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Criteria for analyzing the NMR spin–spin coupling mechanism were derived. Advantages and
disadvantages of parallel- and post-processing analytical methods are discussed. An orbital decomposition
into just one-orbital contributions provides less information than a decomposition into one-, two- and
m-orbital effects. If just the last orbital in an orbital path leading from the perturbing to the responding
nucleus is considered, the physics of the transport of spin information cannot be described. The theory
of the J-OC-PSP (decomposition of J into Orbital Contributions using Orbital Currents and Partial Spin
Polarization) is described to demonstrate the role of orbital contributions, orbital spin densities and
orbital currents for the coupling mechanism. J-OC-PSP1 provides a decomposition into one- and two-
orbital contributions with distinct physical reference (Ramsey perturbation of orbitals, steric exchange
interactions, etc.) whereas J-OC-PSP2 introduces distinct orbital paths from perturbing to responding
nucleus, clarifies the difference between active, passive and frozen orbitals and makes it possible to
separate through-space from through-bond spin–spin coupling mechanism. Fermi contact coupling in
hydrocarbons over more than two bonds is found to occur preferentially through space by tail interactions
of the orbitals, as was anticipated in the early work of Barfield. Copyright  2004 John Wiley & Sons, Ltd.
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INTRODUCTION

The elucidation of the NMR spin–spin coupling mechanism
has a long history because it is directly connected with the
need to predict and understand the sign and magnitude of
measured spin–spin coupling constants (SSCCs).1 Ramsey
described the physics of the spin–spin coupling mechanism
and this description is still valid today.2 Early work clarified
the important role of the Fermi contact (FC) contribution to
the SSCC. The dependence of the FC term and hence of the
SSCC on geometric features was recognized and its analysis
was highlighted in the seminal work of Karplus, who used
valence bond theory to unravel the relationship between
the magnitude of vicinal SSCCs and the dihedral angle
defined by the major spin–spin coupling path.3,4 Barfield
and Karplus5 related the FC term of the SSCC to fragment
bond orders and were the first to distinguish between direct
and indirect bond contributions to the coupling path. We will
show later that this is the origin for distinguishing between
active and passive orbital contributions (the terms direct
and indirect are used nowadays in a different fashion1).
Later, LCAO-MO descriptions were given6 that provided a
true alternative to the valence bond (VB) descriptions of the

†Dedicated to Professor M. Barfield on the occasion
of his 70th birthday.
ŁCorrespondence to: Dieter Cremer, Department of Theoretical
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spin–spin coupling mechanism. In this way, inductive and
hyperconjugative effect of substituents on the SSCC were
rationalized.7

The early work on the spin–spin coupling mechanism
focusing on the FC term was nicely summarized by
Barfield and Chakrabarti.8 A distinction between through-
bond and through-space coupling mechanisms was made.9

In this connection, Barfield and co-workers pointed out
the importance of back-lobe interactions.10 Describing, for
example, the framework of bonds in a C2v-symmetrical
propane unit by localized MOs (LMOs), the back lobes of
the in-plane CH bond orbitals in the 1,3-position can overlap
through space and hence facilitate the transport of spin
information from the in-plane H(C1) proton to the in-plane
H(C3) proton.8,10 The effect of the back-lobe interactions is the
fundamental principle of long-range couplings in �-systems
with an all-trans (‘zig-zag’ or ‘W’) conformations.8,10,11

Through-bond and through-space effects and active and
passive LMO (‘direct and indirect’) contributions work
together to lead to SSCC over four, five or more bonds.8

Barfield and Sternhels demonstrated also the importance
of �-orbitals for the FC spin–spin coupling mechanism for
homoallylic coupling12 and the coupling in cumulenes and
conjugated polyenes.8 Barfield and co-workers discussed dif-
ferent coupling paths through the �-system and the practical
limits of long-range coupling. They also investigated multi-
path coupling13 and the coupling mechanism via H-bonds
in proteins.14 By investigating the steric requirements for
the various coupling paths, the measured SSCC became an
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important tool for structure elucidation in the solution phase,
for which other methods of structural analysis provide little
information.

The early work on the spin–spin coupling mecha-
nism focused almost exclusively on FC coupling, although
the physics of three other coupling terms (DSO, diamag-
netic spin–orbit; PSO, paramagnetic spin–orbit; and SD,
spin–dipole term) was well understood since Ramsey.2 The
reason for this preference had, of course, to do with the
fact that (a) for many SSCCs in organic molecules the FC
dominates and (b) for a long time finite perturbation theory
(FPT)15 was the method of choice to calculate just the FC term
so that theory mostly did not consider the non-contact (NC)
terms DSO, PSO and SD.16 Today, the accepted standard is
to calculate all four Ramsey terms.17 – 23

With the improved possibilities of calculating NMR
SSCCs, the investigation of the spin–spin coupling mech-
anism experienced a renaissance, which was initialized by a
number of review articles by Contreras and co-workers.24 – 26

They used the large repertoire of measured and calculated
SSCCs collected in the first four to five decades of NMR
spectroscopy to describe a number of stereoelectronic effects
influencing the spin–spin coupling mechanism. They also
suggested several methods to decompose calculated SSCCs
into orbital contributions and therefore we will frequently
refer to his work.27 – 29

In this paper, we will exclusively consider SSCCs cal-
culated with coupled-perturbed density functional theory
(CP-DFT) to analyze the spin–spin coupling mechanism.22,23

Although there are also wavefunction- rather than density-
based ways of calculating SSCCs,17 – 21 we consider CP-DFT
advantageous in this connection for the following rea-
sons: (a) CP-DFT carried out with a standard GGA (general
gradient approximation)30 or hybrid exchange-correlation
functional31 accounts for not only dynamic but also non-
dynamic correlation effects, which are indirectly incorpo-
rated via the local character of the exchange functional and
the resulting self-interaction error.32 – 35 In this way, the sin-
glet–triplet (quasi-)instability problems accompanying the
calculation of the FC part of an SSCC are largely suppressed.
(b) Basis set truncation errors are less serious for DFT meth-
ods than for wavefunction theory (WFT) methods.32 This
makes it easier to set up basis sets for SSCC calculations.36

(c) The spin–spin coupling mechanism is strongly driven by
exchange interactions. DFT provides the possibility of fine-
tuning the exchange functional so that fairly accurate SSCCs
are obtained.22 (d) An important aspect of all SSCC calcula-
tions is the cost factor. A CP-DFT calculation of an SSCC is
less costly than a WFT calculation of the SSCC. Therefore, the
magnetic properties of large molecules relevant for experi-
mental studies can be investigated with CP-DFT at a high
level of accuracy (given by basis set and XC-functional).37 – 41

(d) Directly related to point (c) is the mode of analysis of the
SSCC, which we will pursue in this work. This may imply
repeated calculations of the SSCC or its parts, which can be
easily carried out if the method used is not too costly.42 – 50

Utilizing CP-DFT, we will discuss the pros and cons
of the various ways of elucidating the spin–spin coupling
mechanism. There is no unique way of analyzing an SSCC

because its four Ramsey terms and the orbital contributions to
the Ramsey terms are not observable quantities and therefore
are only defined within a given model. The usefulness of the
model, however, will be reflected by the physical basis of
the mechanistic description resulting therefrom. Therefore,
a given way of decomposing, analyzing and interpreting the
spin–spin coupling mechanism can only be judged according
to (a) the theoretical soundness of its derivation, (b) the ease
of applying it, (c) the scientific value of its results and (d) the
physical consistency of the latter. Effects identified with a
given analysis of the SSCC, which contradict physical laws or
chemical knowledge, are strong evidence for an ill-defined
analysis model for the SSCCs.

In the next section, we present and discuss the repertoire
of tools available for analyzing the spin–spin coupling
mechanism as it is available in the two levels of the J-OC-PSP
(decomposition of J into Orbital Contributions using Orbital
Currents and Partial Spin Polarization: J-OC-OC-PSP D
J-OC-PSP) approach, namely J-OC-PSP142 and J-OC-PSP2.43

In the third section, the application of these approaches to
typical SSCCs is demonstrated and the outcome compared
with those of other orbital decomposition methods. Finally,
in the fourth section, we give a systematic overview over
criteria that should be fulfilled by an analysis of SSCCs. We
discuss the extent to which J-OC-PSP fulfills these criteria and
suggest general guidelines for the application of J-OC-PSP.

THEORETICAL BASIS AND COMPUTATIONAL
DETAILS

The investigation and analysis of the NMR spin–spin cou-
pling mechanism with the help of theoretical tools depends
on what method is used to calculate SSCCs. This could
be with FPT15 using various types of WFT (Hartree-Fock,
second-order many-body perturbation theory,51 configu-
ration interaction,52 MCSCF,53 coupled cluster theory,54

etc.) or DFT methods.55 – 59 Alternatively, coupled per-
turbed theory could be used at the Hartree–Fock (HF),60,61

MCSCF,19 second-order polarization propagator approxima-
tion (SOPPA),18 equation of motion coupled cluster (EOM-
CC),20 projected coupled cluster with all single and double
excitations (CCSD)21 or DFT level of theory.22,23 We chose
CP-DFT because many of the terms that we define in the
following for analyzing the coupling mechanism are easily
available at this level of theory.

Also, it is not a trivial question to ask what kind of orbitals
are used for the analysis. Best suited are localized molecular
orbitals (LMOs), because they make it possible to formulate
the results of the orbital analysis in a familiar chemical
language. LMOs lead to core, bond and lone pair orbitals,
which facilitate distinguishing between the effects of core and
valence orbitals,42 specifying lone pair effects42 or relating the
spin transport along a given orbital path to a particular bond
path.48 Clearly, the magnitude of a given orbital contribution
will change with the choice of the orbitals [Boys LMOs,62

natural localized molecular orbitals (NLMOs),63 canonical
orbitals, etc.]; however, if a particular effect of the spin–spin
coupling mechanism is identified for one type of orbital,
its physical significance can be verified by testing whether
another choice of orbital leads to the same effect.

Copyright  2004 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2004; 42: S138–S157
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A third question concerns whether the analysis of the
SSCC is carried out after (post-processing methods) or during
its calculation (parallel-processing methods). This is not a trivial
question because cost considerations favor the first choice,
but this limits significantly the possibilities of the analysis.
Because of this, the J-OC-PSP methods discussed in this
work are parallel-processing methods in the sense that the
status of the individual orbitals (active, passive or frozen)
has to be taken into account in the SSCC calculation from the
beginning. This is in contrast to a post-processing method,
where the orbital analysis is performed after a standard SSCC
calculation. We will consider both possibilities in this work
and compare their pro and cons.

Also, it has to be clarified whether the SSCC and
their Ramsey terms are decomposed into just one-orbital
contributions, one- and two-orbital contributions or one-,
two- and n-orbital contributions. One could argue that
a one-orbital analysis is appropriate because the four
Ramsey terms are all one-electron quantities. However, this
suppresses an important part of the spin–spin coupling
mechanism transporting information between two coupling
nuclei with the inclusion of many electrons. Hence the
more detailed the orbital decomposition carried out, the
more detailed the spin–spin coupling mechanism can be
described. We will begin by sketching the theory of the J-
OC-PSP methods, which can function as either one-, two- or
n-orbital methods.42 – 50

Any analysis method should consider the total spin–spin
coupling mechanism leading from the perturbing to the
responding nucleus. An approach which considers just
the changes in the zeroth-order density at the responding
nucleus (or perturbing nucleus) is inferior to a complete
description of the spin–spin coupling mechanism.

