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Ab initio EOM-CCSD calculations have been performed on molecules HmX-YHn, for X, Y ) 15N, 17O, 31P,
and 33S, to investigate the variation of one-bond X-Y spin-spin coupling constants1J(X-Y) and the
components of J with rotation about the X-Y single bond. The reduced Fermi-contact (FC) terms for all 10
molecules are negative and decrease in absolute value as the rotational angleθ changes from 0°, at which
point the lone pairs of electrons are on the same side of the X-Y bond, to 180° where they are trans with
respect to the X-Y bond. The signs of reduced paramagnetic spin-orbit (PSO) and spin-dipole (SD) terms
are opposite that of the FC term and exhibit extremum values asθ approaches 90°, the gauche conformation.
While the FC term tends to dominate for molecules H2X-YH2 and H2X-YH, such is not the case for HX-
YH, where the PSO and SD terms assume increased importance. Curves for1K(X-Y) as a function of rotational
angle are readily grouped according to formula H2X-YH2, H2X-YH, and HX-YH, which suggests that it
is the lone pairs of electrons on X and Y which are primarily responsible for the trends observed.

Introduction

NMR spin-spin coupling constants are a powerful tool for
investigating chemical bonds and molecular structure. If, in a
molecule, X and Y are singly bonded and both are bonded to a
reference atom A or B, then the geometry around the X-Y
bond can be defined by the X-Y distance, the A-X-Y and
X-Y-B angles, and the A-X-Y-B dihedral (torsion) angle
θ. It is intuitively clear that changes in the X-Y distance or in
the A-X-Y and X-Y-B angles will change the one-bond
X-Y coupling constant1J(X-Y). What is not obvious is how
changes in the dihedral A-X-Y-B angle will affect1J(X-
Y) since the geometry of the X-Y bond itself is essentially
unchanged as the dihedral angle changes. Nor is it obvious how
variation in the dihedral angle will change two-bond couplings
2J(A-Y) and2J(X-B). However, if A and B are H atoms, then
3J(H-H) is known to depend on the dihedral angleθ, a property
which was discovered and given a theoretical justification by
Karplus and which now deservedly bears his name.1,2

The question of how a one-bond coupling constant varies
with dihedral angle led us to compute coupling constants for
molecules H2X-YH2, H2X-YH, and HX-YH, for X, Y ) 15N,
17O, 31P, and 33S. We observed Karplus-type variations in
1J(X-Y) as a function of dihedral angle and, in a recent letter,3

reported the Karplus-type equations which were derived. In so
doing, we demonstrated that even one-bond coupling constants
in molecules with lone pairs of electrons on X and Y can vary
significantly as the XHm group is rotated about the X-Y bond.
This is an important observation and represents an extension
of the Karplus relationship for three-bond H-H coupling
3J(H-H) in H-C-C-H fragments. However, in ref 3, no data

were given to provide any insights into the interesting and varied
behavior that was observed. Thus, it is the purpose of the pre-
sent paper to expand and complete the study of the variation of
1J(X-Y) with dihedral angle by addressing the following
questions: (1) How do the signs and magnitudes of the
components of1J(X-Y) vary with dihedral angle and which
term or terms dominate? (2) Can trends in the variation of
1J(X-Y) and its components be identified? (3) Are the reduced
coupling constants1K(X-Y) for these molecules related, and
if so, what determines this relationship?

Methods

To determine the dependence of1J(X-Y) on the dihedral
angle, it is necessary to keep all of the geometrical parameters
for each molecule fixed as this angle is varied for the calculation
of coupling constants. To obtain a reasonable set of fixed
geometrical parameters, the structures of these molecules were
optimized at dihedral angles of 0° and 180°, and in some cases,
the molecule was fully optimized, including the dihedral angle,
if the equilibrium structure did not correspond to a value of 0
or 180° for that angle. Then, average values of all internal
coordinates for these structures were obtained and were fixed
for subsequent calculations of coupling constants as a function
of the dihedral angle. The values of these coordinates are
reported in Table 1. To examine the effect of freezing internal
coordinates, the structure of HO-OH was also fully optimized
at each dihedral angle, and1J(O-O) values were computed for
each structure. Geometry optimizations were carried out at
second-order Møller-Plesset perturbation theory (MP2)4-7 with
the 6-31+G(d,p) basis set8-11 for molecules in which X and Y
are both second-period elements and with the aug-cc-PVTZ
basis set12,13 for molecules containing P and/or S. These
optimizations were performed using the Gaussian0314 suite of
programs.
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Ab initio spin-spin coupling constants were computed using
the equation-of-motion coupled-cluster singles and doubles
method (EOM-CCSD) in the CI (configuration interaction)-like
approximation15-18 with all electrons correlated, using the
Ahlrichs qzp basis set on N and O and the qz2p basis on H, P,
and S.19 This level of theory gives computed coupling constants
in agreement with experiment, without any rescaling of the
computed values. For these calculations, the dihedral angle (θ)
was set to 0° and then incremented to 180° in steps of 20°. At
each value ofθ, the total coupling constant1J(X-Y) was
evaluated as a sum of four terms:20 the paramagnetic spin-
orbit (PSO), diamagnetic spin-orbit (DSO), Fermi-contact (FC),
and spin-dipole (SD), using the ACES II program.21 All
calculations were carried out at the Ohio Supercomputer Center
on the Cray X1 or the Itanium cluster.

