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Visualization of Nuclear Spin—-Spin Coupling
Pathways by Real-Space Functions**

Olga L. Malkina* and Viadimir G. Malkin*

Indirect nuclear spin—spin coupling constants are amongst the
most important magnetic resonance parameters, invaluable in
establishing molecular structure from NMR spectroscopy.
Their detailed understanding in terms of molecular and
electronic structure is thus of central importance in many
fields of research and has been pursued since the advent of
NMR spectroscopy more than 50 years ago. For example,
questions of “through-space” versus “through-bond” mecha-
nisms,["? the coupling pathways in polycyclic systems, and
most recently, spin-spin couplings through hydrogen bonds®!
have stimulated intensive discussions. Today, the quantum-
chemical calculation of coupling constants has in many cases
reached predictive accuracy.”! This has, in turn, enhanced the
interest in interpretation, that is, to go from accurate numbers
to deeper insight.

Various types of analyses were used to obtain further
information about different contributions to spin—spin cou-
pling®*# in terms of localized or canonical molecular orbitals
(MOs).”! While these approaches can provide a very useful
insight, their conclusions depend on MO transformations and
are thus strongly model-dependent; different MO schemes
may lead to conflicting interpretations.”! Recently the anal-
ysis of spin—spin coupling constants based on Weinhold's
natural bond orbital (NBO)P! scheme has become popular.
However, its language of localized MOs does not always
appear natural for the interpretation of coupling constants, as
the coupling may involve the interaction between the spins of
two often remote nuclei and thus a delocalized depiction of
the pathways of scalar couplings would be more sensible.
Here we will show that a model-independent description of
spin-spin coupling is possible, based on real-space functions
in three-dimensional space, which is appropriate for both
localized and delocalized bonding situations.

The indirect spin—spin coupling (Jy;y) may be expressed as
the energy splitting between states with parallel and antipar-
allel nuclear spins:
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where Ky is the reduced coupling constant (the M and
N labels represent the two coupled nuclei). Since both of
these energies may be written as an integral over an energy
density &(r), it is also possible to express the coupling itself in
this form:
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where eyn(r) is the coupling energy density (CED).'”) The
integral of CED over all space is equal to the reduced
coupling constant. The concept of CED does not involve any
approximation and thus is model-independent. CED is a real-
space function and can be visualized easily in 3D space.l" It
contains all the information about the propagation of the
nuclear spin-spin interaction throughout a molecule. To
calculate CED we use double finite perturbation theory
(DFPT). The Fermi-contact (FC) operators on both coupled
nuclei are included simultaneously in the Hamiltonian, and
the coupling between nuclei M and N is calculated in two
steps. First, one calculates the total energy for a system with
parallel nuclear spins (that is, both FC operators have the
same sign). In a second separate calculation, the FC
perturbations corresponding to antiparallel nuclear spins
(opposite signs) are included. The difference between these
two total energies is proportional to the coupling constant.
This is in fact a faithful description of the underlying physics;
the coupling constant probes the energy difference between
these two states. Many years ago, Kowalewski et al. used this
elegant idea for the simple implementation of spin—spin
coupling constant calculations at the configuration—interac-
tion level of theory.”? Recently, a related implementation
based on density functional theory (DFT) has been reported
by Contreras et al.'¥ An obvious disadvantage of the DFPT
approach in actual numerical calculations of couplings is that
for each pair of coupled nuclei two separate self-consistent
calculations are required. Therefore, the DFPT approach is
not often used in practice. To our knowledge, the enormous
potential of this scheme for the interpretation of couplings has
not been realized. Note that, in addition to providing the
CED, the approach also affords a coupling electron deforma-
tion density (CDD) in a straightforward manner, defined as:

own(r) = Y P P 3)

where A, and 4, are the perturbation parameters used in
DFPT.I'>'

The calculation of CDD (which is practically the scaled
difference of the electron densities obtained from two
separate SCF calculations) does not require any additional
programming, but the evaluation of CED does.™ As shown
below, CDD provides similar information on the coupling as
CED. However, in contrast to CED the integration of CDD
over space gives exactly zero. The present concept is not
restricted to any particular quantum-chemical method. CED
and CDD can in the same fashion be obtained from
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Hartree—Fock (HF) calculations, many post-HF methods and
DFT. In the present implementation in our program
ReSpect,'! DFT is used.'! Further implementation and
computational details will be published elsewhere."® Here we
will use a few representative examples to demonstrate the
abilities of the new method. In the following plots, blue and
red colors correspond to positive and negative function
values, respectively (isosurfaces or isolines are shown). The
relative importance of different pathways may be judged by
intensities and volumes.