A simple requirement for any analysis method that
decomposes the SSCC into orbital contributions is that this
method must also be applicable to each of the four Ramsey
terms and that the sum of the orbital contributions must add
up to the total SSCC or the Ramsey terms.

Although the orbital contributions to the SSCC will
depend on the orbitals used for the analysis, it is undesirable
that any of the orbital contributions depends on the choice
of the perturbing nucleus for a given SSCC. An exchange of
perturbing and responding nucleus must lead to the same
orbital contribution (nuclear independence) considering the
micro-reversibility of the spin–spin coupling mechanism.

One- and two-orbital mechanisms in spin–spin
coupling. The J-OC-PSP methods
The calculation of an SSCC between coupling nuclei A and
B carried out by CP-DFT is described in detail elsewhere.22

For each of the first-order Ramsey terms (i.e. PSO, FC and
SD terms; DSO is a zeroth-order term), the nuclear magnetic
moment at the perturbing nucleus B gives rise to first-order
changes of the Kohn–Sham (KS) orbitals.64 These changes in
turn generate a magnetic field at the site of the responding
nucleus A, which will be sensed by the nuclear magnetic
moment at A. Each of the three first-order Ramsey terms is

given by

KX
AB D

occ∑
k

h �B�,Xk jh�A�,Xj �0�k i︸ ︷︷ ︸ �1�

D KX,k
AB

where KX
AB is the reduced SSCC between nuclei A and B split

up in the first-order Ramsey terms X D PSO, FC, SD. The
symbol h�A�,X denotes the operator for the electron–nuclear
spin interaction according to term X at nucleus A,  �0�k

the unperturbed KS orbitals and  �B�,Xk the first-order KS
orbitals resulting from a perturbation with the operator h�B�,X

(perturbation at nucleus B). In the following, we will omit the
superscript X. Further, we will make no difference between
spin and space orbitals. We consider closed-shell systems,
which means that the first-order space orbitals corresponding
to a pair of ˛ and ˇ zeroth-order orbitals are equal for the PSO
term and opposite for the FC and SD terms. The first-order
orbitals j �B�k i are given by the integral

h �0�a j �B�k i D
h �0�a jF�B�j �0�k i �

∑
l,l 6Dk

F�0�kl h �0�a j �B�l i

F�0�kk � εa
�2�

Here and in the following, indices fk, l,mg denote occupied,
index fag virtual and indices fp, qg arbitrary orbitals. The
symbol F�0�kl denotes the zeroth-order KS matrix elements and
εa is the energy of orbital a. For a derivation of Eqn (2), see
Ref. 43.

Equations (1) and (2) are valid for both canonical and
non-canonical occupied orbitals. In the first case, the
numerator and denominator on the right-hand side of
Eqn (2) simplify in so far as F�0�kk is replaced by εk and the
second term of the numerator vanishes because all F�0�kl D 0 for
l 6D k. As mentioned above, the use of LMOs is advantageous
for mechanistic studies of SSCCs and, in the following,
orbitals j �0�k i denote LMOs unless stated otherwise.

The first-order KS operator F�B� consists of h�B� and
a contribution QF�B� that covers the feedback of the first-
order orbitals to the KS operator, i.e. F�B� accounts for
the electron–electron interactions triggered by the magnetic
perturbation. One can decompose F�B� into contributions
from individual orbitals:

OF�B� D OH�B� C QOF
�B�

�3a�

QOF
�B�
D

∑
l

QOF
�B�

l �3b�

QOF
�B�

l D
∫

d3r
υ OF
υ �0�l

 �B�l �r� �3c�

Equations (3a–c) refer to the KS operator and its components
as a whole, not to individual components, which is indicated
by a circumflex. In CP-DFT in general, QF�B� describes changes
in the Coulomb interaction in addition to exchange and
correlation effects. For a magnetic perturbation, the electron
density and therefore the Coulomb interaction remains
unchanged in first order, i.e. QF�B� cannot contain any Coulomb
effects. As exchange effects are usually much larger than
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correlation effects, QF�B� describes in first order self-exchange
and exchange-interaction effects between the orbitals.

By inserting Eqn (3a) into Eqn (2), one obtains

C�B�
ak D

1

F�0�kk � εa


h�B�ak C � QF�B�k �ak C

∑
l,l 6Dk

(
� QF�B�l �ak � F�0�kl C�B�

al

)

�4�

Here, matrix elements of the form h �0�p j Ð Ð Ð j �0�q i are denoted
with the index pair pq and C�B�

ak D h �0�a j �B�k i.
The terms in the square brackets in Eqn (4) correspond

to the different mechanisms that can lead to a perturbation
of orbital k: h�B� describes the direct response of orbital k
to the external perturbation, i.e. the Ramsey perturbations.
The term QF�B�k covers the enhancement of this perturbation by
feedback effects in the orbital k itself. For the FC term,
this feedback is easy to rationalize by exchange effects:
The perturbation by h�B�ak leads to opposite changes in the
˛ and ˇ orbitals and therefore to an energetically favorable
decrease of the˛–ˇ orbital overlap (optimization of exchange
interactions), and eventually to an increase of the spin
polarizability of orbital k. The last two terms describe changes
in orbital k caused by changes in orbital l, which arise by two
essentially different mechanisms:

1. If orbital l undergoes a change in response to the Ramsey
perturbation, then orbital k will reoptimize its exchange
interaction with l. This effect is described by QF�B�l . It is
related to the classical chemical concept of steric repulsion
and will therefore be denoted steric exchange interaction.

2. The one-particle energy of an LMO is not stationary under
all small changes of the LMO but only for such changes
that do not violate the orthogonality between the occupied
LMOs. Hence, if orbital l responds to the perturbation by
an excitation into a and l becomes partly unoccupied, the
one-particle energy of orbital k can be decreased by a
delocalization k ! l, which has to be accompanied by
an excitation k ! a to maintain orthogonality between
orbitals k and l. This process is described by the term∑

l,l 6Dk F�0�kl C�B�
al in Eqn (4). It can be regarded as a resonance

interaction between orbitals k and l and does not include
any dynamic electron correlation interactions between
the electrons in orbitals k and l. For canonical orbitals, the
F�0�kl �l 6D k�, and hence the resonance term, become zero as
canonical orbitals are already delocalized.

There is an important difference between the classical
steric repulsion and the steric exchange interaction discussed
under (1): if two molecular fragments approach each other,
the geometry and hence the orbitals will be distorted. The
orthogonality between the occupied orbitals, i.e. the Pauli
principle, will be violated and has to be restored by a
readjustment of the orbitals involved. In the case of a
magnetic perturbation (accompanying spin–spin coupling),
the geometry of the molecule is unaffected and there is no
violation of orthogonality: an excitation l ! a does not
affect the orthogonality between k and l in first order.
Hence the steric exchange interaction is not driven by a
violation of the Pauli principle but implies a pure energy
reoptimization. There have been misconceptions in this point
in the literature.65

Equation (4) describes changes of orbital k triggered both
directly by h�B� and by changes in orbital l. However, the
changes in orbital l are in turn caused both by h�B� directly
and by changes in a third orbital m, etc. In other words,
the transfer of spin information from nucleus B to A may
take place through orbital paths of arbitrary length, which
may contain the same orbital several times. For instance, the
following paths will occur:

�B�! k! �A� �5a�

�B�! k! l! �A� �5b�

�B�! k! l! m! �A� �5c�

�B�! k! l! k! �A� �5d�

�B�! k! l! l! �A� �5e�

�B�! k! l! l! k! �A� �5f�

�B�! k! l! l! k! k! �A� �5g�

The orbitals within a path play different roles in the transfer
of spin information:

1. The first orbital in a path receives the spin interaction
directly from nucleus B and passes it either directly to
nucleus A or (by steric exchange or resonance interaction)
to another orbital.

2. The last orbital in a path passes spin information directly
to nucleus A. For paths containing only one step, as in
Eqn (5a), (1) and (2) coincide.

3. All other orbitals do not interact directly with any nucleus
but act as an intermediate link in the transition of spin
information.

Orbital contributions to the SSCC according to points
(1) and (2) are called active contributions and those according
to (3) passive contributions.43 Correspondingly, an orbital that
makes any active contributions to the spin information
transfer is called an active orbital, whereas orbitals that
exclusively act according to (3) are denoted passive orbitals.
Note that an active orbital usually makes both an active and a
passive contribution to the spin–spin coupling [see Eqns (5e)
and (5g)].

One-orbital descriptions
The decomposition of the total spin coupling mechanism
into orbital paths is a useful starting point for orbital
decompositions of SSCC terms. A simple decomposition
of the SSCC into one-orbital contributions is given by
Eqn (1). The orbital contributions Kk

AB comprise all orbital
paths where k occurs as last orbital before nucleus A,
i.e. the decomposition is done from the viewpoint of
the responding nucleus A. Such a decomposition is a
computationally cheap way to gain a first insight into the
spin–spin coupling mechanism. However, it is limited in
two ways: (a) it allows no distinction between one- and two-
orbital mechanisms; (b) it is not symmetric with respect to
perturbing and responding nucleus. The natural J-coupling
(NJC) approach suggested by Peralta et al.29 (henceforth
called NJC-1) decomposes the FC term in the spirit of
Eqn (1) in connection with NLMOs63 and FPT.15
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One- and two-orbital descriptions
The notion of active and passive orbital contributions allows
for a decomposition of the SSCC into one- and two-orbital
contributions that is symmetric with respect to A and B. In
the J-OC-PSP1 approach,42 all orbital paths where orbital
k is active with respect to both A and B are summed in
the one-orbital contribution KPSP1

AB �k� (PSP1 as short form
for J-OC-PSP1) and all contributions where both orbitals
k and l�k 6D l� act as active orbitals are summed up in
the contribution KPSP1

AB �k $ l�. Here, the notation �k $ l�
indicates both the interaction between orbitals k and l and
the symmetry with respect to interchanges k $ l as well
as A $ B. In cases where three- and more-orbital paths
play only a minor role (e.g. one-bond SSCCs in small
molecules42), J-OC-PSP1 provides a decomposition of the
SSCC into one- and two-orbital terms that corresponds well
with the underlying one- and two-electron mechanisms of
NMR spin–spin coupling.

The J-OC-PSP1 orbital contributions can be calculated by
modified SSCC calculations where one or more orbitals are
forcibly set passive. This means that the coupling between
these orbitals and the operators h�A�, h�B� is put to zero, i.e.

h�N�,pass
ak D

∑
a0k0

(
υaa0υkk0 � Ppass

ak,a0k0
)

h�N�ak �6a�

(N D A, B), where

Ppass
ak,a0k0 D

{
1 for a D a0, k D k0, k passive

0 otherwise
�6b�

projects out those orbitals that are to be set passive. As has
been shown,43 a complete J-OC-PSP1 decomposition can be
performed with a series of calculations according to Eqns (6a)
and (6b) where one orbital is kept active whereas all other
orbitals are set passive.

