
The effect of lone pairs and electronegativity on the indirect nuclear
spin� –spin coupling constants in CH2

� X X CH
�

2
� , NH, O, S :

Ab
�

initio calculations� using optimized contracted basis sets
Patricio F. Provasi and Gustavo A. Aucara)

Department of Physics, Northeastern University, Av. Libertad 5500, W 3404 AAS Corrientes, Argentina

Stephan
�

P. A. Sauerb)

Department of Chemistry, University of Copenhagen, Universitetsparken 5,
DK-2100 Copenhagen Ø, Denmark�
Received
�

2 March 2001;accepted25 April 2001�
The indirect nuclear spin–spin coupling constantsof C2H4 , C	 H2NH,



CH2O,

�
and CH2S

�
were

investigatedby meansof correlated ab initio calculations� at the level of the secondorder
polarization� propagatorapproximation � SOPP

�
A � and� the secondorder polarization propagator

approximation� with coupledclustersinglesand doublesamplitudes—SOPPA � CCSD
� �

using� large
basis
�

sets,which are optimized for the calculationof coupling constants.It is found that at the
self-consistent-field� � SCF

� �
levelCH2

� NH



andCH2
� S� exhibit triplet instabilitieswhereasCH2

� CH
�

2
� and�

CH
�

2
� O� showtriplet quasi-instabilities,which rendersthe SCFresultsmeaningless.Our bestresults

deviate
�

between0.3 and2.7 Hz from the experimentalvalues.We find that althoughthe one-bond
C
�

–H andY–H couplingsaswell asthe two- andthree-bondH–H couplingsaredominatedby the
Fermicontactterm,significantcontributionsof theorbital paramagneticandsometimesevenspin–
dipolar
�

termsareobservedfor theone-bondC–Y andtwo-bondC–H andY–H couplingconstants.
Similarly
�

the changesin the couplingscausedby the electronegativityand the lone-pairof Y are
mostlydueto changesin theFermicontact� all� couplings� and� theorbital paramagneticcontribution�
C
�

–Y andtwo-bondY–H couplings . However, the trend in the changesareneitherthe samefor
both
�

termsnot for all couplings.In particular, the positionof CH2
� S� in the seriesvariesindicating

that
!

eithertheelectronegativityor thelonepairsarethedominatingperturbation.Furthermore,small
but
�

optimized Gaussianbasis sets for the calculation of indirect nuclear spin–spin coupling
constants� arepresented.Theywereobtainedby contractionof the s" - andp# -typebasisfunctionsfor
C,
�

N, O, andSandof thes" -typebasisfunctionsfor H of thelargeuncontractedbasissets.Molecular
orbital$ coefficientsof self-consistent-fieldcalculationson CH4 , N	 H3

% , H	 2O,
�

H2S,
�

andH2 with& the
uncontracted� basissetswere usedas contractioncoefficients.Applied in the calculationof all
coupling� constantsin C2

� H' 4
( , C	 H2

� NH,



CH2
� O,
�

andCH2
� S� the contractionleadsto a maximumbasis

set� error of ) 0.5
*

Hz. © 2001
+

American Institute of Physics. , DOI:
-

10.1063/1.1379331.
I.
/

INTRODUCTION

Accurate ab initio calculations� of the indirect nuclear
spin� –spin coupling constantsJ

0
of$ nuclear magnetic reso-

nance1 2 NMR

 3

spectroscopy� arestill a difficult anddemand-
ing task.1 Nevertheless,



goodagreementwith measuredcou-

pling� constantsis possibleif the following four issuesare
properly� takencareof.

First
4

the molecularorbitalshaveto beexpandedin a set
of$ one-electronGaussianbasisfunctionswhich are specifi-
cally� optimizedfor calculationsof couplingconstants.2–5

�
In

particular� the inclusion of s" -type Gaussianfunctions with
very5 large exponentsis essentialfor a correctdescriptionof
the
!

Fermi contactcontribution2,4
�

–6 and� polarizationanddif-
fuse
6

functions are important for the orbital paramagnetic
contribution.� The resulting basis sets are therefore rather

lar
7

ge andseveralattempts3,5,7
%

have
8

beenmadeto reducethe
size� of thebasissetswithout significantlyreducingtheaccu-
racyof thecalculatedcouplingconstants.Provasiet9 al.5

:
used�

locally
7

densebasissetsin the calculationof vicinal proton–
proton� coupling constants in halogen monosubstituted
ethane.; In their studiesof thecouplingconstantsin methane,
Geertsen
<

et9 al.7
=

as� well asGuillemeandSanFabián3
%

tried
!

to
reduce> thesizeof thebasissetsby partially contractingthem
with& themolecularorbital coefficientsof methane.However,
from thesestudiesit is not obvious whetherthis basisset
could� alsobe usedfor othermoleculesandhow to generate
basis
�

setsfor otheratoms.Oneof thepurposesof thepresent
work& was thereforeto investigatewhetherthe approachof
Geertsen,
<

Guilleme, and San Fabián can be generalizedin
such� a way that contractedatomicbasissetsfor the calcula-
tion
!

of spin–spin coupling constantsof arbitrary molecules
are� generatedusing the molecularorbital coefficientsof a
small� set of selectedmolecules.We studied thereforethe
dependence
�

of the couplingconstantsin CH2O
�

on different
contraction� schemesat the level of the secondorder polar-
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ization propagatorapproximation E SOPP
�

A F 4,8 using� either
the
!

molecularorbital coefficientsof CH2
� O� or the molecular

orbital$ coefficientsof CH4
( , H	 2

� O,
�

andH2
� for
6

the contraction
of$ the carbon,oxygen,andhydrogenatomicbasissets.Cor-
respondingbasissetsfor nitrogenandsulfur weregenerated
using� themolecularorbital coefficientsof NH3

% and� H2
� S.
�

The
performance� of thesebasissetswere then investigatedwith
calculations� of thespin–spincouplingconstantsin CH2CH

�
2 ,	

CH
�

2
� NH,



andCH2
� S.
�

The
G

secondissueis the basisset for the many-electron
wave& function or the so-calledelectroncorrelationproblem.
The resultsfor the Fermi contactterm andthe spin–dipolar
term,
!

the two contributionsto the couplingconstantswhich
involve theelectronspin,changedramaticallyon application
of$ methodswhich go beyondthe meanfield approximation
of$ the coupledHartree–Fock method H CHF

� I 9J or$ the equiva-
lent
7

random phaseapproximation K RP
�

A L .10,11 Furthermore
4

CHF/RP
�

A calculationsexhibit sometimesHartree–Focktrip-
let
7

instabilities or quasi-instabilities.12–14 Consequently
�

,
CHF/RP
�

A calculationsof coupling constantsare often not
even; qualitatively correct.1,4 Hartree–Fock triplet instabili-
ties
!

or quasi-instabilities,12–14 i.e.,
M

the existenceof a triplet
state� with energy lower than or close to the lowest singlet
state� N groundO stateP ,	 occurmainly in calculationsusingsemi-
empirical; methods,15–22 although� somecaseshavealsobeen
reported> for ab initio calculations.� 4,23 These

G
phenomenaare

relatedto Q -like electronicsystemsfor both saturatedand
unsaturated� compounds.OneimportantfactorinfluencingtheR system� in CH2

� XS systemsis the presenceof lone pairs in
the
!

substituentX.24 W
T

e have thereforeperformeduncorre-
lated CHF/RPA calculationsas well as correlatedcalcula-
tions
!

of all the coupling constantsin CH2
� CH
�

2
� , C	 H2

� NH,



CH
�

2O,
�

and CH2S
�

in order to searchfor triplet instabilities
and� to studythe effectsof the substituentX andof electron
correlation� on the four contributionsto the coupling con-
stants� in theseCH2

� XS model compounds.In addition to the
second� order polarization propagator approximationU
SOPP
�

A V 4,8
(

we& haveemployedalso the secondorder polar-
ization
M

propagator approximation with coupled cluster
singles� and doublesamplitudes—SOPPA W CCSD

� X
,	 4,25 which&

hadbeenappliedwith greatsuccessrecently.4,26
(

–32

The
G

third andfourth importantissuein thecalculationof
spin� –spin coupling constantsare relativistic effects and the
contributions� from nuclearmotion.Relativisticcontributions
can� be obtainedeither by the calculationof relativistic cor-
rections> in a perturbationtheoryapproach33,34

%
or$ directly by

four-componentrelativistic RPA calculations.3
%

5–37 For the
moleculesstudiedhere,relativisticeffectsarenot significant.
The
G

contributionsfrom themotionof thenuclei,on theother
hand,can be expectedto be of importance.Recentcalcula-
tions
!

of the coupling constantsin CH4 ,	 26
�

H2O,
� 27
�

C
�

2H2 ,	 29
�

and� SiH4
( ,	 32
%

showed� that the zero point vibrational correc-
tions
!

are typically about5%, but can amountto 10%. The
calculation� of vibrationalcorrectionsrequiresat leastthecal-
culation� of all first and secondderivativesof the coupling
constants� with respectto normal coordinatesor internal co-
ordinates,$ which is beyondthe scopeof this study.