The terms that may make significant contributions to1J(X-
Y) for the 10 molecules investigated in this study are the PSO,
FC, and SD terms. From a sum-over-states perspective,20 the
FC term arises from coupling between the ground state and
excited triplet states, since the operator for the FC term contains
spin. The FC term is a contact term and thus depends on
σ-electron densities at the coupled nuclei. The PSO and SD
operators do not contain spin, and therefore, it is excited singlet
states which couple to the ground state. Both terms depend upon
the distribution of electrons other thanσ. The PSO term arises

from orbital currents induced by the magnetic fields of the
nuclei, while the SD term results from the spin polarization
caused by the magnetic dipole field of the nuclear moment. As
will become obvious below, these terms can vary significantly
as the dihedral angle changes.

Results and Discussion

Before discussing the variation of1J(X-Y) and its compo-
nents for the 10 molecules investigated in this study, it is
advantageous to consider how these terms vary as a function
of dihedral angle for H3C-CH3 with no lone pairs of electrons
and H3C-OH and H3C-SH which have two lone pairs on O
and S, respectively, but none on C. The data required for this
analysis are reported in Table 2. From these data, it can be seen
that1J(C-C) for H3C-CH3 is dominated by the FC term, which
is essentially constant as the dihedral angle changes. Both the
PSO and SD terms are small, with the SD remaining essentially
constant and the PSO term decreasing by 0.5 Hz as one CH3

group rotates from an eclipsed conformation atθ ) 0°, to a
staggered conformation atθ ) 60°. The computed values of
1J(C-C) are in agreement with the experimental value of 34.6
Hz.22

Introducing lone pairs on one atom leads to notable changes
in the total coupling constants1J(C-O) and1J(C-S) and their
components. For both H3C-OH and H3C-SH, the FC terms
still dominate and remain essentially constant as the dihedral
angle changes. However, the PSO and SD terms assume
increased importance and are of opposite sign relative to the
FC term. The PSO term decreases slightly in absolute value as
θ increases, while the SD term remains relatively constant. For
both H3C-OH and H3C-SH, there is a small decrease in the
total coupling constant as the O-H and S-H bonds rotate from
an eclipsed to a staggered conformation relative to the C-H
bonds, although this variation is less than 1 Hz. Finally, the
reduced FC terms and reduced total coupling constants for these
two molecules are negative. Thus, the presence of lone pairs of
electrons on O or S is sufficient to change the sign of the reduced
FC terms and the reduced coupling constants from positive in
H3C-CH3 to negative in H3C-OH and H3C-SH and to make
the signs of the PSO and SD terms opposite that of the FC
term.

Having described total J and its components as a function of
dihedral angle for molecules H3C-CH3, H3C-OH, and H3C-
SH, it is now appropriate to return to the behavior of the one-
bond X-Y coupling constants for the 10 molecules investigated
in this study. To facilitate analysis of coupling constants as a
function of dihedral angle for molecules with lone pairs of
electrons on X and Y, the conformations corresponding to a
dihedral angle of 0° were defined as shown in Chart 1. For
molecules H2X-YH2, at θ ) 0°, the bisectors of the H-X-H
and H-Y-H angles define a plane and are “cis” to each other

TABLE 1: Distances (angstroms) and Angles (degrees) for Molecules HmX-YHn

distances angles

HmX-YHn X-Y X-H Y-H H-X-Y X-Y-H H-X-H H-Y-H

H2N-NH2 1.460 1.015 1.015 107.5 107.5 106.0 106.0
H2N-PH2 1.763 1.013 1.417 110.6 98.0 106.1 91.8
H2P-PH2 2.252 1.414 1.414 95.0 95.0 92.6 92.6
H2N-OH 1.452 1.017 0.966 101.9 103.4 106.2
H2N-SH 1.718 1.011 1.346 111.1 99.5 108.8
H2P-OH 1.670 1.417 0.963 99.6 110.0 92.4
H2P-SH 2.219 1.412 1.338 98.2 96.4 93.8
HO-OH 1.477 0.970 0.970 100.0 100.0
HO-SH 1.692 0.965 1.339 106.6 96.8
HS-SH 2.099 1.338 1.338 95.5 95.5