One-, two- and n-orbital descriptions
In several cases, passive orbitals play an important role for
the transmission of the spin information. For example, the
groups of Barfield,8,11 Contreras,27,66 Fukui67 and others68

showed that the � system in polyenes plays an important
role in the FC coupling mechanism and dominates the value
of the long-range SSCCs in conjugated molecules. J-OC-PSP1
does not make it possible to identify these contributions and,
instead, distributes them over the one- and two-orbital terms.
The J-OC-PSP2 approach43 determines contributions from
orbital paths with any number of orbitals involved. Orbital
contributions are classified as arising from both active and
passive rather than just active orbitals in the coupling path.
That is, the contribution KPSP2

AB �k� includes all orbital paths
to which orbital k contributes, KPSP2

AB �k $ l� comprises all
paths to which both k and l contribute and KPSP2

AB �k$ l$ m�
comprises all paths to which k, l and m contribute, etc.

The J-OC-PSP2 orbital contributions cannot be deter-
mined by setting individual orbitals passive. Instead, the
orbitals under consideration must be excluded completely
from the CP-DFT procedure, i.e. they have to be frozen.
This implies that the operator h�N� is modified according to
Eqns (6a) and (6b), i.e.

h�N�,froz
ak D

∑
a0k0
�υaa0υkk0 � Pfroz

ak,a0k0�h
�N�
ak �7a�

with

Pfroz
ak,a0k0 D

{
1 for a D a0, k D k0, k frozen

0 otherwise
�7b�

In addition, the passive contributions, i.e. steric exchange
and resonance interactions from the frozen orbitals, have to
be suppressed, which requires the following replacements in
Eqn (4):

� QF�B�l �ak !
∑
a0k0
�υaa0υkk0 � Pfroz

ak,a0k0 �� QF�B�l �a0k0 �8a�

F�0�kl C�B�
al !

∑
a0k0
�υaa0υkk0 � Pfroz

ak,a0k0 �F
�0�
k0 l C�B�

a0 l �8b�

The KPSP2
AB �. . .� can be computed as differences in KAB values

from a conventional SSCC calculation and one or more
SSCC calculations with individual orbitals frozen, as shown
in detail in Ref. 43. J-OC-PSP2 allows SSCC contributions
to be classified according to the number of different orbitals
involved, no matter how often and in which order the orbitals
occur in the orbital path. This is in line with the intuitive
understanding of orbital contributions where one asks for
the total contribution of a given orbital or set of orbitals
rather than an individual orbital path.

Equations (2) and (4) do not determine the full j �B�k i but
only their projection on to the first-order virtual space. In fact,
the projection of the j �B�k i on to the zeroth-order occupied
space is not determined. Any set of coefficients C�B�

kl that
maintains the orthogonality of the j ki is permissible, i.e.
in addition to the excitations described by C�B�

ak , the orbitals
may be subjected to an arbitrary infinitesimal rotation in
the zeroth-order occupied space. This arbitrariness simply
reflects the fact that the DFT energy and other observable
quantities such as the SSCCs are invariant with respect
to rotations between the occupied orbitals. Although the
total SSCCs are invariant with respect to this ambiguity, an
improper choice of the coefficients C�B�

kl will lead to artifacts in
the individual orbital contributions. In CP-DFT calculations,
usually C�B�

kl D 0 is chosen. This is not only straightforward
technically but also natural from the chemical point of view:
the response to a perturbation should contain real changes
of the orbitals rather than rotations of the occupied orbitals
among each other.

Spin–spin coupling and orbital delocalization
The J-OC-PSP approaches address the question how different
orbitals interact in transferring spin information from
nucleus B to nucleus A. A complementary question is how
the transfer of spin information proceeds within an orbital,
in particular, which role orbital delocalization plays for the
spin–spin coupling mechanism. There are various ways to
investigate this question. Wilkens et al.65 used the NJC-1
approach29 with the goal of decomposing the SSCCs on a
per-orbital basis into Lewis contributions, i.e. contributions
that can be related to the Lewis structure of the molecule and
non-Lewis contributions, which are related to delocalization
and repolarization effects. According to the resulting NJC-2
approach, orbital contributions to the FC term are determined
as follows:65
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1. A spin-unrestricted FPT calculation with a small finite
extra spin at nucleus B is performed for the closed shell
molecule in question.

2. The natural bond orbitals (NBOs)63 and the corresponding
NLMOs63 are determined for ˛ and ˇ orbitals separately.

3. The FC term of the SSCC and its orbital contributions are
calculated for a fictitious system where all Lewis NBOs
from (2) are exactly doubly occupied and all non-Lewis
NBOs are unoccupied. The resulting value of the FC term
is considered the Lewis contribution of the real FC term.

4. The remaining part of the FC term is decomposed accord-
ing to the non-Lewis NBOs involved. This will yield
‘delocalization’ contributions related to charge redistribu-
tions from the bonding NBO k to the antibonding NBO
lŁ of the molecule �k 6D l� (or from a lone pair orbital
into a Rydberg orbital located at another nucleus, etc.)
and ‘repolarization’ contributions related to redistribu-
tions into the same region of the molecule (e.g. from k to
kŁ or to a Rydberg NBO at one of the atoms connected by
NBO k).

It should be noted that the non-Lewis contributions to the
FC term are not directly connected to the non-Lewis parts of
the unperturbed electronic structure. Rather, the non-Lewis
terms indicate that delocalization and repolarization proceed
differently for ˛ and ˇ spins.

Eventually, this procedure provides a decomposition of
KFC

AB according to

KFC
AB D

∑
k

k �9a�

k D �L�
k C�NL�

k �9b�

�NL�
k D �deloc�

k C�repol�
k �9c�

�deloc�
k D

∑
lŁ
�deloc�

k!lŁ �9d�


�repol�
k D

∑
kŁ

�repol�
k!kŁ �9e�

The NJC-2 contributions to KFC
AB are denoted by in line with

Ref. 65; the index AB was omitted for brevity in addition to
the superscript FC. L and NL stand for Lewis and non-Lewis
structure, respectively.

An orbital decomposition along these lines is asymmetric
with respect to A and B. Therefore, symmetry is enforced
by redoing all calculations with A as perturbing and B as
responding nucleus and averaging all results for the two
calculations.

The NJC-2 method65 has a number of serious shortcom-
ings:

1. NJC-2 is available for the FC term only.
2. NJC-2 uses FPT to determine the first-order MOs. As was

discussed in the previous sub-section, the first-order MOs
and, consequently, the orbital contributions to the SSCCs
are not defined unambiguously. CP-DFT allows us to
handle this ambiguity in a controlled way, which is not
the case for FPT: the unperturbed and perturbed orbitals
are calculated independently of each other, including
two independent localization procedures. The criterion

for the choice of the first-order orbitals in NJC-2 is that
the perturbed orbitals should be NLMOs. The generation
of NLMOs is a complex procedure comprising several
intermediate steps. Hence it is hardly possible to state
explicitly how the coefficients C�B�

kl are chosen in the NJC-2
procedure. Consequently, one has to expect that the k

contain artificial contributions related to orbital rotations
among the occupied orbitals. Clearly, the same restriction
applies to NJC-129 when it is based on FPT.

3. The NLMOs used in NJC-2 are derived from the NBOs by
a symmetric orthogonalization procedure.63 This implies
that, e.g., a core NLMO may have orthogonalization tails
from a bond or Rydberg orbital at a different nucleus
and that consequently the k contributions can contain
non-physical contributions due to these orthogonalization
tails.

4. The Lewis and non-Lewis contributions to the FC term
are determined from the perturbed wavefunction. It is not
certain that there is a one-to-one correspondence between
Lewis and non-Lewis portions in the unperturbed wave-
function and the response of the wavefunction to the
perturbation. It would be better to determine the Lewis
part of the FC term based on the unperturbed Lewis
structure.

With these limitations in mind, we developed a modified
approach to determine the Lewis and non-Lewis contribu-
tions to the SSCC that is based on the unperturbed Lewis
structure and employs a CP-DFT procedure to determine the
Lewis part of the SSCC. We start by determining the NBOs
for the unperturbed system. Then, the electron structure of
the unperturbed system is modified in such a way that all
Lewis NBOs are doubly occupied. For the resulting struc-
ture, a CP-DFT calculation of the SSCCs is performed. In
this calculation, special care is required as the zeroth-order
state used is not the actual ground state and the perturba-
tion must be prevented from driving delocalizations into the
non-Lewis parts of the real ground state. The CP-DFT calcu-
lations are carried out in such a way that the zeroth-order KS
operator is chosen as

F�0�,NBO
kl D

∑
m

C�0�,NBO
km C�0�,NBO

lm εm �10a�

F�0�,NBO
aa0 D

∑
a00

C�0�,NBO
aa00 C�0�,NBO

a0a00 εa00 �10b�

F�0�,NBO
ak D 0 �10c�

where C�0�,NBO is the transformation matrix between the
zeroth-order canonical MOs and the NBOs. Note that the vir-
tual NBOs are non-canonical, hence the KS matrix becomes
non-diagonal in both the occupied and the virtual space,
so that the working equations for the SSCC calculations are
slightly different from Eqn (1). The matrix elements of h�B�

and QF�B� are calculated in the same way as for a conventional
CP-DFT calculation.

This procedure provides values for all Ramsey terms,
which will be denoted K�X,NBO�

AB . The K�X,NBO�
AB can reasonably

be regarded as the Lewis contributions to the SSCC. By
taking the difference to the SSCC from a conventional CP-
DFT calculation, the non-Lewis term K�NL�

AB is obtained. An
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orbital analysis of the Lewis and non-Lewis terms can then
be performed with the J-OC-PSP1 or J-OC-PSP2 algorithm.

Visualization of Ramsey and orbital contributions
within J-OC-PSP
In addition to decomposing the four Ramsey terms of
the SSCC into orbital contributions, we can analyze the
spin–spin coupling mechanism by displaying spin polar-
ization density and orbital current density distributions
that carry the spin information from the perturbing to the
responding nucleus. In this way, the Ramsey terms and
their orbital contributions are related to local quantities,
which is an important analytical tool within the J-OC-PSP
approach.42 – 47,69

For the FC term of the SSCC, one can write

KFC
AB D

16�
9
˛2m�B�,FC�RA� �11a�

where m�B�,FC�r� is the FC spin density distribution, i.e. the
spin density generated in the electron system by the FC
perturbation of nucleus B:42

m�B�,FC�r� D 4
occ∑
k

ϕ�0�k �r�ϕ
�B�,FC
k �r� �11b�

Equation (11b) is formulated in terms of space orbitals, which
is possible because the response of the ˛ orbitals to the
perturbation at nucleus B is just opposite to that of the
ˇ orbitals. The representation of the non-contact Ramsey
terms becomes more complex because (a) these terms are
anisotropic and (b) the corresponding perturbation operators
are not localized at the responding nucleus. For each of the
non-contact terms, one therefore introduces two kinds of
local densities, which reflect the two-step mechanism of
spin–spin coupling:44,45

(a) A spin (SD) or current (PSO, DSO) density, reflecting the
interaction of the perturbed nucleus with the electron
system. These densities are vector quantities and depend
on the orientation of the perturbed spin. This spin
or current density is specific for the perturbed but
independent of the responding nucleus.

(b) An energy density, which is the spin or current density
weighted with the perturbation operator at the respond-
ing nucleus. This density, which is scalar for all three
non-contact terms, can be averaged over all orientations
of the perturbing nuclear spin, which provides the energy
densities for the isotropic Ramsey terms. The energy den-
sities depend on both the perturbing and the responding
nucleus.