II. COMPUTATIONAL ASPECTS

The
G

indirect nuclear spin–spin coupling constantbe-
tween
!

nucleiM
Y

and� N
Z

was& originally explainedby Ramsey38
%

by
�

two basicmechanisms,which areasfollows.[
i
M \

The
G

interactionof the nuclearspin with the spinsof
the
!

electronssurroundingit; this is accountedfor by
the
!

Fermi-contact] FĈ and� spin–dipolar _ SD
� `

contri-�
butions.
�a

ii
M b

The
G

interactionof the nuclearspin with the orbital
angular� momentumof the electronswhich gives rise
to
!

the orbital paramagneticc OP
� d

and� orbital diamag-
netic e OD

� f
contributions.�

The
G

first threecontributionsdependon the first order wave
functionandarethusgivenby thefollowing sum-over-states
expressions:;

J
0

MN
A
g h 2

i
3
j k M

l m
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1�
where& A standsfor OP, FC, SD andtheir correspondingop-
erators; aredefinedas

�
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TheOD termis obtainedasa groundstateaveragevalue
with& the operator

Û
O
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5
ô õ

although� it canbe expressedalsoasa sum-over-states.39
%

In
ö

Eqs. ÷ 1ø – ù 5ô ú the
!

magnetogyricratio of nucleusM
Y

is
Mû

M ,	 rü iM ý rþ i ÿ r� M is the differenceof the positionvectorsof
electron; i

�
and� nucleusM

Y
,	 s" � i is

M
the spin angularmomentum

operator$ , and l
¢ �

i is
M

theorbital angularmomentumoperatorfor
electron; i

�
,	 � (

�
x� )
�

is theDirac deltafunctionandall othersym-
bols
�

havetheir usualmeaning.40
(

All excitedtriplet states� n� 	 with& energy Enx in Eq. 
 1�
are� includedin the sum for the FC and SD terms,whereas
excited; singlet statescontribute to the OP term. By using
propagator� methods the first three contributions can be
evaluated; without explicit calculationof the excited states
involved.
M

The schemefor calculationsof indirect nuclear
spin� –spin coupling constantsusing polarizationpropagator
methodshas been describedand explained previously.41,4

(
In
ö

the presentstudy three levels of approximationto the
polarization� propagator have been used: SOPPA,8

1325J.
�
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SOPP
�

A  CCSD
� �

,	 25 and� RPA, which canalsobe derivedasa
first orderpolarizationpropagatorapproximation.41

(
For a propercomparisonof the samekind of couplings

among� differentnuclei, e.g.,1J
0

C–Y
� with& � Y� �

C,
�

N, O, S� in
M

the
!

seriesCH2X � X � CH
�

2 ,	 NH, O, S� ,	 it is necessaryto
separate� the pure electroniceffects from the changesin the
nuclear1 magneticmoments.This is commonlydoneby de-
fining
�

a reducedcouplingconstantK
�

,	
KAB � J

0
AB
�
h
o 2

i �
�

A

2
i �
�

B
,	 � 6 !

which& is essentiallythe coupling constantdivided by the
magnetogyric" ratiosof the nuclei.

W
T

e have used a version of the DALTON program�
package,� 42

(
in which thecalculationof indirectnuclearspin–

spin� coupling constantsat the SOPPA and SOPPA # CCSD
� $

level
7

had beenimplementedin the propertymodule4,25 and�
which& is interfacedto the integraldirectcoupledclusterpro-
gramO of Koch andco-workers.43,44

(
Spherical
�

Gaussianbasissetswere usedin all calcula-
tions.
!

Thebasissets,which we call aug-cc-pVTZ-Juc,arethe
aug-cc-pVTZ� basissets45

(
–47 completely� uncontracted,aug-

mented" with four tight s" -typefunctionsandwithout themost
dif
�

fuse second polarization function. Basis sets aug-cc-
pVTZ-Juc� of hydrogen,carbon,nitrogen,and oxygenwere
called� basis set J

0
in Ref. 4 or basis set A in Ref. 5 and

consists� of % 10s" 3j p# 1d
& '

functions
6

for hydrogen and(
15s" 6 p# 3

j
d
&
1f
) *

functions
6

for C, N, and O. The basis set for
sulfur� + 20s" 10p# 6

 
d
&
1f
) ,

,	 is new and includesin addition to the
above-described� modifications48

(
also� three additional tight

d
&
-type functions48 which& arenecessaryfor a properdescrip-

tion
!

of the Fermi contactterm as was observedpreviously
for silicon.30

%
Theexponentsof basissetaug-cc-pVTZ-Jucfor

all� the atoms studied here can be downloadedfrom the
internet.
M 49

Experimental
-

geometries5
:

0–52 were& used for all mol-
ecules.; . The detailsaregiven in the footnotesto TablesIV –
VII
/

andthelabelingof thehydrogensin CH2
� NH



is shownin
Fig.
4

1.0

III. THE COUPLING CONSTANTS OF CH2
1 X

A.
2

Triplet instabilities and quasi-instabilities

The condition12–14 for the stability of a restricted
Hartree–Fockwavefunction is that thematrix of thesecond
derivatives
�

of the restrictedHartree–Fock energy with re-
spect� to the orbital rotation parametersis positive definite,
i.e., hasonly positiveeigenvalues.This Hessianmatrix is the
same� as the principal propagatormatrix41

(
at� the RPA level.

An
3

instability of the restrictedHartree–Fock wave function

employed; in a RPA calculationwill thereforeleadto a nega-
tive
!

eigenvaluein the principal propagatormatrix, i.e., a
negative1 excitationenergy. In the caseof positive but very
small� eigenvalues4 very5 small excitationenergies5 one$ talks
about� quasi-instabilities.15–22 Theseleadnormally to unreal-
istic large valuesof secondorderpropertieslike the indirect
nuclear1 spin–spin coupling constants.Correspondingto the
spin� adaptationof the orbital rotation parametersone can
distinguish
�

betweensinglet and triplet instabilities.13,14 In
previous� ab initio studies� of couplingconstants4,23

(
triplet
!

in-
stabilities� were observedfor BH andAlH and triplet quasi-
instabilities
M

arefoundin CO andN2 .4 Previously
6

theseprob-
lems were circumventedin two ways.4,17

(
–20,22,23 One

�
is to

removesomeelectroniccorrelationor the molecularorbitals
which& causethe problem.Sucha procedureis inconvenient
in the calculationof propertieslike the coupling constants
which& shouldreproducequantitativelyexperimentalvalues.
The
G

other way is to add more correlationin order to get a
better
�

descriptionof the excitedstatesaswell asthe ground
state.� In SOPPA calculationsof the coupling constantsof
AlH, CO, and N2 there

!
is thus no sign of triplet

instabilities.
M 4,23 However

'
, in the caseof BH the triplet insta-

bility
�

only disappearsin a SOPPA 7 CCSD
� 8

calculation.� 4,23

Among the four moleculesCH2X analyzedhere, we
foundat theRPA level triplet instabilities,for X 9 NH



andS,

and� triplet quasi-instabilityproblemsfor X : O
�

andX ; CH
�

2
� .

This
G

makesit meaninglessto reportresultsfor the total cou-
pling� constantsat the RPA.21

�
However, the two singletcon-

tributions,
!

the orbital diamagneticand paramagneticterms,
are� not affected by this. The differencesbetweenthe RPA
and� SOPPA resultsfor the OD contributionsto all coupling
constants� arevery small ( < 0.03

*
Hz= . The correlationeffect

is
M

in generalsomewhatlarger for the OPterm.Nevertheless
significant� changesin the OP term are only observedfor
1J
0 >

C–Y
� ?

,	 @ 0.5
*

Hz for Y A C,
�

N, O and1.5 Hz for Y B S,
�

or
the
!

one-bondcouplings1J
0 C

C–H
� D

in all moleculeswherethe
correlation� contributioncanamountup to 0.3 Hz.

