their

uncorrelated results thus di�er too much from our RPA
results for a meaningful comparison. In the case of HF
[45] and H2O [40] MCRPA calculations with larger basis
sets have recently been reported.

Using the EOM-CCSD method Perera et al. [43]
computed 1JHF to be 516.3 Hz. The correlation correc-
tion was ÿ140:7 Hz, which is larger than the ÿ130:2 Hz
we ®nd at the SOPPA(CCSD) level. However, the large
error bars (�23 Hz) on the experimental value make it
impossible to say which method performs better.
AÊ strand et al. [45] using an atomic natural orbital basis
set obtained 647.3 at the RPA level and 516.3 with a
large MCRPA calculation, which amounts to a corre-
lation correction of ÿ131 Hz in close agreement with
our SOPPA(CCSD) result.

For 1J17Oÿ1H ( 2J1Hÿ1H) in H2O Perera et al. [43] ob-
tained ÿ95:44 Hz (ÿ22:44 Hz) at the RPA and
ÿ74:90 Hz (ÿ10:81 Hz) at the EOM-CCSD level using a
basis set of size comparable to our basis set I. The cor-
relation correction at the EOM-CCSD level is thus only
slightly larger than ours in SOPPA(CCSD). Using an
even larger basis set than basis set II, Wigglesworth et al.
[40] obtained MCRPA results of ÿ83:93 Hz (ÿ9:60 Hz)
and SOPPA(CCSD) results of ÿ81:56 Hz (ÿ8:58 Hz).

The MCRPA results of Vahtras et al. [7] for CH4,
125.3 Hz for 1J13Cÿ1H and ÿ15:30 Hz for 2J1Hÿ1H, are
slightly larger than our SOPPA(CCSD) results and thus
further away from experiments.

For CO and N2 the EOM-CCSD method [43] using
basis set I gives 15.5 Hz and 1.4 Hz, respectively, and
thus in this case (as opposed to the case of H2O and HF)
a smaller correlation correction than SOPPA(CCSD).
Vahtras et al. [42] reported MCRPA results of 12.11 Hz
(CO) and 0.22 (N2) using a complete active space
wavefunction, which clearly underestimates the correla-
tion correction. Including more active orbitals in the
form of a restricted active space calculation they
obtained 16.10 Hz (CO) and 0.77 Hz (N2).

5 Conclusion

Following the same genearal rules as Helgaker et al. [10]
we have developed new basis sets for use in spin-spin
coupling constant calculations. The basis sets are
constructed from the correlation consistent basis sets
of Dunning and coworkers [31±33]. These new sets have
great ¯exibility and include the all-important tight s
functions.

The new basis sets have been used to get up-to-date
non-relativistic results for the spin-spin couplings of nine
molecules. In particular we have investigated the per-
formance of the latest coupled-cluster generalization of
SOPPA, SOPPA(CCSD).

Compared with experimental coupling constants
SOPPA(CCSD) in general improves on the SOPPA re-
sults. For the majority of the coupling constants calcu-
lated the deviation from experiment is less than 2.5 Hz.
The most noticeable exception from this rule is the
carbon-carbon coupling in acetylene. The origin of this
disagreement is not clear. In comparison with EOM-
CCSD the correlation corrections obtained with SOP-

Fig. 1. Deviation from experiment of calculated coupling
constants using SOPPA and SOPPA(CCSD) with basis sets II.
The coupling is between the underlined atoms, where choices exist
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PA(CCSD) are smaller for HF and H2O and larger for
CO and N2, whereas they are larger than what was
previously obtained for H2O, CH4, CO and N2 using
medium-sized complete or restrictive active space cal-
culations.

The SOPPA(CCSD) method serves as a cost e�cient
improvement over SOPPA for calculating reliable spin-
spin coupling constants. Even though the step necessary
to obtain the correlation coe�cient scales as N6 the rest
of the calculation is no more expensive than N 5 as in
a regular SOPPA calculation.

Analyzing contributions to the polarization propa-
gator at the SOPPA level we found that the second-order
W4 term is of little importance, but exceptions were
observed for triplet response properties of the AlH and
N2 molecules.
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