The FC spin density introduced above corresponds to
(a) and the corresponding FC energy density will show just
a υ peak at the responding nucleus.

The SD spin density can be represented as45

m�B�,SD
i �r� D

∑
i0

m�B�,SD
�ij� �r�ni0 , �12a�

m�B�,SD
�ij� �r� D

occ∑
k

2ϕ�0�k ϕ
�B�,SD
�ij�,k �12b�

where index i gives the orientation of the perturbing nuclear
spin and index i0�i, i0 D x, y, z� denotes the component of the
SD-spin density distribution m�B�,SD

i under consideration; n0i
is the unit vector in direction i0, and ϕ�B�,SD

�ij�,k is the first-order
orbital corresponding to ϕ�0�k for a perturbation of the form

h�B�,SD
�ij� D ˛2

(
3

xB,ixB,j

r5
B

� 1
r3

B

)
�13�

using rB D r� RB. The six quantities m�B�,SD
�ij� �r� are called

subcomponents of the SD spin density.
The diagonal components of the SD energy density and

the isotropic SD energy density distribution are given by

	�AB�,SD
ii �r� D

∑
i0
	�AB�,SD
�ii0� �r� �14a�

	�AB�,SD
�ii0� �r� D h�A�,SD

�ij� m�B�,SD
�ij� �r� �14b�

	�AB�,SD�r� D 1
3

∑
i

	�AB�,SD
ii �r� �14c�

From 	�AB�,SD�r�, the SD term of the reduced SSCC is
obtained by integration:

K�AB�,SD D
∫

d3r 	�AB�,SD�r� �15�

Analogously, the diagonal components K�AB�,SD
ii are obtained

from the 	�AB�,SD
ii �r�.

The DSO and PSO current densities for the perturbing
nucleus spin oriented along i are44

j�B�,DSO
i �r� D �˛2	�0��r�

(
ni ð r� RB

jr� RBj3
)

�16a�

j�B�,PSO
i �r� D 2

occ∑
k

[
ϕ�B�,PSO

k,i �r�rϕ�0�k �r�

�ϕ�0�k �r�rϕ�B�,PSO
k,i �r�

]
�16b�

The corresponding energy densities (X D PSO, DSO) are
given by44

	�AB�,X
ii �r� D ˛2ni

(
j�B�,Xi �r�ð r� RA

jr� RAj3
)

�17a�

	�AB�,X�r� D 1
3

∑
i

	�AB�,X
ii �r� �17b�

In analogy with Eqn (15), K�AB�,X
ii and K�AB�,X follow from

the corresponding energy densities by integration.

Computational details
The molecules investigated in this work are shown in
Scheme 1. All SSCC calculations were carried out with the
CP-DFT method described previously.22 In the case of the
hydrocarbon molecules, the hybrid functional B3LYP31,70,71

and the basis set (11s,7p,2s/6s,2p)/[7s,6p,2d/4s,2p]72 were
used because CP-DFT/B3LYP/[7s,6p,2d/4s,2p] is known
to lead to reliable SSCCs nJ�13C,13C� D nJ�C,C�, nJ�13C,1H� D

Copyright  2004 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2004; 42: S138–S157



Decoding the NMR spin–spin coupling mechanism S145

1,3-butadiene

C C

C C

H

H

H

HH

H

1 2

3 45

6 7

8 9

10

propane

ethanemethane

H

C

C

C

H

H

H H HH

H

1 3
2

4

5
6 10

11

9

7 8

C

H

C

H

H
H

H
H

1

2
3

4
5

6

7

8

C

H

H

H

H1
2

3
4

5

Scheme 1

nJ�CH�, and nJ�1H,1H� D nJ�H,H� in the case of
hydrocarbons.22,23

For CH4, the experimental geometry73 was applied
whereas for the other molecules shown in Scheme 1,
B3LYP/6–31G(d,p) (ethane, propane) or B3LYP/[7s,6p,2d/
4s,2p] optimized geometries (1,3-butadiene) were used.

NJC-1 results29 were obtained by summing J-OC-PSP
orbital contributions. In the original NJC-1 approach, each
orbital contribution is derived as the average of two
calculations setting once nucleus A and once nucleus B
as the perturbing nucleus:

K�NJC�kAB D
K�NJC�k,AAB C K�NJC�k,BAB

2
�18�

This is necessary because of the nuclear dependence of the
term K�k,l�

AB in Eqn (18).
Equation (18) can be rewritten as

K�NJC�kAB D KPSP1
AB �k�C

occ∑
l 6Dk

�KPSP1
AB �k l�C KPSP1

BA �k l��

2
�19�

which in turn can be rewritten as

K�NJC�kAB D KPSP1
AB �k�C

occ∑
l 6Dk

�KPSP1
AB �k l�C KPSP1

AB �l k��

2
�20�

where all terms on the right-hand side are available
from a J-OC-PSP1 calculation. Equation (20) reveals that the
NJC contribution of occupied orbital k contains both the
orbital relaxation term Kk

AB and the average steric exchange
contribution between orbital k and all other orbitals l.
Therefore, one can only obtain a crude idea about the
transmission mechanism.

The J-OC-PSP analysis42,43 and the orbital-selected SSCC
calculations were carried out for LMOs obtained with a
Boys localization62 where however core, � and �-orbitals
are separately localized for reasons described elsewhere.42

All discussions are based on LMOs, which also holds when
considering �-orbitals in a conjugated system.

All Ramsey densities (see the previous sub-section)
and selected orbital contributions to these densities are
represented in form of contour line diagrams, where the
contour levels are given by a geometric progression with the
ratio of 1001/5 between two subsequent contours. All SSCC
calculations and the J-OC-PSP analysis were performed with
the ab initio program package COLOGNE 2003.74

RESULTS AND DISCUSSION

In previous work, we demonstrated that J-OC-PSP can be
applied to all Ramsey terms, not just the FC term.43 – 47 Since
most of the analytic investigations of the spin–spin coupling
mechanism have focused in the past on hydrocarbons and
since in these cases the FC term is mostly dominant, we will
consider in the following also the FC coupling mechanism. In
this connection, we will discuss the appropriate description
of the one-bond FC coupling mechanism in hydrocarbons,
the controversial explanations for vicinal proton–proton
coupling, the coupling via back-lobe interactions in saturated
hydrocarbons and the coupling mechanism in conjugated
�-systems.

Results obtained for the molecules shown in Scheme 1
are summarized in Tables 1 and 2. We will discuss in
the following typical features of the spin–spin coupling
mechanism as they are reflected by the J-OC-PSP and the
NJC methods. In all cases, SSCCs J(A,B) related to reduced
SSCCs K�A,B� D �2�/h̄�J�A,B�/�
A
B� via the gyromagnetic
ratios 
 of the coupling nuclei A and B are given in hertz.
We simplify the notation by using the terms nX�A,B� with

Table 1. Orbital contributions to the NMR spin–spin coupling constant 1J�C,H� of methanea

J-OC-PSP J-OC-PSP NJC-1

LMOs NLMOs LMOs: total NLMOs: total

Termb PSO FC SD DSO Total PSO FC SD DSO Total

1J�bd� �0.80 165.16 �0.62 �1.01 162.73 0.40 58.96 �0.61 �1.31 57.45 147.54 91.25
1J�ob� 1.98 �11.11 0.79 1.16 �7.19 0.86 �4.09 0.79 1.53 �0.90 �18.97 �8.04
1J�c� 0.00 �0.09 0.00 0.00 �0.09 0.00 6.00 0.00 �0.07 5.93 �4.50 40.89
1J�bd, ob� 0.25 �22.85 0.05 �22.54 0.16 �8.51 0.05 �8.3
1J�bd, c� �0.01 �7.75 0.00 �7.77 �0.77 76.67 �0.01 75.89
1J�ob, c� 0.01 �1.08 0.00 �1.06 0.77 �6.74 0.00 �5.98
1J(C,H) 1.42 122.29 0.22 0.15 124.08 1.42 122.29 0.22 0.15 124.08 124.08 124.08

a All values in hertz.
b c D core; bd D bond; ob D other bonds.
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Table 2. Decomposition of the vicinal spin–spin coupling
constant 3FC�H3,H6� of ethane into orbital contributions in
dependence of the dihedral angle ��H3C1C2H6�a

��H3C1C2H6�

3FC (C1H3)
C3FC (C2H6)

3FC (C1H3
$ C2H6�

3FC
(others)

3FC
(total)

J-OC-PSP, LMOs
0 5.48 7.18 0.89 13.54
30 4.22 5.38 0.63 10.22
60 1.58 2.09 0.15 3.82
90 0.01 0.56 0.04 0.61
120 1.31 2.51 0.62 4.44
150 4.23 6.20 1.50 11.92
180 5.62 7.91 1.90 15.44

J-OC-PSP, NBOs
0 0.72 3.84 0.17 4.73
30 0.51 2.75 0.03 3.29
60 0.12 0.91 �0.21 0.82
90 �0.14 0.26 �0.24 �0.12
120 �0.10 1.32 0.03 1.25
150 0.11 3.01 0.41 3.53
180 0.22 3.76 0.56 4.54

a Dihedral angle ��H3C1C2H6� in degrees, all other values
in hertz. For the numbering of atoms, see Scheme 1. The
contributions FC(NBO) were obtained using NBOs occupied
by exactly two electrons in the J-OC-PSP analysis (see text).

X D FC, SD, PSO, DSO rather than nJX
A,B for the Ramsey

terms. In the same way, we will use X(LMO) rather than
nJX,LMO

A,B where the identification of the coupling nuclei will
be dropped if the latter are automatically identified by the
LMO considered.

Comparison of J-OC-PSP and NJC methods: choice
of the orbitals
The NJC-2 analysis65 is tightly connected with the use of
NLMOs,63 whereas J-OC-PSP can be performed with any
set of LMOs (normally it uses Boys LMOs).42 – 50 The total
SSCCs and the four Ramsey terms of a given molecule are
independent of the choice of the orbitals used in the CP-DFT
calculations. This does not apply, however, to the individual
orbital contributions. Nevertheless, results obtained with
LMOs or NLMOs can reveal which orbitals and in this way
which analysis method is more reasonable.

The form of the NLMOs63 is similar to that of the
LMOs obtained by Boys localization.62 However, owing to
the construction of the NLMOs via natural atomic orbitals
(NAOs),63 the NLMO core orbital contains a tail made up
from valence shell orbitals. Analogously, the bond and lone
pair orbitals become contaminated by the core orbitals.
Hybrid orbital calculations of methane employing the NBO
analysis63 demonstrate this. The core NLMO of methane
includes a contribution of 1.5% from the valence shell
orbital (corresponding to a coefficient of �0.1223 for the a1-
symmetrical MO and of 0.9925 for the carbon core MO). The
population of the tail is tiny, but the resulting change of the
Ramsey densities and eventually the orbital contributions
contains terms linear in the expansion coefficients, i.e.,

the mixing, may give rise to considerable changes in the
SSCC orbital contributions. This is reflected by the J-OC-PSP
analysis of the SSCCs of methane in terms of Boys LMOs and
NLMOs (see Table 1).

In Table 1, the 1J�C,H� value of methane, its PSO,
FC, SD and DSO terms and as the corresponding orbital
contributions are listed in terms of both LMOs and NLMOs.
NJC-1 orbital contributions calculated as described earlier
are also given in Table 1.