B. Comparison of the coupling mechanisms in the
CH
E

2X molecules

In this sectionwe analyzethe four contributionsto the
coupling� constantsof the moleculesCH2

� XS with particular
emphasis; on the effect of the numberof lone pairs in the
substituent� X andtheelectronegativityof thecentralatomY
in
M

thesubstituent.For thatpurposewe presentin TablesI–III
the
!

four contributionsto the reducedcouplingconstantscal-
culated� at the SOPPA F CCSD

� G
level using basisset aug-cc-

pVTZ-Juc,� i.e, the highestlevel of theory employedin this
study� . However, theresultsof this analysisis thesameat the
SOPP
�

A level. The moleculesarelisted with increasingnum-
ber
�

of lone pairs on Y and electronegativityof Y. For the
atoms� from the secondrow, Y H C,

�
N, and O, this is unam-

biguous,
�

but CH2
� S� couldbelistedaccordingto theelectrone-

gativityO of S betweenC and N or due to its two lone pairs
after� CH2O.

�
One shouldexpectto observea differencebe-

tween
!

the lone-pair effects in CH2
� O� and CH2

� S,
�

as the s"
orbital$ characterof lone pairs is known19,20 to

!
increasein a

groupO of theperiodictable.Theeffect of lonepairson spin–
spin� couplingshasbeenstudiedextensively I see,� e.g., Ref.

FIG. 1. Geometryof the CH2NH
J

molecule.
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TABLE I. One-bondspin–spin couplingin C2H4 , CH2NH,
J

CH2O, andCH2S. Couplingconstants,1J
K

C–Y
L and

1J
K

Y–H M inN HzO , andreducedcouplingconstants,1K
P

C–Y
L and1K

P
Y–H Q inN 1019 T

R 2
S

J
K T 1), calculatedat SOPPA U CCSDV

level with basissetaug-cc-pVTZ-Juc.

Molecule
W

Coupling K
P OD

X
K
P OP

X
K
P SD

Y
K
P FC

Z
K
P

J J
K expt.[

C2
S H4

\ C–C 0.0807 ] 11.7968 3.9143 100.3594 92.5576 70.3262a
?

67.4620b
A

CH2
S NH
J c^ C–N 0.0405 _ 27.5161 4.4543 33.1019 10.0803 ` 3.0879

CH2O C–O a 0.0066 b 52.4384 2.9308 c 27.2707 d 76.7849 31.4596
CH2S C–S 0.0302 e 97.8371 8.1316 f 65.3004 g 154.9758 h 35.9767
C2
S H4

\ C–H 0.1318 0.1197 0.0372 51.7326 52.0212 157.1597d
i

156.309b
A

CH2
S NH
J c^ N–H

J
3
j 0.1154 0.4506 k 0.1336 40.3919 40.8244 l 49.7238

m
C2H4 C–H 0.1318 0.1197 0.0372 51.7326 52.0212 157.1597d

i
156.309b

A
CH2N

J
H C–H1 0.1655 n 0.1020 0.0392 56.4226 56.5254 170.7672 172.9e[

C–H2 0.1668 o 0.0929 0.0619 53.1998 53.3355 161.1304 163.7e[
CH2

S O C–H 0.1987 p 0.2925 0.0942 58.0458 58.0463 175.3619 172f
q

CH2
S S C–H 0.1704 r 0.3800 0.1754 56.6904 56.6563 171.1626

a? Compare75.0Hz s EOM t Ref. 61uwv , 70.1 Hz x EOM–CCSD y Ref. 62z|{ , 70.2Hz } RASSCF ~ Ref. 59�|� , 70.1 Hz�
RASSCF � Ref. 1�w� .

b
A
Reference
�

59 in liquid crystalVI.
c^ CouplingconstantsJ

K
for 15N.

J
d
i
Compare142.87Hz � EOM � Ref. 61�w� , 153.23Hz � EOM–CCSD � Ref. 63�|� , 147.7Hz � RASSCF � Ref. 59�|� ,
154.0Hz � RASSCF

� �
Ref.
�

1�w� .
e[ Reference
�

58.
fReference
�

56 in 38% aq.soln.

TABLE II. Two-bond � geminal� spin–spincouplingin C2H4 , CH2NH,
J

CH2O, andCH2S. Couplingconstants,
2
S
J
K

Y–H and 2
S
J
K

H–H � inN Hz� , and reducedcoupling constants,2
S
K
P

Y–H and 2
S
K
P

H–H � inN 1019 T
R 2
S

J
K � 1), calculatedat

SOPPA � CCSD� level with basissetaug-cc-pVTZ-Juc.

Molecule
W

Coupling K
P OD

X
K
P OP

X
K
P SD

Y
K
P FC

Z
K
P

J J
K expt.[

C2
S H4

\ C–H � 0.2235 � 0.3294 0.0357   0.4925 ¡ 1.0096 ¢ 3.0500a
? £

2.415b
A

CH2
S NJ H C–H3

j ¤ 0.2744 ¥ 0.8197 ¦ 0.0181 § 3.4278 ¨ 4.5399
m ©

13.7155 ª 13.1c^
C2H4 C–H « 0.2235 ¬ 0.3294 0.0357  0.4925 ® 1.0096 ¯ 3.0500a

? °
2.415b

A
CH2NH

J d
i

N–H
J

1 ± 0.2291 ² 1.0967 0.1287 8.7263 7.5292 ³ 9.1705
N–H
J

2
S ´ 0.2949 µ 0.8027 0.1840 ¶ 2.8535 · 3.7671 4.5883

CH2
S O O–H ¸ 0.2988 ¹ 1.9349 0.5848 3.4403 1.7915 º 2.9184

CH2S S–H » 0.1775 ¼ 3.7968 1.2618 0.4219 ½ 2.2905 ¾ 2.1142
C2H4 H–H ¿ 0.3174 0.3393 0.0294 0.0332 0.0845 1.0150e

[
2.32b

A
CH2N

J
H H–H À 0.3072 0.3175 0.0313 1.4053 1.4469 17.3798 17.6c^

CH2
S O H–H Á 0.2785 0.2787 0.0306 3.4247 3.4554 41.5065 42.20f

CH2
S S H–H Â 0.2872 0.2931 0.0400 0.5227 0.5685 6.8287

a? CompareÃ 5.07Hz Ä EOM Å Ref.61Æ|Ç , È 2.95Hz É EOM-CCSD Ê Ref.63Ë|Ì , Í 3.3Hz Î RASSCF Ï Ref.59ÐwÑ , Ò 3.0
Hz Ó RASSCF Ô Ref. 1ÕwÖ .

b
A
Reference
�

59 in liquid crystalVI.
c^ Reference
�

58.
d
i
CouplingconstantsJ

K
for 15N.

J
e[ Compare× 4.04

m
Hz Ø EOM

Ù Ú
Ref.
�

61Û|Ü , 0.44Hz Ý EOM
Ù

–CCSD Þ Ref.
�

63ßwà , 0.9 Hz á RASSCF
� â

Ref.
�

59ã|ä , 1.3 Hzå
RASSCF
� æ

Ref.
�

1çwè .
fReference57.

TABLE III. Three-bondé vicinalê spin–spin couplingin C2H4 andCH2NH.
J

Couplingconstants,3
j
J
K

H–H ë in Hzì ,
and reducedcoupling constants,3

j
K
P

H–H
í î inN 1019 T

R 2 J
K ï 1), calculatedat SOPPA ð CCSDñ level with basisset

aug-cc-pVTZ-Juc.

Molecule Coupling KOD
X

K
P OP

X
K
P SD

Y
K
P FC K

P
J J
K expt.[

C2
S H4

\ cisò H–H ó 0.0863 0.0600 ô 0.0046 1.0130 0.9820 11.7964a
?

11.53b
A

trans-H
õ

–H ö 0.2900 0.2605 0.0215 1.5408 1.5328 18.4122c
^

18.997b
A

CH2
S NH
J

cis-H–H ÷ 0.0800 0.0291 0.0054 1.5283 1.4827 17.8105 17.0d
i

trans-H
õ

–H ø 0.3737 0.3236 0.0278 2.0818 2.0596 24.7395 25.2d
i

a? Compare9.10Hz ù EOM ú Ref. 61ûwü , 11.57Hz ý EOM-CCSD þ Ref. 63ÿ�� , 10.4Hz � RASSCF � Ref. 59��� , 11.6 Hz�
RASSCF
� �

Ref.
�

1�
	 .
b
A
Reference
�

59 in liquid crystalVI.
c^ Compare14.27Hz � EOM � Ref.61
� , 17.8Hz � EOM–CCSD � Ref.63�
� , 17.0Hz � RASSCF � Ref.59��� , 18.5Hz�

RASSCF � Ref. 1��� .
d
i
Reference58.
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24� mainly basedon measuredcouplingconstantsandsome
semiempirical� calculations� see,� e.g.,Refs.19 and 20� . But
only$ by meansof high accuracycalculations,like the ones
presented� here, it is possibleto get a more preciseunder-
standing� of the role of the four different coupling mecha-
nismsto this effect.