TABLE 2: One-bond Coupling Constants (J) and
Components of J (Hz) for Molecules CH3-CH3, CH3OH,
and CH3SH

H3C-CH3
a

θ PSO FC SD 1J(C-C)

0 0.7 35.1 1.1 37.0
20 0.5 35.1 1.1 36.9
40 0.3 35.2 1.0 36.6
60 0.2 35.2 1.0 36.5

CH3OHb

θ PSO FC SD 1J(C-O)

0 -3.1 19.2 -2.2 13.9
20 -3.0 19.3 -2.2 14.0
40 -2.9 19.3 -2.1 14.2
60 -2.8 19.3 -2.1 14.3

CH3SHb

θ PSO FC SD 1J(C-S)

0 2.7 -10.6 2.2 -5.7
20 2.6 -10.7 2.2 -5.9
40 2.4 -10.7 2.1 -6.2
60 2.3 -10.7 2.1 -6.3

a C-H bonds eclipsed atθ ) 0° and staggered atθ ) 60°. b The
O-H and S-H bonds eclipse a C-H bond atθ ) 0° and are staggered
with respect to the C-H bonds atθ ) 60°.
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with respect to the X-Y line. Relative to the bisectors, the lone
pairs of electrons on X and Y lie on the opposite side of the
X-Y bond, cis to each other and in an “eclipsed” conformation,
as indicated in Chart 1. For molecules H2X-YH, a dihedral
angle of 0° places the bisector of the H-X-H angle and the
Y-H bond “cis” to each other. The lone pairs on X and Y are
then oriented as shown in Chart 1. In this orientation, the two
lone pairs on Y are equivalent and together in closest proximity
to the lone pair on X. Finally, the “cis” orientation of X-H
and Y-H bonds defines a dihedral angle of 0° for molecules
HX-YH, as illustrated in Chart 1. The lone pairs on X and Y
are eclipsed and in closest proximity atθ ) 0°. The PSO, FC,
and SD terms and1J(X-Y) values as a function of the dihedral
angle for the 10 molecules investigated in this study are reported
in Table S1 of the Supporting Information.

Variation of Coupling Constants for Molecules H2X-YH2.
H2N-NH2. Figure 1 illustrates the variation of the FC term and
1J(N-N) as a function of the dihedral angleθ for H2N-NH2.
It is evident that the shape of the1J(N-N) curve is that of the
FC curve. The FC term itself is always negative and has its
greatest absolute value whenθ is 0° and the lone pairs are in
closest proximity, “cis” with respect to the X-Y bond. Thus,
both the FC term and1J(N-N) decrease in absolute value asθ
increases from 0 to 180°. Since this behavior was not seen for
H3C-CH3, H3C-OH, and H3C-SH, the decrease in the FC
term as the dihedral angle increases may be attributed primarily
to the presence of the lone pairs on the two N atoms and their
relative orientation. Once again, the PSO and SD terms are
relatively small and positive. However, while they exhibit only
a relatively small variation with dihedral angle, both terms
decrease and have a minimum value nearθ ) 90°. In the context
of molecular geometries, an equilibrium geometry at this
conformation is referred to as the gauche geometry, a result of
the “gauche effect, a tendency for a molecule to adopt that
structure which has the maximum number of gauche interactions
between the adjacent electron pairs and/or polar bonds”.23 The
gauche effect has been associated with a dihedral angle of about
90° for the equilibrium conformation of H2N-NH2.24 (The
computed MP2/6-31+G(d,p) value of this angle for the equi-
librium structure is 91°.) In this paper, conformations in the
region surroundingθ ) 90° will be referred to as gauche
conformations and are illustrated in Chart 2. It has been noted
previously that the gauche effect is related to the anomeric
effect.2,25

It is apparent that the PSO and SD terms make relatively
small contributions to the total coupling constant at small values
of the dihedral angle, but at large angles as the FC term
decreases, the positive PSO and SD terms make1J(N-N) small
but positive. It is interesting to note that1J(N-N) is negative
for most values ofθ, which means that the reduced coupling
constant1K(N-N) is also negative, and therefore an exception

to the Dirac Vector Model,26 which states that reduced one-
bond coupling constants are positive. From a sum-over-states
perspective, the sign of the FC term is determined by a
competition between triplet excited states which couple to the
ground state and make positive contributions to the FC term
(the nuclear magnetic moments are antiparallel) and those which
make negative contributions (parallel nuclear magnetic mo-
ments). The NMR Triplet Wavefunction Model (NMRTWM)27

suggests that nodal properties of the dominant excited states
change as the orientation of the lone pairs changes. This is a
recurring theme for all molecules HmX-YHn.