The CH bond orbital term 1J�bd,CH� D 1J�bd� always
leads to a positive contribution to the total 1J�C,H� value
and its FC term, independent of method and orbitals used.
However, 1J�bd� is about three times as large for Boys LMOs
as for NLMOs. [J-OC-PSP; 1J�bd�, LMOs 162.7; NLMOs
57.5 Hz, see Table 1]. The contributions of the other CH bond
orbitals [1J�ob�] to the 1J�C,H� value are negative (J-OC-PSP,
LMOs �7.2; NLMOs �0.9 Hz), i.e. they play a similar role to
the lp orbital for the FC spin–spin coupling mechanism by
extending the coupling path by one orbital and reverting in
this way the sign of the contribution.

The one-orbital effect of the core electrons must be small
due to their strong localization at one nucleus. This, however,
does not exclude that non-negligible (but still relatively
small) two-orbital contributions involving the core orbitals
are found because a bd or lp orbital can reach into the
core region and lead there to steric exchange effects. This
is verified by the J-OC-PSP analysis carried out with LMOs
[J(c),�0.1; J(bd, c), �7.8; J(ob, c),�1.1 Hz; Table 1]. However,
the J-OC-PSP analysis in terms of NLMOs leads to a J(c) of
6 Hz and a suspiciously large J(bd, c) value of 75.9 Hz, which
accounts for more than 60% of the total 1J�C,H� value.

The large one-orbital term J(c) found for the NLMO
description can be explained by the orthogonalization tails
of the c-NLMO, which provides contacts with the four H
nuclei. There are two possible mechanisms that probably
contribute to the large J(bd,c) value, both of which are
eventually due to the mixing between the c and the bd
LMOs in the NLMOs: First, J(bd) contains a considerable
portion self-exchange. In the LMO representation, this self-
exchange appears in J(bd), whereas the mixing of c and bd
orbitals transforms a part of this self-exchange into a steric
interaction between c- and bd-NLMOs. Second, in the LMO
representation there is no resonance interaction between
bd orbitals and c orbital, as the two groups of orbitals are
localized separately. For NLMOs, however, the mixing of
core and bond orbitals allows for a resonance interaction.
Overall, the analysis of the J-OC-PSP results for LMOs
and NLMOs reveals that the mixing of orbitals occurring
in the generation of NLMOs gives rise to a non-physical
description of the spin–spin coupling mechanism in terms
of individual orbitals. Since the NJC-2 analysis63 is tightly
connected with NLMOs, the data in Table 1 clearly speak
against its use. For the purpose of avoiding the observed
inconsistencies for NLMOs, one would have to construct
the underlying NBOs63 in a different way rather than by
symmetric orthogonalization of a set of non-orthogonal
LMOs. One would have to use the Schmidt orthogonalization
to keep the core NBOs free from orthogonalization tails.
J-OC-PSP is not restricted to a particular type of LMOs,
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and the non-physical core-valence interactions can easily be
avoided by using Boys LMOs and localizing the different
subspaces (core, � valence, � valence) separately.

Analysis of the vicinal proton–proton coupling
constants
The vicinal SSCC 3J(H,H) D 3J(HCCH) has been extensively
used as stereochemical probe for studying conformational
features75 because of its sensitivity to variations in the
associated dihedral angle �(HCCH). The theoretical basis
for the dependence of 3JFC�H,H� D 3FC�H,H� on � was first
discussed by Karplus (Karplus relationships).3,4 Despite the
fact that the Karplus relationships have been the subject
of many theoretical investigations,1,3,4,75,76 there are still
open questions concerning the transmission mechanism of
the SSCC 3FC�H,H� and its dependence on �. By using
a modified sum over states (SOS) approach, Esteban et al.
argued that the main contribution to 3FC�H,H� of ethane
results from a through-space interaction term.76 Wilkens
et al.65 discussed 3FC�H,H� of ethane in terms of their NJC-2
analysis. They suggest that about 70% of the 3FC(H,H) term
is due to the Lewis contribution �L�, which implies that
a through-bond (H—C—C—H) rather than through-space
FC spin–spin coupling mechanism is operative. However,
�L� of NJC-2 is not calculated with the correct zeroth-order
Lewis-wavefunction, but a total wavefunction including
first-order effects as was pointed out earlier.

In Table 2, the vicinal proton–proton coupling constant
3FC(H3,H6) of ethane (for atom numbering, see Scheme 1)
and its leading J-OC-PSP1 orbital contributions are listed
both for the real structure, described with Boys LMOs, and
for the Lewis structure, which is obtained by making all
Lewis NBOs exactly doubly occupied and keeping all other
NBOs unoccupied. The NBO contributions determine the
contributions of the Lewis structure. Since the non-core
NLMOs are similar to the corresponding LMOs, one can
take the difference between an LMO contribution and the
corresponding NBO contribution to obtain a good estimate
of FC(NL) resulting from the non-localization density. For
the purpose of comparing results with those of the NJC-
2 analysis (limited to the FC term),65 just the FC term is
considered, which, however, dominates the SSCC 3J�H3,H6�
of ethane.

In Fig. 1, orbital contributions are plotted as a function of
the H3C1C2H6 dihedral angle �. The J-OC-PSP1 analysis
reveals that the steric exchange two-orbital contribution
3FC[��C1H3� $ ��C2H6�] and the bond orbital relaxation
contributions 3FC[��C1H3�] and 3FC[��C2H6�] dominate
3FC�H3,H6� (see Table 2) and govern the form of the
Karplus relationship between 3FC�H3,H6� and dihedral
angle � (see Figure 1). The sum of these contributions
accounts for 86–96% of the total SSCC (Table 2 and Fig. 1).
The steric exchange and bond relaxation contributions are
always positive for ethane, the steric exchange contribution
being slightly larger than the sum of the bond relaxation

Figure 1. Karplus curve (bold line with filled circles) for the term 3FC(H3,H6) of ethane (rigid rotor model) calculated at the
CP-B3LYP/[7s,6p,2d/4s,2p] level of theory. The orbital relaxation terms 3FC[��C1H3�]C 3FC[��C2H6�], the two-orbital steric
exchange interaction contribution 3FC[��C1H3�$ ��C2H6�] and the sum of these terms (dashed line with filled squares) are given.
Also shown is the Lewis contribution as calculated via the NBO contribution 3FC(NBO) (bold line with open triangles). For the
numbering of atoms, see Scheme 1.
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contributions. The bond relaxation terms are strongly
influenced by the non-Lewis contribution (zero at � D 90°,
large values at � D 0 or 180°; Table 2, Fig. 1), less by
the Lewis contribution as one can verify by taking the
difference between 3FC[��CH�] and 3FCNBO[��CH�] terms.
Contributions from other orbitals are small but non-
negligible owing to their small density at the site of either
nucleus H3 or H6. These results are consistent with chemical
intuition.

Replacing the real by the Lewis structure leads to
substantial changes in the FC coupling. As the J-OC-PSP1
results in Table 2 show, the sum of 3FCNBO[��C1H3�] and
3FCNBO[��C2H6�] decreases drastically and becomes even
negative in the range � D 90–120°. The exchange interaction
term 3FCNBO[��C1H3�$ ��C2H6�] is decreased to about half
(Table 2). The total variation of 3FC in dependence on � is
decreased to about one-third, i.e. a true Lewis determinant
cannot reproduce the experimental SSCC of ethane for angles
close to 0 and 180° (Table 2) and, therefore, fails to reproduce
the Karplus curve even qualitatively (Fig. 1). Effects of the
non-Lewis density (comprising delocalization and other non-
localization densities) reflected by the difference FC(total)
�FCNBO are more important than Lewis contributions. In
view of these findings, the conclusion of Wilkens et al.65 that
3FC�H3H6� should be dominated by Lewis contributions
becomes questionable.

The results of our J-OC-PSP1 analysis allow us to locate
and quantify the inconsistencies in the NJC-2 approach
that eventually lead to the counterintuitively large Lewis
contribution to 3FC. For that purpose, we note that the non-
Lewis part of an orbital may play three different roles in the
FC coupling mechanisms:

1. An orbital whose Lewis part encloses the perturbing
nucleus but not the responding one may have a delocal-
ization tail stretching to the responding nucleus, allowing
for a direct spin-information transfer through this orbital.

2. An orbital whose Lewis part encloses the responding but
not the perturbing nucleus may have a delocalization tail
stretching to the perturbing nucleus, again allowing direct
transfer of spin information through this orbital.

3. Delocalization tails may allow or enhance the resonance
or steric exchange interaction between orbitals, increasing
the contribution of two- or more-orbital paths to the
spin–spin coupling mechanism.

The results in Table 2 indicate that all three effects play
a role for 3FC�H3,H6�: the difference between the Boys-
LMO and NBO one-orbital terms shows the dominating
role of mechanisms (1) and (2) for these terms [note in
this connection that the contributions from ��C1H3� and
��C2H6� are equal for reasons of symmetry] whereas the
two-orbital contribution ��C1H3� $ ��C2H6� is influenced
by mechanism (3). This is confirmed by the FC spin
densities for the J-OC-PSP1 contributions shown in Fig. 2 (the
perturbation is applied at H6). The FC spin density related to
3FCLMO�C2H6� [Fig. 2(a)] is concentrated around the C2H6
bond but contains a delocalization tail at C1H3, which
makes one-orbital FC coupling through ��C2H6� possible.
For the NBO structure [Fig. 2(d)], the spin polarization is

less delocalized, resulting in a much smaller spin density
at H3 and eventually a weaker one-orbital FC coupling
(0.11 Hz as compared with 2.8 Hz for LMOs; Table 2,
� D 180°). Analogously, the delocalization tail of the ��C1H3�
LMO stretching to H6 enables this orbital to receive spin
information from the nucleus at H6 and to convey it
to H3 [Fig. 2(b)] in distinction to the corresponding NBO
[Fig. 2(e)], which obtains only a small spin polarization at
H6. The 3FC[��C1H3�$ ��C2H6�] term is dominated by the
��C1H3� ��C2H6� contribution. The ��C1H3� ��C2H6�
FC spin density for the LMOs [Fig. 2(c)] shows the FC spin
density induced in ��C1H3� via ��C2H6�. It is noteworthy
that there is a concentric region with ˇ surplus spin
density around H6, which indicates the impact of ��C2H6�
on the delocalization tail of ��C1H3�. This concentric
region is missing in the corresponding NBO spin density
[Fig. 2(f)]. Otherwise, the LMO and NBO two-electron FC
spin densities resemble each other, apart from the fact that
the former is larger by a factor of ¾2. This indicates that the
overall interaction between orbitals ��C2H6� and ��C1H3� is
enhanced by their delocalization tails, which finally results
in a stronger FC coupling (7.9 Hz compared with 3.8 Hz for
NBOs; Table 2, � D 180°).