1. One-bond couplings

The
G

one-bondcouplingsare presentedin Table I. One
can� observea systematicchangein the reducedcoupling
constants� 1KC

�
–C,–N ,–O,–S . The reducedcoupling constants

are� dramatically reducedgoing from a positive value in
C
�

2H
'

4 to
!

a negativevalue in CH2O
�

and CH2S.
�

This is the
well-known& 24

�
negativeeffect of lonepairson one-bondcou-

plings.� And the comparisonof CH2
� O� and CH2

� S� shows
again� 19,20 that

!
this negativecontributionincreaseswith the s"

character� of the lonepair, i.e., within a groupof theperiodic
table.
!

Analyzing the four contributions,one can seethat this
lone-pair
7

effect is due to both the Fermi contact and the
orbital$ paramagneticterm. The FC contribution to the
1KC–C

�
,–N,–O,–S reducedcoupling constantsbecomesmore

negative1 with increasingnumberof lonepairs,beingpositive
for
6

C2
� H' 4

( and� CH2
� NH



and negativefor CH2
� O� and CH2

� S.
�

The OP decreasesalso from C2H4 to
!

CH2S,
�

but is negative
for all four molecules.The combinationof both trendshas
the
!

effect that 1K
�

C–S
� is

M
larger than1K

�
C–C
� in

M
absolutevalues

and� hastheoppositesign.Theoverall signof 1K
�

C–C
�

,–N,–O,–S

is still determinedby the FC contribution,but the absolute
value5 is modifiedby the increasinglynegativeOPterm.

The
G

OD contribution to 1K
�

C–C
�

,–N,–O,–S is
M

completely
negligible1 in all four molecules,whereasthe SD term be-
comes� significantfor CH2NH,



whereit amountsto  45% of

1KC–N
� due

�
to a nearcancellationof theOPandFC contribu-

tions.
!

In the other threemoleculesthe SD term contributes
between
�

4% and5% of the total reducedcouplingconstant.
The OP contributionis abouttwice as large as the FC term
for
6

X ! O
�

andabout1.5 timestheFC termfor X " S.
�

Finally,
in
M

C2
� H' 4

( the
!

OPcontributionis, in absolutevalues,only ap-
proximately� 10%of theFC termwhich is thedominantcon-
tribution.
!

C2H4 shows� a completedifferentpatternof contri-
butions
�

comparedwith theotherthreemolecules.This could
be
�

explainedby thecompleteabsenceof lonepairsin ethene.
In other words, for one-bondC–Y couplingsthe lone

pairs� belongingto Y affect boththeFC andOPcontributions
in
M

sucha way that when the numberof lone pairs increase
both
�

FC andOPdecrease,but to a muchlarger extentin the
case� of the FC term.

The secondand third part of Table I show N–H and
C
�

–H couplings.The N–H3
% coupling� in CH2

� NH



is againa
one-bond$ couplingwith a lonepair on oneof the two atoms,
whereas& theC–H couplingsbelongto thetypeA.3 of Gil and
von5 Philipsborn,24

�
one-bond$ couplingswith oneor morelone

pairs� on theadjacentatom.Onecanseethatthetotal reduced
coupling� constants(1KN–H

# and� 1KC–H
� )

�
are entirely domi-

natedby the FC contributionsfor all the substituentsasit is
observed$ for most one-bondcouplingsinvolving hydrogen.
In
ö

particularfor X $ O
�

the FC term is up to the first decimal
equal; to the total reducedcouplingconstants.

Analyzing the lone-paireffects we can seethat the FC
contribution� to 1KN–H

#
3
% in CH2NH



is considerablysmaller

than
!

the FC contributionto the C–H couplingsin C2
� H' 4

( or$
any� of theothermolecules,a directconsequenceof thenega-
tive
!

lone-paircontributiondiscussedabove.The OP contri-
bution
�

on the otherhand,is increasedby the lone-paircon-
trary
!

to the one-bondC–Y couplingsabove.Again for the
compound� CH2NH



the FC contribution to C–H1 coupling,�

which& is cis& to
!

the lone pair on nitrogen,is larger than the
corresponding� FC term to the C–H2

� coupling� trans' to
!

the
lone
7

pair. This is calledthePerlineffect53
:

and� resultsfrom a
positive� effect of thelone-pairon one-bondCH couplingscis&
to
!

a sp" 2 lone pair and a negativeeffect on the couplings
trans' to

!
it.24,54 It

ö
is worth mentioningthat the discrepancy

between
�

the theoreticalpredictionsandthe experimentalre-
sults� for the differencebetweenthis trans-' and� cis-& 1J

0
C–H
�

coupling� is lessthan 0.5 Hz. Consideringthe OP contribu-
tion,
!

althoughit is negligiblecomparedwith theFC term,we
observe$ that this contributionbecomesmore negativewhen
the
!

substituentchangesin theseriesX ( CH
�

2 ,	 NH, O, andS.

2. Two-bond couplings

In the first two partsof TableII the reduced2
�
KY–H cou-�

plings� are presented.With respectto the lone pairs we dis-
tinguish
!

betweenthe casewherea lone pair is introducedin
the
!

centralatom ) Gil
<

andvon Philipsborn24 type
!

B.1* in
M

the
first part of the tableandthe casewherea lone pair is intro-
duced
�

in oneof the coupledatoms + type
!

B.3, in the second
part� of the table.

The
G

reduced2
�
K
�

Y–H couplings� showa diversepatternof
contributions� for eachsubstituent.Comparingthe geminal
C
�

–H reducedcouplingsin C2
� H4

( and� CH2
� NH



we canseethat
the
!

lone pair on the centralatomor the changein electrone-
gativityO of the centralatomcontributeswith a negativeterm
to
!

all four contributions,but the effect is most pronounced
for
6

the FC term. The SD term becomesthereforenegative,
whereas& the absolutevalue of the other threeterms,which
are� always negative,increases.Consequentlyin C2H4 the

!
FC, OP, andOD termsmakeall significantcontributionsto
the
!

total reducedcouplingconstants,whereasthe C–H cou-
pling� in CH2NH



is dominatedby the FC term with some

contribution� by theOPterm.Thereforethe lonepair or elec-
tronegativity
!

effect in the total reducedcoupling is mainly
due
�

to the FC term for this type of coupling.
Comparison
�

of the B.3 type geminalY–H reducedcou-
plings� showsthat theOD term is alwaysnegativeandvaries
only$ little with theatomY. TheOPtermis alsoalwaysnega-
tive,
!

whereasthe SD term remainspositive. The absolute
value5 of bothtermsincreasesin theseriesY - C,

�
N, O, andS,

which& indicatesthat the changesaremainly due to the lone
pairs� andnot theelectronegativityof theatomY. The largest
change� in both termsis observedon going from O to S. The
FC contribution varies most. It increasesalong the series
Y . C,

�
S, N, O, if one takesthe averageof the two geminal

N–H



1/2 couplings� in CH2
� NH.



This meansthat theelectrone-
gativityO of Y is responsiblefor the overall trend.However,
there
!

is a large differencebetweenthe two geminal N–H
couplings� in CH2

� NH



which is dueto the singlelone pair on
N.



It givesriseto a positivecis& ef; fect anda negativetrans' or$
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gauche³ ef; fect.24 Thesedifferenttrendsfor the four contribu-
tions
!

imply that thereis no trend for the total reducedcou-
pling� constants.In C2

� H' 4
( the
!

FC,OP, andOD termsareof the
same� order of magnitudeand the SD term is unimportant.
For the two N–H couplings in CH2NH



and for the O–H

coupling� in CH2
� O� the FC and OP termsare the two domi-

nating1 contributionswith the OPterm being13%,28%,and
56%
ô

of theFC term.Theimportanceof theSD termincrease
for the samecouplingsfrom 1% to 17%. In CH2S o

�
nt he

other$ hand,thereis a completedifferent situation.Here we
find
�

in absolutetermsthe largestOP and SD termsfor this
type
!

of coupling in the four moleculesand the smallestFC
term.
!

Consequentlythe total coupling is dominatedby the
OP
�

and SD term. It is worth to stressthat the difference
between
� 2K

�
N–H
#

1
and� 2K

�
N–H
#

2
is
M

neverthelessmainly due to
the
!

FC contribution. Interestingly the reduced2
�
KC–H

�
3
% and�

2K
�

N–H
#

2
couplings� havealmost identical OD and OP contri-

butions
�

andthe differencebetweenthe two FC termsis also
rathersmall.

In
ö

the third part of TableII the geminalH–H couplings
are� shown.Onecanseethat the couplingsaredominatedby
the
!