Figure 1 shows isosurfaces of CED for */y;y; coupling in
benzene. It can be seen that the spin-spin interaction
dominantly propagates through the three intervening bonds,
whereas other mechanisms, for example, through space, are

Figure 1. Visualization of the *J; 4 coupling energy density (CED) in
benzene.

not apparent. Note however, that CED has significant values
also in areas outside the direct pathway (near neighboring
C—C bonds; isoline plots not shown here exhibit even more
detailed features near neighboring hydrogen atoms). This is
not surprising in view of the delocalized & system of benzene,
and it suggests that substituents at these neighboring positions
may also affect the coupling constant (in agreement with
experimental evidence!™). CDD for the same *J;; ; coupling is
provided in Figure 2, which strongly resembles the CED plot
in all important topological features, but also shows small
differences (for example, the volume of the areas around the
coupled hydrogen atoms). It should be remembered that the
integral of CDD over space is equal to zero whereas the
integral of CED gives the reduced coupling constant.”” The
close topological resemblance of CDD and CED is consistent
with the cornerstone of DFT, that is, that the electron density
contains all the information about a molecule. The analysis of
CDD is slightly more straightforward than that of CED, as it
mirrors directly the changes in electronic structure due to the
coupling interactions. A deeper analysis of CDD will be
provided elsewhere.'¥!

While the *Jy;;; coupling in benzene may be taken as an
example of a through-bond interaction, the *Jpp coupling in
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Figure 2. Visualization of the 3}, coupling electron deformation
density (CDD) in benzene.

C,H,(PH,), is frequently considered as a typical case of a
through-space interaction.”! However, up to now the relative
role of through-bond versus through-space interactions could
not be established. The CED for */pp in C,H,(PH,), is shown
in Figure 3. The through-bond pathway resembles the *Jy

Figure 3. Visualization of the *J,, coupling energy density (CED) in the
C,H,(PH,), molecule.

coupling in benzene (Figures 1 and 2). Yet, the through-space
interaction between the two phosphorus nuclei dominates
clearly. The interaction is due to the overlap of the phospho-
rus lone pairs in space, which provides an efficient spin-
polarization pathway (notwithstanding the fact that molec-
ular orbitals may be orthogonal). To obtain further insight,
Figure 4 provides CED for the P-P coupling in a model
H;P--PH; system. The molecular structure of the model
complex is taken to be as in C,H,(PH,),, but with hydrogen
atoms replacing the backbone (the P—H distance was taken to
be 1.427 A, as for the other P—H bonds). The clear result of
this plot may be somewhat unexpected; the P-P coupling
interaction is stronger than in C,H,(PH,),! This conclusion is
supported by the calculated values of the coupling constants
(calculated via integration of CED): 289 Hz for the model
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Figure 4. Visualization of /5, coupling energy density (CED) in the
model H;P---PH; system.

system versus 180 Hz for C,H,(PH,), (to the best of our
knowledge, no experimental value is available).

In the context of the topical field of couplings through
hydrogen bonds, Figure 5 shows the CDD for a formal %/
coupling in the hydrogen-bonded model complex NCH---NHj.
In this case, we decided to show isolines of CDD in a plane
containing the hydrogen bond. Interestingly, the polarization
propagates throughout the entire system with significant
amplitude of CDD on the far-left (as-depicted) nitrile nitro-
gen atom, which is outside of the direct coupling pathway.
This suggests that the C=N bond plays a role in the coupling
despite the overall obvious o character of the pathway.

In conclusion, the newly proposed and implemented real-
space functions allow unprecedented insight into the path-
ways of indirect nuclear spin—spin couplings. Further analysis
of CED and CDD is possible along several lines, for example,
the analysis of MO contributions to the functions, or the
topological analysis of bond or lone-pair contributions, based
on auxiliary real-space functions; this work is underway. Very
recently, Soncini and Lazzeretti® reported findings that may
be related to the CED proposed by us.*?! The definition
differs from ours, and apparently so does the computational
implementation. Unfortunately, not enough details were
given in this report to judge how exactly the two methods
are related. Probably, the DFPT approach proposed here is
more applicable to systems of chemically relevant size, and
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the inclusion of electron correlation via DFT provides a more
quantitative analysis.
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