The general conclusion from the J-OC-PSP1 analysis is
that non-Lewis rather than the Lewis contributions dominate
the vicinal SSCC 3FC(H3,H6) in ethane, i.e. a through-space
rather than through-bond spin–spin transfer mechanism is
preferred for the FC term. The rear lobes and the long
delocalization tails carry the spin information and lead to the
spin transfer through space rather than through bond, which
is confirmed by the fact that the ��CC� orbital contribution
is minimal. Hence the dependence of 3FC(H3,H6) on the
dihedral angle � results from the non-Lewis part of the FC
term where less than 50% of the � dependence is due to
the one-orbital and more than 50% to the two-orbital FC
contributions involving the CH bond orbitals. If � decreases
from 180 to 90°, the responding (perturbing) nucleus moves
out of the tail region of the CH bond orbital at the perturbing
(responding) nucleus. At the same time, the through-space
steric exchange interaction between the CH bond orbitals
decreases to zero so that at 90° the FC term of 3FC(H3,H6)
approaches a value close to zero. If ethane continues to rotate,
the FC term increases again and obtains another maximum
for � D 0°. In this conformation, the back lobes of the CH
bond orbitals can interact in a similar yet slightly weaker
way than in the trans arrangement, thus leading to an FC
term of SSCC 3FC(H3,H6) close to the value calculated for
� D 180° (see Table 2). This explanation is in line with the
early analyses of Karplus3,4 and Barfield5, but differs from
that obtained with the NJC-2 analysis.65

The question remains of why the NJC-2 analysis fails to
decompose properly the SSCC 3FC(H3,H6) in ethane and
instead suggests a dominance of the Lewis contributions. In
NJC-2, the distinction between Lewis and non-Lewis contri-
butions is done merely from the viewpoint of the responding
nucleus. In other words, only effect (1) in the list above is
regarded as a non-Lewis contribution; (2) and (3) appear as
a part of the Lewis contribution. For 3FC�H3,H6�, this means
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Figure 2. FC spin densities corresponding to the dominant J-OC-PSP1 contributions to 3J�H,H� in ethane for the real electronic
structure and the Lewis structure calculated at the CP-DFT/B3LYP/[7s,6p,2d/4s,2p] level of theory. (a) FC spin density distribution
for the one-orbital contribution ��C2H6� in the real structure, scaled by 100. (b) FC spin density distribution for the one-orbital
contribution ��C1H3� in the real structure, scaled by 1000. (c) FC spin density distribution for the two-orbital contribution
[��C1H3� ��C2H6�] in the real structure, scaled by 1000. (d) FC spin density for the one-orbital contribution ��C2H6� in the Lewis
structure, scaled by 100. (e) FC spin density for the one-orbital contribution ��C1H3� in the Lewis structure, scaled by 1000. (f) FC
spin density for the two-orbital contribution [��C1H3� ��C2H6�] in the Lewis structure, scaled by 1000. The contour line diagrams
are given for a plane containing H6, C1, C2 and H3. Solid contour lines indicate a dominance of ˛ spin density (positive amplitudes)
and dashed contour lines ˇ spin density (negative amplitudes). The spin of the perturbing nucleus H6 is assumed to be ˛. Contour
lines for 0.1 and 10 are printed in bold.

that 3FC[��C1H3�] and 3FC[��C1H3� $ ��C2H6�] are con-
sidered as pure Lewis contributions, and only 3FC[��C3H6�]
is regarded as having predominantly non-Lewis character.
Keeping in mind that 3FC[��C1H3�] and 3FC[��C3H6�] are
equal for reasons of symmetry, one can estimate the NJC-2
results from by adding half of 3FC[��C1H3�]C 3FC[��C2H6�]
to 3FC[��C1H3�$ ��C2H6�] [see Eqn (20)], where the Lewis
contributions to 3FC[��C1H3�]C 3FC[��C2H6�] and all con-
tributions from other orbitals have been neglected. This
estimation predicts that 3FC�H3,H6� should vary between
0.6 Hz �� D 90°� and 9.9 Hz �� D 0°� or 10.7 Hz �� D 180°�,
respectively, in good agreement with the 3�H3,H6� values
reported in Ref. 65. This confirms that the obscure findings of
the NJC-2 approach65 are due to an inconsistent separation
between Lewis and non-Lewis contributions.

Back-lobe interactions leading to long-range
coupling constants
The investigation of the vicinal SSCC 3J�H3,H6� of ethane
has demonstrated that the most important spin–spin cou-
pling mechanism is due to through-space steric-exchange

interactions between the rear lobes of the ��CH� orbitals
at the perturbing and responding nuclei. The expected
orbital path ��C2H6� ! ��C1C2� ! ��C1H3� does not
provide an important contribution to the coupling mech-
anism. Utilizing J-OC-PSP2, the active and passive ��C1C2�
contributions are calculated to vary in the range �0.1 to
�0.7 Hz and 0.3 to 0.5 Hz, respectively so that their total
impact on the FC part of the vicinal SSCC 3J�H3,H6� is
between �0.3 and 1 Hz. The idea that the spin infor-
mation is transported along the bond path has thus
to be questioned, and the 3J�H,H� in ethane could
be classified more suitably as a ‘through-space SSCC
2J�H,H�’.

For SSCC over more than three bonds, the coupling along
the bond path is even smaller than for the SSCC 3J�H,H�
in ethane. A sizable spin–spin coupling predominantly
carried by the FC mechanism requires thus an effective
through-space coupling mechanism from the perturbed
to the responding nucleus. A prototype for the through-
space coupling in saturated hydrocarbons is the ‘zig-zag
mechanism’ that was investigated intensely by Barfield
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S150 J. Gräfenstein and D. Cremer

and co-workers.8,10 In the C2v-symmetrical equilibrium
conformation of propane (see Scheme 1 for numbering
of atoms), the four-bond SSCC 4J�H4–C1–C2–C3–H9� D
4J�H4,H9� can be considered to follow a zig-zag bond path
forming a ‘W’, i.e. one of the terminal hydrogen atoms at each
side is in trans position to the C—C—C skeleton. The W-
mechanism of FC spin–spin coupling suggests that effective
through-space coupling is possible between the back lobes
of the ��CH� orbitals of these two hydrogen atoms. In Fig. 3,
the calculated FC terms and total SSCC nJ�H,H� for propane
(perturbation at H9) are shown. A comparison of the total
J values and their FC contributions shows that spin–spin
coupling is dominated by the FC mechanism. Among the
SSCCs 4J�H,H�, only that supported by the W-mechanism is
sizable (2.6 Hz, see Fig. 3), whereas the other two are smaller
than 0.3 Hz. Measured 4J�H,H� values for molecules with a
‘frozen’ W-coupling path (e.g. bicyclic molecules) are about
3 Hz, because of the CH3 rotations in propane, the SSCC
4J�H,H� for the two in-plane protons seems not be measured,
however it has been calculated many times;8 – 10 suitable
reference values are provided by the propanic SSCCs 4J�H,H�
in norbornanes, which are 3–4 Hz,77 whereas in propane a
smaller value is found owing to the rotational averaging of
the three different SSCC 4J�H,H�.

The vicinal SSCC 3J�H,H� follow the same pattern as
observed in the case of ethane: for H—C—C—H adopting
a trans conformation, the SSCC is 14 Hz, whereas it is 3.2
and 3.8 Hz, respectively, for H—C—C—H in a gauche
conformation. The geminal SSCCs 2J�H,H� are between 11.0
and 11.2 Hz.

The J-OC-PSP2 analysis makes it possible to separate
the through-bond and through-space contributions to the
spin–spin coupling mechanism. For this purpose, we
performed an SSCC calculation where the ��CC� bond
orbitals and also the ��CH� orbitals at the central C atom
were frozen. Under these conditions, any through-bond
coupling along the C—C—C path is suppressed. The
resulting FC term of the SSCC 4J�H4,H9� differs from the
original one by less than 0.3 Hz, i.e., more than 90% of
the FC coupling mechanism is provided by through-space
rather than through-bond coupling. This confirms that FC
spin–spin coupling takes place predominantly by the W
mechanism suggested by Barfield and co-workers.8,10 The
changes for the other SSCCs 4J�H,H� are of the same
order of magnitude as for SSCC 4J�H4,H9�, the changes
being between 0.1 and 0.4 Hz. The vicinal SSCCs 3FC�H,H�
are reduced to about one-quarter in the frozen-orbital
calculation. In view of the results for ethane, the remaining
FC coupling of the vicinal SSCCs has to be ascribed to
the one-orbital ��CH� contribution at the perturbed nucleus
[since the ��CH� orbitals at the responding nucleus are
frozen, the second one-orbital ��CH� and the two-orbital
contribution are zero]. The Ramsey terms 2FC�H,H� are
decreased by about 0.5 Hz or 5% by freezing the adjoint
orbitals, which is due to the fact that the other bond
orbital contributions are positive in the case of the geminal
SSCC.

In the following we will show that indirect spin–spin
coupling through the �-framework of a molecule can be
enhanced by a � mechanism of spin–spin coupling and that
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Figure 3. J-OC-PSP2 analysis for FC (left) and total proton, proton SSCCs (right) in propane as calculated at the
CP-DFT/B3LYP/[7s,6p,2d/4s,2p]//B3LYP/6–31G(d,p) level of theory. Values in normal type are obtained when all LMOs are active;
values in italics are obtained when the bond LMOs indicated by small arrows are frozen. The 4FC(H,H) and the 4J�H,H� values
associated with the zig-zag mechanism are enclosed by a box. The encircled H is for all calculations the perturbing nucleus. All
values are given in hertz.
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in this case through-space interactions also play an important
role.

Long-range coupling in p-systems
The discussion in the previous two sub-sections has shown
that long-range and even vicinal FC spin–spin coupling
is usually based on a through-space rather than just a
through-bond coupling mechanism. In the case of ethane,
the two-orbital steric exchange interactions between the
vicinal CH bd orbitals take place through-space bridging
the CC bond. Similarly, the one-orbital contributions of the
CH bd orbitals are based on a tail interaction with the
responding (perturbing) nucleus, which does not follow
the bond path [compare with Fig. 2(a)–(c)]. Hence one
could describe the FC spin–spin coupling in these cases as
‘through-tail coupling’, which expresses the through-space
coupling mechanism.

The through-tail FC coupling mechanism explains imme-
diately the influence of electronegative (electropositive)
substituents on, e.g., vicinal proton–proton coupling. An
electron-withdrawing substituent at a C3-CH2 or C2-CH2 unit
leads to a contraction of the CH bond orbitals and by this also
to a contraction of their tails. The one-orbital FC contribu-
tions to 3FC(H,H) are decreased where the decrease should be
proportional to the electronegativity of the substituent. An
electropositive substituent should have an opposite effect,
which is confirmed by experimental studies.78

Polyenes are known to have sizable long-range SSCCs for
five and even more bonds.8 Also, it has been known for a long
time8,27,66,67 that the �-electron system plays an important
role in the long-range spin-information transfer, whereas the
through-bond �-coupling mechanism is important only for
short-range SSCCs. There is actually also some through-space
�-coupling via the tail interactions, which is enhanced by the
more favorable 120° angles in the polyenes. However, this
interaction is known to lead to FC contributions of 0.2–0.3 Hz
in the case of five- or six-bond proton–proton SSCCs and

quickly decreases to marginal values for larger n.69 Hence
the �-mechanism dominates long-range FC coupling as we
were recently able to verify by calculating the �-orbital
contributions with the help of J-OC-PSP2 for long-range
SSCCs nJ�H,H�, nJ�C,H� and nJ�C,C� in polyenes.69

The �-contribution to long-range FC coupling in
polyenes, although important, results from a passive role
of the � orbitals in the spin-transfer mechanism: if one of the
terminal protons in a polyene is perturbed (˛-spin assumed),
the density of the corresponding C—H bond will be spin-
polarized so that at the C atom ˛-electron spin dominates.
Optimization of exchange interactions in the valence sphere
of this C atom will lead to a spin polarization of the p�
electron and by this also of the �-electron pair. The spin
information can travel through the �-system from one end of
the carbon framework to the other end, spin-polarize there
the �-electrons of the in-plane C—H bonds and thus lead to
FC spin–spin coupling between the terminal protons. Since
the polarizability of the �-electrons is larger than that of the
�-electrons, the �-mechanism is more effective although the
�-orbitals contribute just in a passive rather than active way.