FC termsdueto analmostperfectcancellationof theOD
and� OP terms,as it is found for manyothermolecules.Be-
sides� the OD and OP are rather small and their absolute
values5 areevenmorereducedin the seriesX / CH

�
2 ,	 NH, S,

O,
�

i.e., with increasingelectronegativity. The SD contribu-
tion
!

is evensmallerandis almostunchangedby thesubstitu-
ents.; On the otherhand,the FC term and thereforealso the
total
!

coupling constantincreaseswith increasingelectrone-
gativityO of X as predicted by the theory of Pople and
Bothner
0

-By.55
:

The
G

lone pairson N, O, andS, a lone pair in1 -position, shouldalso lead to an increasein the FC term,
however, the fact that the increasein CH2S

�
comparedto

C
�

2H4 is smallerthan in CH2NH



showsthat the dominating
contribution� is due to the electronegativityof the substitu-
ents.;
3. Three-bonds coupling

In
ö

Table III the calculatedand experimentalvaluesfor
the
!

vicinal couplingsin C2
� H' 4

( and� CH2
� NH



areshown.With
respectto the lone pair this is an examplefor type C.1.24

Thesecouplingsareclearly dominatedby the FC term simi-
larly
7

to what we found for the vicinal H–H couplingsin the
CH
�

3
% CH
�

2X
S

systems.5
:

The
G

lone pair and/orelectronegativity
of$ N leadsto analmostequalincreasein theFC contribution
to
!

thecis& and� trans' coupling.� Much smallerchangesarealso
observed$ for the OD and OP contributionto the trans' cou-�
pling,� whereasthe changesin the other termsare insignifi-
cant.�
C.
E

Comparison with previous calculations and
experiment2

In the following we comparethe resultsof our calcula-
tions
!

at the SOPPA 3 CCSD
� 4

level
7

using basis set aug-cc-
pVTZ-Juc� with the few experimentalvalues56

:
–59 and� results

of$ previouscalculations.1,59–63 Calculations
�

of the spin–spin
coupling� constantsin ethenehave been reportedby some
authors.� Among theseare the equation-of-motion5 EOM

- 6
or$

higher
8

RPA calculationof Galasso,61
7

the
!

equation-of-motion

coupled� clustersinglesanddoubles 8 EOM–CCSD9 calcula-�
tions
!

by Bartlett and co-workers62,63
7

and� restrictedactive
space� self-consistent-field: RASSCF

� ;
calculations� by Kaski

et9 al.59
:

and� Helgaker et9 al.1 < see� the footnotes of Tables
I–III = . Helgakeret9 al.1 havepointedout that it is not suffi-
cient� to includeonly valenceorbitalsin theactivespacein an
MCSCF
>

calculation.Consequentlytheir RAS-II wave func-
tion
!

has an enlarged active spaceand gives better results,
specifically� when hydrogenatomsare involved in the cou-
plings,� than the bestRASSCFcalculationof Kaski et9 al.59

:
Comparing
�

our resultswith the RAS-II resultsof Helgaker
et9 al.1 and� the EOM–CCSD results of Bartlett and
co-workers� 62,63

7
we& canseethat the differencesare0.8 Hz or

less with the exceptionof the 1J
0

C–H
� coupling� where our

SOPP
�

A ? CCSD
� @

result> is A 3
j

–4 Hz largerandactuallycloser
to
!

the experimentalvalue.To our knowledgetherehavenot
been
�

reportedresultsof high-levelcorrelatedab initio calcu-�
lations
7

for the othermodelcompounds.
W
T

e observea very good agreementof our resultswith
few experimentalvalues found in the literature56

:
–59 for

C
�

2H4 , C	 H2O,
�

and CH2NH.



In the worst case, 1J
0

C–H
� in

CH
�

2
� O,
�

the differenceis 3.4 Hz or 2%. However, this rather
old$ experimentalvaluewasmeasuredin a 38% aqueousso-
lution for which very large solvent effects should be ex-
pected� and is thereforenot really comparablewith our cal-
culated� result.For someof theone-bondcouplings,1J

0
C–C
� in

M
C
�

2H
'

4 and� 1J
0

C–H
� in

M
CH2NH



we observedeviationsof B 2.5

i
Hz, whereasfor all the other couplingsthe errors are less
than
!

1.5 Hz. It is particularly satisfying that the difference
between
�

the 1J
0

C–H
� couplings� cis& and� trans' to

!
the lonepair in

CH
�

2NH



is reproducedwith anaccuracyof 0.5 Hz. Similarly,
for the differencesbetweenthe trans' and� cis& vicinal5 H–H
couplings� in C2

� H' 4
( and� CH2

� NH



we find an error of 0.9 Hz
and� 1.3Hz, respectively. Taking into accountthatvibrational
corrections� to coupling constantscan be in the order of 5
Hz26

�
–29 we& cannotexpecta betteragreementbetweenexperi-

ment" andcalculationsat an equilibrium geometry.

IV
/

. CONTRACTED GAUSSIAN BASIS SETS

It is well known that s" -type Gaussianbasis functions
with& very large exponentsare necessaryfor accuratecalcu-
lations
7

of the Fermi contactcontribution to coupling con-
stants� and that thesefunctionsare not includedin standard
basis
�

sets, i.e., energy optimized basis sets.Consequently
many" authorsaugmentedstandardbasis sets with one or
more tight s" -type Gaussianfunctions.However, carehasto
be
�

taken in the caseof small contractedbasissetsas the
Fermi
4

contacttermcanbeoverestimateddramaticallydueto
an� unbalancein thebasissetif thes" -typeGaussianfunctions
are� kept contracted.4 On

�
the other hand,completelyuncon-

tracted
!

basissets,as usedin the first part of this work, are
rather> large which severelyrestrictstheir applicability.

A
3

possiblesolution is to recontractthe basis sets. In
calculations� of the couplingconstantsof methaneby Geert-
sen� et9 al.7

=
and� by Guilleme and SanFabián3

%
the
!

molecular
orbital$ coefficientsof methanehavebeenusedascontraction
coefficients.� In this work we generalizenow their approach
and� generatecontractedatomicbasissetswhich canbe used

1329J.
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in
M

an arbitrarymolecule.The first issueto be investigatedis
therefore
!

whetheroneshouldusealwaystheMO coefficients
of$ the molecule in question3,7

%
or$ whether it is possibleto

develop
�

universalcontractedbasissetsby usingMO coeffi-
cients� from arbitrarybut well chosenmolecules.

W
T

e usedtwo differentuncontractedbasissets.The first
basis
�

setis theaug-cc-pVTZ-Jucemployedin thefirst partof
this
!

work. As secondbasisset, namedsad-Juc,we useSa-
dlej’
�

s mediumsizepolarizedbasissets,64,65
7

which& havebeen
totally
!

uncontractedand augmentedwith four s" -type func-
tions
!

with very large exponents.For carbon,nitrogen,and
oxygen$ it consistsof C 15s" 6 p# 4

±
d
D E

functions.
6

Again thebasisset
for
6

sulfur F 17s" 10p# 6
 

d
D G

,	 includestwo additional tight d
D
-type

functions.Basisset sad-Jucfor hydrogen H 10s" 4p# I ,	 hasbeen
used� as basisset E in our previousstudy of locally dense
basis
�

sets.5
:

The
G

exponentsof both basissetscan be down-
loaded
7

from the internet.49

As a testmoleculewe chooseCH2O,
�

asit is thesmallest
moleculeof the seriesstudiedin this work and consistsof
three
!

differentatoms.In a first seriesof calculationswe in-
vestigated5 different contractionschemesusing MO coeffi-
cients� of CH2O

�
as contractioncoefficients.To reducethe

number of options, we adopteda contraction schemein
which& all exceptfor thetwo mostdiffuses" - andp# -typefunc-
tions
!

on C, O, ands" -typefunctionson H werecontractedand
some� of the contractedfunctionswereaddedto the basisset
also� asuncontractedfunctions.In a secondserieswe studied
in
M

the sameway the performanceof contractedbasissets
where& we usedMO coefficientsof CH4 for the carbonbasis
set,� MO coefficientsof H2O

�
for the oxygen basisset, and

MO
>

coefficientsof H2
� for
6

hydrogen.No significantdiffer-
ences; in the four contributionsto all the couplingconstants

in CH2O
�

werefound betweenthe two seriesof calculations,
i.e., betweenusing MO coefficientsof CH2O o

�
ro fC H4 ,	

H
'

2
� O,
�

andH2
� . Onemight expectthis dueto the fact that the

1s" orbitals$ of carbonand oxygenare almostunaffectedby
dif
�

ferentbondingsituations.A comparisonof thecoefficients
for
6

the molecularorbitals in CH2
� O,
�

CH4
( ,	 and H2

� O� which
are� essentiallycarbonandoxygen1s" orbitals$ showsthat they
are� indeedalmost identical. Larger differencesbetweenthe
MO coefficientsexist only for the two most diffuse basis
functions,
6

which we thereforeexcludedfrom thecontraction.
However
'

, the sameis also true for the coefficientsof the
p# -type basisfunctionsin the molecularorbitals correspond-
ing
M

to the C–H andO–H singlebonds.In the following we
used� thereforeonly the MO coefficientsof H2 , C	 H4 , N	 H3

% ,	
H2O,

�
and H2S

�
as contractioncoefficientsfor the hydrogen,

carbon,� nitrogen,oxygen,andsulfur basissets.
In
ö

a third seriesof calculationson all four moleculeswe
tested
!

differentcontractionschemes.Again we contractedall
but
�

thetwo mostdiffuses" - andp# -typefunctionson C, N, and
O
�

ands" -type functionson H in onecontractedfunction and
included
M

also some of the contractedfunctions as uncon-
tracted
!

functions.In the caseof sulfur we contractedall but
the
!

threemostdiffuses" - andp# -type functionsinto two con-
tracted
!

functions and addedagain some of the contracted
functionsalsoasuncontractedfunctions.As selectioncriteria
we& requiredthat theerror in all couplingconstantsdueto the
contraction� is smallerthan J 0.5

*
Hz. This led us to the fol-

lowing
7

contractionsof basissetaug-cc-pVTZ-Juc:hydrogenK
6
 

s" 3j p# 1d
D L

; carbon, nitrogen, oxygen M 9N s" 5ô p# 3
j

d
D
1f
) O

; sulfurP
10s" 7Q p# 6

 
d
D
1f
) R

,	 andof basissetsad-Juc:hydrogenS 6 s" 4± p# T ; car-
bon,
�

nitrogen,oxygen U 9N s" 5ô p# 4
±

d
D V

; sulfur W 9N s" 7Q p# 6
 

d
D X

. In the fol-

TABLE IV. Basisset dependenceof the contributionsto the coupling constantsJ
K Y

in HzZ in 13C2
1H4 at the

SOPPA level.a
?

Coupling Basis # J
K OD
X

J
K OP
X

J
K SD
Y

J
K FC J

K
1J
K

C–C
L aug-cc-pVTZ-Juc 206 0.0631 [ 9.4610 3.2986 77.1566 71.0573

aug-cc-pVTZ-J 172 0.0662 \ 9.4997 3.2994 77.6800 71.5459
sad-Juc 192 0.0659 ] 9.4403 3.3527 79.1901 73.1684
sad-J 160 0.0689 ^ 9.4959 3.3733 79.1263 73.0726

1J
K

C–H
L aug-cc-pVTZ-Juc 206 0.3956 0.3543 0.0975 162.5578 163.4050

aug-cc-pVTZ-J 172 0.4057 0.3502 0.0784 163.0898 163.9241
sad-Juc 192 0.4119 0.2820 _ 0.0192 163.7418 164.4166
sad-J 160 0.4222 0.2575 0.0325 163.7169 164.4290

2J
K

C–H
L aug-cc-pVTZ-Juc 206 ` 0.6783 a 1.0578 0.1149 b 2.4841 c 4.1053

aug-cc-pVTZ-J 172 d 0.6781 e 1.0816 0.1169 f 2.5096 g 4.1525
m

sad-Juc 192 h 0.6733 i 1.0683 0.0493 j 3.0613 k 4.7536
m

sad-J 160 l 0.6750 m 1.0954 0.0476 n 3.1208 o 4.8418
2J
K

H–H aug-cc-pVTZ-Juc 206 p 3.8384 4.1011 0.3637 q 0.4652 0.1612
aug-cc-pVTZ-J 172 r 3.8458 4.0218 0.3632 s 0.5018 0.0373
sad-Juc 192 t 3.8044 3.9952 0.3109 u 0.8534 v 0.3517
sad-J 160 w 3.8110 3.9169 0.3119 x 0.9374 y 0.5195

cis-3
j
J
K

H z H aug-cc-pVTZ-Juc 206 { 1.0439 0.7338 | 0.0630 13.1835 12.8104
aug-cc-pVTZ-J 172 } 1.0450 0.7251 ~ 0.0630 13.2074 12.8245
sad-Juc 192 � 1.0346 0.6586 � 0.0671 13.4610 13.0179
sad-J 160 � 1.0353 0.6500 � 0.0672 13.5565 13.1039

trans-
õ 3

j
J
K

H–H aug-cc-pVTZ-Juc 206 � 3.5012 3.1243 0.2874 19.7577 19.6682
aug-cc-pVTZ-J 172 � 3.5114 3.0398 0.2875 19.7900 19.6059
sad-Juc 192 � 3.4872 3.1111 0.3065 19.9533 19.8837
sad-J 160 � 3.4969 3.0280 0.3067 20.0098 19.8476

a? Geometry:RC–C
L � 1.3384Å, RC–H

L � 1.0870,��� HCH��� 117.367°, ��� HCC��� 121.316° � Ref. 50� .
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lowing
7

thesebasissetsarecalledaug-cc-pVTZ-Jandsad-J,
respectively> . Thecontractionscoefficientscanalsobedown-
loadedfrom the internet.49

(
The results for all the coupling constantsin C2

� H4
( ,	

CH
�

2
� NH,



CH2
� O,
�

andCH2
� S� obtainedwith basissetsaug-cc-

pVTZ-Juc,� aug-cc-pVTZ-J,sad-Juc,andsad-Jat the SOPPA
level areshownin TablesIV –VII. In generalthe contracted
basis
�

setsexceedour initial requirements,thedifferencesbe-
tween
!

the resultsfor the total couplingconstantsin the con-
tracted
!

anduncontractedbasissetsare0.2 Hz or smallerfor
all� couplingsexceptfor the 1J

0
C–H
� and� 1J

0
C–C
� couplings� in

basis
�

setaug-cc-pVTZ-J,wherethe differencesarebetween
0.5
*

Hz and 0.6 Hz. The differencesare always due to the
Fermi contactterm as the changesin the other threecontri-
butions,
�

the orbital diamagnetic,orbital paramagnetic,and
the
!

spin–dipolar contributionsare smaller than 0.1 Hz. In
percentage� thechangesin thetotal couplingconstantsare2%
or$ smaller with six exceptions,where the coupling con-

stants� areso small that a changeof 0.2 Hz amountsto more
than
!

2%. For the samereasonsthe percentchangesin the
OD,
�

OP, andSD contributionscanbequitelargewithout any
visible5 effect on the total couplingconstants.

Analyzing
3

thedifferencesbetweenall four basissetswe
observe$ a nice patternfor all but threecouplings:2

�
J
0

H–H in
M

CH
�

2O,
� 1J

0
C–S
� and� 2

�
J
0

S–H
Ã in CH2S.

�
The one- and three-bond

couplings� betweenatomswithout lone pairs are alwaysnu-
merically" smaller in basis set aug-cc-pVTZ-Juc � aug-cc-�
pVTZ-J� � than

!
basis set sad-Juc � sad-J� � ,	 whereasthe two-

bond
�

couplings are larger. For the one- and two-bond
couplings� betweenatomswhereone hasone or more lone
pairs� the oppositetrendis found.

Discussingin more detail now the differencesbetween
the
!

basissetsfor eachmoleculewe noticefirst of all that in
CH
�

2
� CH
�

2
� the
!

total couplingconstantsfor all but geminalcou-
plings� areroughlygivenby their FC contributions,seeTable
IV. The sameholdsalsofor the basissetdependenceof the

TABLE V. Basissetdependenceof thecontributionsto thecouplingconstantsJ
K �

in Hz� in 13C1H2
15N
J 1H at the

SOPPA level.a
?

Coupling Basis # J
K OD
X

J
K OP
X

J
K SD
Y

J
K FC J

K
1J
K

C–N
L aug-cc-pVTZ-Juc 182 � 0.0128 8.7337 � 1.4291 � 9.7237   2.4318

aug-cc-pVTZ-J 152 ¡ 0.0126 8.7673 ¢ 1.4301 £ 9.8930 ¤ 2.5683
sad-Juc 170 ¥ 0.0144 8.6846 ¦ 1.4641 § 10.3822 ¨ 3.1761
sad-J 142 © 0.0139 8.7207 ª 1.4749 « 10.3410 ¬ 3.1091

1J
K

C–H
L

1
aug-cc-pVTZ-Juc 182 0.4931  0.2911 0.1136 177.3098 177.6253
aug-cc-pVTZ-J 152 0.4937 ® 0.2941 0.0922 177.8942 178.1861
sad-Juc 170 0.5091 ¯ 0.3428 ° 0.0662 178.3707 178.4708
sad-J 142 0.5101 ± 0.3614 ² 0.0139 178.3630 178.4977

1J
K

C–H
L

2
aug-cc-pVTZ-Juc 182 0.4962 ³ 0.2671 0.1843 166.5515 166.9649
aug-cc-pVTZ-J 152 0.4970 ´ 0.2704 0.1637 167.0943 167.4846
sad-Juc 170 0.5135 µ 0.3256 0.0242 167.6594 167.8715
sad-J 142 0.5148 ¶ 0.3472 0.0745 167.7249 167.9670