In Fig. 4, the calculated SSCCs 5J�H,H� of 1,3-butadiene
are given together with their total FC and the passive
FC��� contributions. These data (see also Ref. 69) lead to
the following conclusions:

1. Long-range SSCCs nJ in polyenes are dominated by the
FC term, which in turn is dominated with increasing n by
the � contributions. The latter decays much more slowly
with n than the � contributions, in spite of the fact that the
� system is formally interrupted by C—C single bonds.

2. The � mechanism bridges the formal single bonds in the
polyenes without intervention of the � orbitals in these
bonds.

Conclusion (2) can be verified with the data presented
in Fig. 4. For butadiene, for instance, the � contribution
to SSCC 3FC(C,C) (7.5 Hz, Fig. 4) changes by just 0.03 Hz
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Figure 4. J-OC-PSP2 analysis for SSCCs 4J(H,H) (top) and nJ(C,C)�n D 1, 2, 3� (bottom) for 1,3-butadiene as calculated at the
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the structures given on the left by circles. The SSCCs are identified by double-headed arrows and bold numbers.
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if the central ��CC� orbital is frozen, i.e. the FC coupling
mechanism bridges the formal single bond C2—C3 without
the necessity to change from the �- into the �- and back to
the �-space. The question arises of how spin information is
transferred through the formal single bonds interrupting the
� system: are one- or two- and more-orbital contributions
dominating? For two- and more-orbital contributions, how
is the spin information transported between the orbitals?

For butadiene, the � contribution to 3FC(C,C) is trans-
ferred by about 30% by one-orbital terms and about 70%
by two-orbital terms.69 That is, direct transfer through one-
orbital terms covers only a minor part of the � FC coupling
mechanism. One should expect that two- and more-orbital
terms will become even more dominant for couplings bridg-
ing more than one formal single bond.

The one-orbital coupling is accomplished by the delo-
calization tails of the � orbitals. Figure 5(a) and (b) show
contour line diagrams of the zeroth-order ��C1C2� and
��C3C4� LMOs of butadiene at a height of 0.6 Å over the
molecular plane. They clearly indicate the delocalization
tails, which result from excitations ��C1C2� ! �Ł�C3C4�
and ��C3C4� ! �Ł�C1C2�. The contribution of this orbital
to the FC spin density for a perturbation at C1 [Fig. 5(c)]
shows an ˛ spin surplus at C4, which is clearly related to
the delocalization tail of ��C1C2�. For the ��C3C4� orbital

[Fig. 5(d)], the delocalization tail at C1 allows an interaction
between the perturbing nucleus and the orbital, again result-
ing in an ˛ spin surplus at C4. This mechanism resembles
the one-orbital mechanism for the vicinal HH coupling in
ethane.

Analogously, the two-orbital interactions are driven by
the delocalization tails of the ��CC� orbitals along the bond
axis. Figure 5(c) and (d) reveal that the spin density for the
two orbitals agrees around C1 and around C4. Regions with
equal sign of the surplus spin result in a positive feedback
between orbitals, i.e. an amplification of the spin–spin
coupling mechanism. It is therefore the delocalization tail
at the next nearest C atom in the chain [C4 for ��C1C2�, C1
for ��C3C4�] that allows for the positive feedback between
neighboring ��CC� orbitals and thus for the multi-orbital �
coupling. In contrast, the sign of the spin densities in the
region of the single bond is opposite for the two ��CC�
orbitals. This fact counteracts the two-orbital interaction, as
has been shown in more detail in previously.43 Actually,
the spin polarized regions of the two � orbitals around
the C2—C3 bond avoid each other so as to minimize this
counteraction: the spin polarization nearly vanishes around
C3 for ��C1C2� and around C2 for ��C3C4�.

Overall, the coupling mechanism within the � system is
largely analogous to that for the vicinal coupling constants

Figure 5. Analysis of the passive � orbital contributions to 3FC(C,C) in 1,3-butadiene as calculated at the
CP-DFT/B3LYP/[7s,6p,2d/4s,2p]//B3LYP/6–31G(d,p) level of theory. (a) Zeroth-order LMO ��C1C2�. (b) Zeroth-order LMO
��C3C4�. (c) FC spin density distribution for LMO ��C1C2�. (d) FC spin density distribution for LMO ��C3C4�. The contour line
diagrams are given in a plane 0.6 Å above the molecular plane. Solid contour lines indicate a dominance of ˛ spin density (positive
amplitudes) and dashed contour lines ˇ spin density (negative amplitudes). The spin of the perturbing nucleus C1 is assumed to be
˛. Contour lines for 0.1 and 10 are printed in bold.
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in ethane, that is, there is a ‘through-tail’ coupling, which
can be considered as through-space coupling although it
is following the bond path (but not the maximum electron
density path, which is in the nodal plane of the �-orbitals).
We conclude that for long-range coupling in both alkanes
and polyenes, the through-space FC mechanism using the
delocalization tails of the orbitals is most important for a
significant SSCC.

In Fig. 4, the passive FC��� contributions of some other
nJ�C,C� coupling constants are given. Clearly, this is largest
for coupling across a double bond (4.9 Hz, SSCC 5; Fig. 4),
but still substantial for the coupling across the formal single
bond (3.5 Hz, SSCC 6; Fig. 4) and decreases to 1.9 Hz for the
FC term of the vicinal SSCC 3J�C,C�. As can be seen from the
FC��� values listed in Fig. 4, their sign follows strictly the
Dirac vector model (one-bond, C; two-bond, �; three-bond,
C; etc.). The ��C2C3�orbital contribution is negative for SSCC
5 because C2C3 represents an external contribution, which is
mostly negative;42 it is large and positive for SSCC 6 where
��C2C3� carries the FC mechanism in an active way; and
it is small and insignificant for SSCCs 7 and 8 (Fig. 4). The
two-orbital term FC[��C2C3�$ �] is significant for one- and
two-bond coupling (2.3, 3.6, �2.1 Hz for FC couplings 5, 6
and 7; Fig. 4), but becomes insignificant for the vicinal SSCC
3J�C,C� as discussed above.

STRATEGIES TO DECRYPT THE SPIN–SPIN
COUPLING MECHANISM

The current work (seen in connection with previous
investigations42 – 45) provides a basis to formulate those crite-
ria that should be fulfilled by any method used to analyze
the spin-spin coupling mechanism:

1. It must be applicable to all four Ramsey terms and
consequently also to the total SSCC.

2. It must be able to monitor all steps of the spin–spin cou-
pling mechanism from the perturbing to the responding
nucleus.

3. As a consequence of (2), it must be capable of provid-
ing one-, two- and m-orbital contributions where each
of these terms is connected with a well-defined phys-
ical effect. For example, the one-orbital contributions
describe the Ramsey distortion of the orbitals (i.e. the
orbital relaxation upon a specific Ramsey perturbation),
the two-orbital effects steric exchange interactions, the
m-orbital effects spin transport, etc.

4. The orbital contributions determined must fulfill the
criterion of nuclear independence, i.e. the same orbital
contributions are obtained irrespective of the choice of
perturbing and responding nucleus, i.e. the direction of
the spin–spin coupling mechanism.

5. The orbital contributions should be based on the analysis
of zeroth- and first-order orbitals rather than just the total
perturbed orbitals. In this connection, the ambiguities in
choosing the first-order orbitals must be treated in a
well-defined way.

6. It is advisable to distinguish between active and
passive orbital contributions to the spin–spin coupling

mechanism where the latter lead to three- and m-orbital
contributions.

7. The method in question should not depend on the type
of orbitals used. In this way, it becomes possible to
eliminate non-physical orbital contributions, e.g. those
of the core orbitals by using appropriate localization
techniques.

8. The individual orbital contributions obtained in the
analysis should add up to the total SSCC or its Ramsey
terms.

9. For the anisotropic Ramsey terms (PSO, DSO and SD), it
should be possible to perform the analysis for either
the isotropic average of the terms or its Cartesian
components.

10. A pictorial description of the orbital terms in a way
that the spin–spin coupling mechanism can be followed
stepwise is desired.

This work has demonstrated that the J-OC-PSP analysis
method (comprising levels J-OC-PSP1 and J-OC-PSP2) com-
bined with a visualization of the individual contributions to
the SSCC (Ramsey terms, orbital contributions, Lewis and
non-Lewis contributions) in form of spin density and energy
density distribution diagrams fulfills all requirements for a
detailed analysis of the spin-spin coupling mechanism.

The compliance of J-OC-PSP with requirements (2),
(3), (4), (5) and (6) is closely connected with the use of a
parallel-processing rather than a post-processing approach.
This in turn allows us to isolate and quantify individual
contributions (e.g. passive contributions from the � orbitals)
and to employ the analysis of the SSCC data as a
hypersensitive antenna for describing the zeroth-order
electron density distribution, in which one is primarily
interested, along the whole path between perturbing and
responding nucleus.

NJC meets several of these requirements (e.g. in the
formulation of NJC-129 it can be applied to all four Ramsey
terms) and has therefore to be considered as an alternative.
However, it does not meet all requirements (1)–(9): both
NJC-1 and NJC-2 are essentially one-orbital methods, i.e.,
they do not allow a direct investigation of steric exchange
interactions or of passive orbital contributions. Accordingly,
requirements (2), (3) and (6) cannot be met. The way in which
two-orbital contributions are introduced in NJC-2 ties the
approach to a particular kind of orbitals, viz. NBOs/NLMOs,
and therefore violates requirement (7). NJC focuses on the
spin-information transfer into the responding nucleus and
therefore misses important features of the coupling, as
became evident earlier for 3J�HH� in ethane. Requirement
(4) is met in NJC-2 by an explicit symmetrization of the
contributions.

Another important feature of J-OC-PSP is that it is
based on a CP-DFT rather than an FPT approach, which
accounts for the compliance with requirement (5) and
facilitates fulfillment of requirement (1). Problems arise in
this connection for NJC, which pragmatically has just been
implemented for FC coupling.

Already in the early 1980s, Contreras and co-workers27,66

and independently Fukui and co-workers67,68 developed
methods that describe the passive role of � orbitals for the
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S154 J. Gräfenstein and D. Cremer

FC coupling mechanism in conjugated �-systems. All these
investigations use, similarly to J-OC-PSP, parallel-processing
approaches. Fukui and co-workers67 modified the Hessian in
such a way that the � orbitals effectively are frozen, whereas
Contreras and co-workers27,66 excluded the � orbitals from
the perturbation calculation at the atomic-orbital (AO) level.
Although both approaches rest on the same basic idea as our
J-OC-PSP2 method, they are less general and flexible: direct
manipulation of the Hessian is only possible for very small
basis sets, i.e. typically for semi-empirical methods as used
in Ref. 67. Freezing the � AOs as in Refs 27 and 66 avoids
this limitation but prevents the investigation of individual
� orbitals or �-� interactions as is possible in J-OC-PSP2.69

More recently, Esteban et al.76 presented an NBO analysis for
the FC coupling mechanism based on a parallel-processing
approach, which, although reformulated for a restricted HF
calculation, can be generalized straightforwardly to DFT.
This method gives a proper account of Lewis and non-Lewis
contributions to 3J�H,H� in ethane.76 It would, however, fail
to reproduce the contributions of passive orbitals, as the
perturbation calculation in Ref. 76 is done by standard SOS
and thus suppresses steric exchange interaction between
orbitals.

It should be mentioned that post-processing methods
such as the NJC methods are less costly than a parallel-
processing method such as J-OC-PSP, for which the gain
in detailed information has to be paid for by additional
computational efforts. The latter can, however, be reduced

in several ways: (i) J-OC-PSP is based on the CP-DFT
method, which is not expensive even for larger molecules;
(ii) J-OC-PSP can be applied to groups of orbitals rather than
individual orbitals, which reduces the number of calculations
substantially; (iii) it is possible to apply J-OC-PSP in a
stepwise manner (first J-OC-PSP1, then J-OC-PSP2 for three-
orbital effects, J-OC-PSP2 for four-orbital effects, etc.), so that
with increasing cost the amount of information increases.
In most cases one is only interested in particular three-
and more-orbital contributions and can therefore reduce the
number of SSCC calculations to be done, where results from
previous J-OC-PSP steps may provide further guidance. In
this way, one can minimize the cost/efficiency ratio for each
problem individually.

For the purpose of demonstrating the application strategy
of J-OC-PSP, we discuss as an example the analysis of
the unusually large SSCC 2J�C,C� involving the bridgehead
carbon atoms of bicyclo[1.1.1]pentane (see Fig. 6; coupling
nuclei are indicated by black balls). Because of the proximity
of these nuclei, the question arises of whether spin–spin
coupling is due to a strong through-space (THS) mechanism
complementing the through-bond (THB) mechanism. Such a
question can be answered by using J-OC-PSP as indicated in
Fig. 6.

For 2J�C,C�, the FC coupling mechanism dominates and,
therefore, the analysis can concentrate on this Ramsey term.
Spin–spin coupling between the bridgehead C atoms can
involve all CC and CH bond orbitals (and core orbitals),

FC SD PSO DSO

THS THB

head bridge 1P 2PI 3PI

1-orb 2-orb 1-orb 2-orb

negligible

1 2 3 4 5

6

1 2

3 6 – 3

4 – 3

3–1–2 2PI = 5 – 2 × 1P – 3 
3PI = 6 – 3 × 1P – 3 × 2PI – 3

THB = 3 × 1P + 3 × 2PI + 3PI

J-OC-PSP analysis of 2J(CC) -26.1

-26.5

-1.8 -24.7

0
-2.3

2.4 -4.7

0.5

7.0 -12.9
-6.0

-2.4 0.3

Figure 6. A strategy of analyzing through-space (THS) and through-bond (THB) coupling for the SSCC 2J�C,C� of
bicyclo[1.1.1]pentane with the help of J-OC-PSP. In the J-OC-PSP2 models 1–6 of bicyclo[1.1.1]pentane active bond orbitals
�(C—C) and �(C—H) are given by bold solid lines and frozen bond orbitals by dashed lines. The coupling nuclei are indicated by
black balls. The total SSCC is partitioned into contributions presented directly or by differences between the SSCCs 2J�C,C�
obtained for the models shown. The following notation is used: 1-orb and 2-orb, one- and two-orbital contributions; head,
contribution of the two headgroup CH bonds; bridge, contribution of the three methylene groups through-space; 1P, contribution of
one bridge; 2PI, contribution resulting from bridge–bridge interaction; 3PI, contribution resulting from bridge–bridge–bridge
interactions.
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which are indicated in the bicyclo[1.1.1]pentane picture 6
(Fig. 6, upper left corner) by bold lines. For the purpose
of eliminating the THB coupling paths and thus isolating
the THS contributions, the CC bond orbitals are frozen (in
calculation 3 in Fig. 6, the frozen bond orbitals are indicated
by dashed lines). In this way, a THS contribution of �1.8 Hz
is calculated, which is considerably larger than the THS
contribution for 2J�C,C� ³ 2FC(C,C) in propane, but does
not explain the magnitude of the SSCC. From calculations 1
and 2, one finds that the negative THS term results from the
bridgehead CH bonds [calculation 1, which is reduced by
the CH2 bridge contributions (0.5 Hz)]. The bridgehead CH
bond term can be further decomposed into one- and two-
orbital terms, which reveals that this term is dominated by
the steric exchange interaction between the two bridgehead
CH orbitals (�4.7 Hz), which are partly compensated by
the corresponding one-orbital Ramsey distortions (2.4 Hz,
Fig. 6).

The dominance of the steric exchange term clearly
indicates that there is no (weak) bond or bonding interaction
between the bridgehead C atoms. Bonding is always
indicated by the dominance of the one- over the two-
orbital term. In addition, one can calculate the Lewis
contributions (see the second section) and determine what
role delocalization effects play in the transfer of spin
information to and from the bridgehead nuclei. This reveals
that the dominating path is via the three bridges.

The contribution of one bridge is calculated to be �6 Hz
by combining calculation 4 with calculation 3 (Fig. 6), i.e.
the three bridges will contribute �18 Hz if their mutual
interaction is not considered. However, the spin polarization
of one bridge enhances (decreases) the spin polarization
of the other bridges by steric exchange interaction, which
causes another negative contribution to 2J�C,C� (combination
of calculations 4, 5 and 6; see Fig. 6). This shows that the large
magnitude of 2J�C,C� results from a multipath through-bond
coupling mechanism. Further details are obtained when
considering the one- and two-orbital terms, i.e. the analysis
can be terminated after the first step (just carrying out two
calculations) or continued through two more levels to obtain
more details.79

The J-OC-PSP approach is capable of providing a large
amount of information on the spin–spin coupling process
and can therefore can answer specific questions in this con-
nection. The analysis of the spin–spin coupling mechanism
can be complemented by a graphical representation of the
Ramsey spin (for DSO and PSO: Ramsey current) and Ram-
sey energy densities for the total SSCC in addition to the
individual J-OC-PSP contributions.

The idea of visualizing magnetic properties in terms of a
density was first presented by Jameson and Buckingham.80

Recently, a number of approaches for the visualization of
the spin-spin coupling mechanism have been suggested.
Malkina and Malkin81 developed a local analysis of the
FC coupling on the basis of a mixed second-order FPT. In
this approach, both a spin density and an energy density
are introduced for the FC term. Their definition of the
densities in81 is basically different from that in J-OC-PSP,
which fully rests on first-order perturbed orbitals. Soncini

and Lazzeretti82 introduce a Ramsey energy density that is
similar to the J-OC-PSP Ramsey energy densities. In contrast
to J-OC-PSP, the energy densities for the FC and SD terms are
defined82 using a spin current density rather than the spin
density itself. This allows one to define a reasonable energy
density for all four terms including the FC term. However,
one has to abandon the physically transparent picture that
the spin information is carried through the molecule by
a propagation of spin polarization and the corresponding
steric exchange effects.

There is the question of whether J-OC-PSP can also be
applied within other quantum chemical approaches. Clearly,
wavefunction methods that do not lead to reliable SSCCs are
not attractive for using J-OC-PSP. For example, J-OC-PSP
could be applied straightforwardly on the basis of CP-HF,
but the analysis would be largely useless because of the poor
SSCC values obtained with CP-HF. MCSCF and CCSD would
be candidates for using the J-OC-PSP analysis provided that
one expresses the corresponding wavefunctions in natural
orbitals and repeat the calculation, which would of course
increase the cost of the analysis substantially. Hence one can
say that neither MCSCF nor CCSD is suitable to be run in
connection with J-OC-PSP so that the analysis method is
tightly bound to CP-DFT.

CONCLUSIONS

In this work, the requirements and a suitable strategy for
the analysis of the spin–spin coupling mechanism have
been derived. J-OC-PSP has been found to fulfill these
requirements and to provide a hierarchical strategy that
leads to additional information depending on the efforts that
one makes in terms of additional selected orbital calculations.
This has been demonstrated for some typical SSCC problems,
for which J-OC-PSP provides satisfactory answers and in
addition helps to correct or clarify misconceptions:

1. The simplified picture that the spin–spin coupling
mechanism follows the path given by the chemical bonds,
i.e. a path of maximum electron density connections,83 is
only true for the FC mechanism and in this case just for
one- or two-bond SSCCs in a limited way. Even for the
FC term, through-space mechanisms are more important
than is generally realized and they can become dominant
for three- and more-bond SSCCs.

2. Barfield’s emphasis of rear-lobe interactions between
orbitals8,10 is fully confirmed as the major mechanism for
through-space FC coupling over three bonds in ethane,
four bonds in propane, etc. For example, the ��CC� orbital
in ethane has only a total contribution of 0.1 Hz to the
vicinal SSCC 3J�H,H�.

3. The 3FC(H,H) coupling in ethane depends much more
strongly on the non-Lewis parts of the participating ��CH�
orbitals rather than the Lewis parts. This is in line with the
original work of Karplus3,4 and recent work by Esteban
et al.,76 but contradicts results obtained with the NJC-2
analysis.65 The delocalization tails of the ��CH� orbitals
account nearly completely for the one-orbital coupling
and for about 50% of the two-orbital coupling between
the H nuclei. The coupling mechanism can be seen as a
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S156 J. Gräfenstein and D. Cremer

‘through-tail’ mechanism that explains easily the influence
of electronegative [contraction of the tail; smaller 3J�H,H�
values] or electropositive substituents [expansion of the
tail; larger 3J�H,H� values].76

4. The � FC coupling between the double bond units
in polyenes is largely analogous to the ‘through-tail’
mechanism found for the vicinal HH coupling in ethane:
the � orbitals transfer the spin information across the
formal single bonds through their delocalization tails,
which allow a formal single bond to be bridged both
by single � orbital delocalization and by steric exchange
interactions between adjacent� orbitals. The latter process
is the dominant one.

With the J-OC-PSP methods we have for the first time
a tool that provides a complete and detailed analysis of the
NMR spin–spin coupling mechanism in terms of orbital con-
tributions, Ramsey densities, and Ramsey energy densities.
The method has already been applied in a successful way
to one-bond SSCC,42 the investigation of lone-pair effects,
the dependence of the spin–spin coupling mechanism on
electronegativity and polarizability of the coupling atoms,42

the understanding of the Karplus relationship,50 the role of
the � electrons in the coupling mechanism,43 the relationship
between SSCC and bond order,46,47 the experimental deter-
mination of NC coupling,46 long-range coupling,43 multipath
coupling48,79 and coupling across H-bonds,38,49 to name just a
few topics. The investigation of other topics (through-space
coupling, coupling through multiple metal bonds, etc.) is
under way.
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35. (a) Gräfenstein J, Kraka E, Cremer D. J. Chem. Phys. 2004; 120:
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47. Gräfenstein J, Kraka E, Cremer D. J. Phys. Chem. A. 2004; 108:

4520.
48. Wu A, Cremer D. Phys. Chem. Chem. Phys. 2003; 5: 4541.
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