1J
K

N–H
·

3
aug-cc-pVTZ-Juc 182 ¸ 0.1381 ¹ 0.5415 0.1893 º 50.9145 » 51.4048
aug-cc-pVTZ-J 152 ¼ 0.1373 ½ 0.5048 0.2006 ¾ 51.1153 ¿ 51.5567
sad-Juc 170 À 0.1481 Á 0.5100 0.2164 Â 51.4907 Ã 51.9323
sad-J 142 Ä 0.1472 Å 0.4802 0.1946 Æ 51.6741 Ç 52.1068

2
È
J
K

N–H
·

1
aug-cc-pVTZ-Juc 182 0.2805 1.3701 É 0.1628 Ê 10.8310 Ë 9.3433
aug-cc-pVTZ-J 152 0.2804 1.3838 Ì 0.1637 Í 10.8450 Î 9.3445
sad-Juc 170 0.2778 1.3687 Ï 0.1020 Ð 10.6473 Ñ 9.1028
sad-J 142 0.2781 1.3846 Ò 0.1027 Ó 10.6520 Ô 9.0920

2
È
J
K

N–H
·

2
aug-cc-pVTZ-Juc 182 0.3611 1.0066 Õ 0.2291 3.7085 4.8471
aug-cc-pVTZ-J 152 0.3612 1.0244 Ö 0.2295 3.7206 4.8767
sad-Juc 170 0.3587 1.0110 × 0.1391 3.8972 5.1276
sad-J 142 0.3593 1.0288 Ø 0.1406 3.9147 5.1622

2
È
J
K

C–H
L

3
aug-cc-pVTZ-Juc 182 Ù 0.8297 Ú 2.5619 Û 0.0561 Ü 11.2221 Ý 14.6698
aug-cc-pVTZ-J 152 Þ 0.8299 ß 2.5772 à 0.0557 á 11.3290 â 14.7918
sad-Juc 170 ã 0.8228 ä 2.5881 å 0.1176 æ 11.8220 ç 15.3505
sad-J 142 è 0.8233 é 2.6035 ê 0.1203 ë 11.9580 ì 15.5051

2
È
J
K

H–H
í aug-cc-pVTZ-Juc 182 í 3.7163 3.8405 0.3848 17.2916 17.8006

aug-cc-pVTZ-J 152 î 3.7157 3.7650 0.3844 17.2899 17.7235
sad-Juc 170 ï 3.6820 3.7471 0.3247 17.1368 17.5266
sad-J 142 ð 3.6814 3.6721 0.3256 17.1261 17.4424

cis-3
j
J
K

H–H
í aug-cc-pVTZ-Juc 182 ñ 0.9655 0.3595 0.0649 19.3656 18.8245

aug-cc-pVTZ-J 152 ò 0.9654 0.3578 0.0647 19.4281 18.8852
sad-Juc 170 ó 0.9541 0.2500 0.0714 19.6901 19.0574
sad-J 142 ô 0.9540 0.2484 0.0713 19.8282 19.1938

trans-
õ 3

j
J
K

H
í õ

H
í aug-cc-pVTZ-Juc 182 ö 4.5016

m
3.8801 0.3478 26.2389 25.9652

aug-cc-pVTZ-J 152 ÷ 4.501
m

1 3.7828 0.3479 26.2770 25.9066
sad-Juc 170 ø 4.4823 3.8801 0.3770 26.4634 26.1975
sad-J 142 ù 4.4818 3.7432 0.3772 26.5574 26.1959

a? Geometry:RC–N
L ú 1.2730Å, RC–H

L û 1.0930,RN–H
· ü 1.0210, ý�þ HCHÿ�� 117.000°,

���
H1CN��� 116.999° � see

Fig.
�

1 for details	 , 
�� CNH�� 110.400° � Ref.
�

51� .
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coupling� constants.The OD, OP, and SD contributionsare
almost� basissetindependent,with few exceptionslike 1J

0
C–H
�

where& the variationsin OP and SD are large in percentbut
insignificantfor thetotal couplingconstant.TheFC basisset
dependence
�

is mostpronouncedfor 1J
0

C–C
� and� 1J

0
C–H
� where&

the
!

spreadof theresultsfrom thefour basissetsis 2.0Hz and
1.2 Hz, respectively. It is remarkablethat about0.4 Hz dif-
ferencein the FC contributionto 2

�
J
0

H–H between
�

basissets
aug-cc-pVTZ-Juc� and sad-Jucleadsto a changeof sign in
the
!

total couplingconstant.
Similarly
�

to CH2CH
�

2 all� couplingconstantsin CH2NH,



see� Table V, apart from 1J
0

C–H
� are� dominatedby the Fermi

contact� contributionand the variation in the total coupling
constants� with the basisset is alsodueto the changesin the
FC terms.The only exceptionis 2

�
J
0

H–H where& the spreadin
the
!

results for the OP and FC term are both 0.17 Hz, the
smallest� valuefor anFC termandthelargestvaluefor anOP

term
!

in CH2
� NH.



The largestspreadof resultsis found for
1J
0

C–H
�

2
with& 1.2 Hz for the FC term and1.0 Hz for the total

coupling� constant.
In
ö

CH2
� O,
�

seeTableVI, only 1J
0

C–H
� and� 2J

0
H–H
� are� domi-

natedby the FC term, whereasfor all but 2
�
J
0

O–H
� ,	 the varia-

tion
!

of the basissetmainly affectsthe Fermi contactcontri-
bution.
�

The largestspreadof resultsfor theFC term,1.1 Hz,
is observedfor 1J

0
C–H
� . Interestinglywith 0.26Hz, the spin–

dipolar
�

term in most basis set dependentcontribution to
2J
0

O–H
� .

As
3

for CH2O,
�

the Fermi contact term dominatesonly
1J
0

C–H
� and� 2

�
J
0

H–H in CH2S,
�

TableVII. Thechangesin theFC
term
!

with the variation of the basisset are dominatingfor
1J
0

C–S
� and� 1J

0
C–H
� ,	 whereasfor 2

�
J
0

S–H
Ã the

!
changesin the SD

and� FC termsand for 2
�
J
0

H–H the
!

changesin the OP and FC
terms
!

arealmostequally large.The basissetdependenceof

TABLE VI. Basissetdependenceof the contributionsto the couplingconstantsJ
K �

in Hz� in 13C1H2
17O at the

SOPPA level.a
?

Coupling Basis # J
K OD
X

J
K OP
X

J
K SD
Y

J
K FC J

K
1J
K

C–O
L aug-cc-pVTZ-Juc 158 0.0021 21.7718 � 1.2204 12.3539 32.9074

aug-cc-pVTZ-J 132 0.0019 21.8539 � 1.2178 12.2033 32.8412
sad-Juc 148 � 0.0017 21.6932 � 1.2957 11.7658 32.1617
sad-J 124 � 0.0010 21.7708 � 1.3104 11.8748 32.3342

1J
K

C–H
L aug-cc-pVTZ-Juc 158 0.5935 � 0.8274 0.2793 181.8991 181.9446

aug-cc-pVTZ-J 132 0.5952 � 0.8301 0.2580 182.4785 182.5017
sad-Juc 148 0.6096 � 0.8735 0.0679 182.9524 182.7563
sad-J 124 0.6123 � 0.8877 0.1110 183.0100 182.8456

2J
K

O–H
X aug-cc-pVTZ-Juc 158 0.4900 3.1969 � 0.9622  5.6578 ! 2.9332

aug-cc-pVTZ-J 132 0.4900 3.2292 " 0.9645 # 5.6747 $ 2.9200
sad-Juc 148 0.4855 3.2139 % 0.7053 & 5.5721 ' 2.5779
sad-J 124 0.4862 3.2464 ( 0.7103 ) 5.5727 * 2.5504

2J
K

H–H aug-cc-pVTZ-Juc 158 + 3.3774 3.3753 0.3755 43.6840 44.0573
aug-cc-pVTZ-J 132 , 3.3771 3.3107 0.3750 43.7116 44.0202
sad-Juc 148 - 3.3462 3.2914 0.3308 44.0816 44.3576
sad-J 124 . 3.3453 3.2263 0.3314 44.1069 44.3193

a? Geometry:R
/

C–O
L 0 1.2070Å, R

/
C–H
L 1 1.1166,2�3 HCH4�5 116.207°, 687 HCO9�: 121.897° ; Ref.

�
50< .

TABLE VII. Basissetdependenceof the contributionsto the couplingconstantsJ
K =

in Hz> in 13C1H2
33
j

S at the
SOPPA level.a

?
Coupling Basis # J

K OD
X

J
K OP
X

J
K SD
Y

J
K FC
Z

J
K

1J
K

C–S
L aug-cc-pVTZ-Juc 190 0.0070 ? 23.9284 1.9675 @ 16.1839 A 38.1378

aug-cc-pVTZ-J 154 0.0070 B 24.0130 1.9791 C 16.1144 D 38.1413
sad-Juc 173 0.0080 E 23.5279 2.0656 F 14.9204 G 36.3747
sad-J 140 0.0081 H 23.6334 2.0748 I 14.6125 J 36.1630

1J
K

C–H
L aug-cc-pVTZ-Juc 190 0.5086 K 1.1542 0.5641 177.8497 177.7682

aug-cc-pVTZ-J 154 0.5091 L 1.1596 0.5420 178.4499 178.3413
sad-Juc 173 0.5242 M 1.1661 0.3332 178.9327 178.6241
sad-J 140 0.5237 N 1.1865 0.3877 179.0785 178.8034

2
È
J
K

S–H
Y aug-cc-pVTZ-Juc 190 O 0.1649 P 3.6100 1.3477 0.1693 Q 2.2578

aug-cc-pVTZ-J 154 R 0.1649 S 3.6135 1.3512 0.1641 T 2.2630
sad-Juc 173 U 0.1634 V 3.5906 1.0168 W 0.1932 X 2.9304
sad-J 140 Y 0.1633 Z 3.5961 1.0219 [ 0.3004 \ 3.0378

2
È
J
K

H–H aug-cc-pVTZ-Juc 190 ] 3.4801 3.5563 0.4853 5.9553 6.5167
aug-cc-pVTZ-J 154 ^ 3.4795 3.4814 0.4849 5.9060 6.3927
sad-Juc 173 _ 3.4466 3.4802 0.4857 5.8763 6.3957
sad-J 140 ` 3.4460 3.4119 0.4866 5.7911 6.2436

a? Geometry:RC
L a

S
Y b 1.6101Å, RC–H

L c 1.0932,d�e HCHf�g 116.778°, h�i HCSj�k 121.611° l Ref. 52m .
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the
n 2J

o
S–H
Ã couplingp in CH2

q Sr is remarkableasbasissetaug-
cc-pVTZ-Jucp andsad-Jucpredicta differentsign. However,
the
n

largestspreadof results,1.6Hz, is still foundfor FC term
in 1J

o
C–S
� .

Summarizing
r

we canstatethat the resultsobtainedwith
basis
s

setsaug-cc-pVTZ-Jucandsad-Juc,or their contracted
versionst aug-cc-pVTZ-Jandsad-J,differ by about2 Hz for
1J
o

C–C
� in C2H4 andu 1J

o
C–S
� in CH2S

r
and1 Hz or lessfor all the

otherv coupling constantsin this study. Basedon previous
experiencew 5

x
andu the comparisonwith the experimentalre-

sults,y given in TablesI–III, we believethatbasissetaug-cc-
pVTZ-Jucz { orv aug-cc-pVTZ-J| gives} the more accuratere-
sults.y

Finally
~

, the effect of performingSOPPA � CCSD
� �

calcu-p
lations with the four basissetsis a significantreductionof
the
n

absolutevalue of all coupling constantsbut 2J
o

1H–
� 1H

� in
CH
�

2
q Sr and trans� -3

�
J
o

1H–
� 1H

� in
�

CH2
q NH:
�

seeTablesI–III for the
SOPP
r

A � CCSD
� �

results� obtained with basis aug-cc-pVTZ-
Juc.
�

Thelargestcorrelationeffects( � 6 H
�

z� areu observedfor
the
n 1J

o
13C–

� 1H
� couplingsp in all molecules.The 2J

o
17O–
� 1H

� cou-p
plingz in CH2

q O,
�

on the otherhand,is almostunchanged.De-
spitey thesecorrelationcorrectionsarethe changesdueto the
contractionp of the basissetsaug-cc-pVTZ-Jucand sad-Juc
almostu identicalat theSOPPA andSOPPA � CCSD

� �
level,
�

i.e.,
the
n

basisset effect is independentof the additionalcorrela-
tion
n

introducedat the SOPPA � CCSD
� �

level.

V. CONCLUDING REMARKS

The SOPPA and SOPPA � CCSD
� �

methodshave been
used� to calculateall four contributionsto theindirectnuclear
spiny –spincouplingconstantsin themodelcompoundsCH2X

S
�
X � CH

�
2 ,� N,O ,S � where� the substituentsX vary in elec-

tronegativity
n

and the number of lone pairs. The
SOPP
r

A � CCSD
� �

results� with the largestbasissetarein close
agreementu with the comparableexperimentalresults. The
dif
�

ferencesare in the rangeof 0.3 and 2.7 Hz. It is also
observedv that the calculateddifferencebetween1J

o
C–H
�

1
andu

1J
o

C–H
�

2
in CH2NH

�
is 9.64 Hz which is very close to the

experimentalw value of 9.20 Hz. An almost equally good
agreementu is found for the splitting of the vicinal couplings
in C2H4 andu CH2NH

�
wherethecalculatedvaluesare6.62Hz

andu 6.93 Hz, respectively, to be comparedwith the experi-
mental� valuesof 7.47 Hz and8.2 Hz. Our resultsfor C2

q H� 4
 

areu also in good agreementwith the results of previous
EOM–CCSD and RASSCF calculations apart from the
1J
o

C–C
� couplingp whereour result is closerto experiment.

W
¡

ith respectto the lone pair or electronegativityeffects
onv the reducedcouplingconstantswe observefor one-bond
couplingsp C–Y that thewell-knownnegativecontributionof
au lone pair on Y givesa drasticreductionof the Fermi con-
tact
n

andtheorbital paramagneticterm,whereasin thecaseof
C
�

–H and Y–H one-bondcouplingsmainly the dominating
Fermi contactterm is affectedby the lone pair. In the Y–H
couplingsp theFermicontactterm is alsostronglyreducedby
the
n

lone pair, but the OPcontributionto the one-bondN–H
couplingp in CH2NH

�
is actually increasedwith respectto the

one-bondv C–H coupling in C2H4 . The changesin the one-
bond
s

couplings with a lone pair in ¢ positionz are much

smallery and the FC term increaseswith the numberof lone
pairs.z The so-calledPerlin effect which is observedin these
type
n

of couplingsis causedby changesin the FC term.
In
£

thegeminalY–H couplingstheFC, OP, andSD term
varyt significantlywith Y andmostpronouncedthe FC term.
TheSD andFC termsincreasewith thenumberof lonepairs
orv electronegativitywhereasthe OP term which is negative
becomes
s

evenmore negative.This leadsto a more compli-
catedp picturefor the total reducedcouplingconstant.Never-
theless
n

the large differencebetweenthe two geminalN–H
couplingsp in CH2

q NH
�

is mainly due to changesin the FC
term.
n

It is worth mentioningthat 2K
�

Y–H
OP
�

is
�

larger than2K
�

Y–H
FC
ª

when� Y ¤ S,
r

but smallerwhenY ¥ O.
�

For the two-bondC–H
couplingsp with a lonepair on thecentralY atom,thenegative
lone-paireffect showsup in all four contributionsto thecou-
plingsz but mostimportantin theFC term.ThegeminalH–H
couplingsp arestronglydominatedby theFC term.Thevaria-
tion
n

of thesecouplingswith electronegativesubstituentsin
the
n ¦

positionz is thereforedue to the FC term. Finally the
vicinalt H–H couplingsaredominatedby theFC contribution
andu thechangesin couplingsbetweenC2H4 andu CH2NH

�
are

alsou dueto changesin the FC term.
Summarizing
r

we can concludea lot aboutlone-pairef-
fects
§

andtheeffectof electronegativityon couplingconstants
canp be learnedby state-of-theart calculationsof all four
contributionsp to the coupling constants.Nevertheless,we
considerp it worthwhile to investigatethe dominatingcontri-
butions
s

evenfurtherwith methodswhich canidentify contri-
butions
s

from individual bondingor lone-pairorbitals.
Furthermorewe havegeneratedsmalleroptimizedbasis

setsy by contractingthe s¨ - andp© -typebasisfunctionsof C, N,
O,
�

andS andthes¨ -typebasisfunctionsof H with appropriate
molecularorbital coefficientsfrom self-consistent-fieldcal-
culationsp on H2

q , C� H4
  , N� H3

� , H� 2
q O,
�

andH2
q S.
r

The reduction
in
�

the numberof basisfunctionsis approximately17%.The
changesp in the couplingconstantsdueto the contractionare
0.2
ª

Hz or smallerapartfrom someone-bondcoupling con-
stantsy wherethe errorsarebetween0.5 Hz and0.6 Hz.
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