H2N-PH2. The curves showing the variation of the FC term
and1J(P-N) for H2N-PH2 have shapes similar to those shown
for H2N-NH2 in Figure 1. However, since the magnetogyric
ratios of15N and31P have opposite signs, both the FC term and
total 1J(P-N) are positive for all values of the dihedral angle.
(The similarity of these curves will be evident when the curves
for the reduced coupling constants for H2N-NH2 and H2N-
PH2 are compared.) FC and1J(P-N) are largest atθ ) 0° and
decrease asθ increases. As evident from Table S1, the PSO
and SD terms are relatively small and negative at all angles
and exhibit their minimum absolute values at the gauche
conformation.

H2P-PH2. Figure 2 depicts the variation of1J(P-P) and the
terms that contribute to this coupling constant as a function of
dihedral angleθ. In contrast to H2N-NH2 and H2N-PH2, the
PSO and SD terms each make relatively large contributions of
about 50 Hz to1J(P-P) at θ ) 0°. However, the PSO term
decreases rapidly with increasingθ, has its minimum value of
14 Hz at the gauche conformation, and then varies between 14
and 18 Hz asθ increases to 180°. The contribution of the SD
term varies between 46 and 53 Hz over the entire range of
dihedral angles but also has its minimum absolute value near
the gauche conformation. Since the signs of the PSO and SD
terms are again opposite that of the FC term and the rates at
which these terms change as a function ofθ are different,
1J(P-P) exhibits a maximum absolute value at a dihedral angle
of 60°, and then decreases, changes sign, and becomes slightly
positive (5 Hz) when the PSO and SD terms dominate atθ )
180°. The increased importance of the PSO term especially when
the lone pairs are eclipsed, and of the SD term over the entire
range of dihedral angles, may arise from the presence of high-
lying occupied orbitals associated with the phosphorus lone pairs
and low-lying virtual orbitals, which combine to form excited
singlet states that interact strongly with the ground state.

Variation of Coupling Constants for Molecules H2X-YH.
Coupling constants1J(X-Y) for molecules H2N-OH, H2N-
SH, H2P-OH, and H2P-SH which have two lone pairs on Y
and one on X are dominated by the FC term. The variation of
the PSO, FC, and SD terms and1J(N-O) for H2N-OH as a

CHART 1 CHART 2: Gauche Conformation at θ ) 90°
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function ofθ can be seen in Figure 3, which illustrates that the
shape of the1J(N-O) curve is essentially the shape of the FC
curve. The corresponding curves for H2N-SH and H2P-OH
are similar, although the signs of the FC terms and1J(X-Y)
are positive because of the differences in the signs of the
magnetogyric ratios of the coupled atoms. In contrast to
molecules H2X-YH2, the PSO and SD terms have their greatest
absolute values at the gauche conformation. Nevertheless, the
FC term dominates at all angles, and the sign of1J(X-Y) is
the sign of the FC term.

The corresponding plots for H2P-SH are given in Figure 4.
For this molecule, the FC term is negative and decreases in
absolute value with increasingθ. The PSO and SD contributions
are positive and have increased significance, particularly in the

region surrounding the gauche conformation where they have
their maximum values. Nevertheless, the sign of1J(P-S) is the
same as the sign of the FC term for all values ofθ. For all
molecules in this set, the signs of the PSO and SD terms are
opposite that of the FC term, and the reduced FC terms and
reduced X-Y coupling constants are always negative.

Variation of Coupling Constants for Molecules HX-YH.
There are interesting differences in total coupling constants and
terms which contribute to these for molecules HX-YH com-
pared with H2X-YH2 and H2X-YH.

HO-OH. Figure 5 shows PSO, SD, and FC terms and
1J(O-O) for HO-OH as a function of the H-O-O-H dihedral
angle. Once again, the signs of the PSO and SD terms are
opposite that of the FC term. However, the PSO term is positive

Figure 1. Variation of 1J(X-Y) (9) and the FC (b) term with torsion angle for H2N-NH2.

Figure 2. Variation of 1J(X-Y) (9) and FC (b), PSO ([), and SD (2) terms with torsion angle for H2P-PH2.
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and greater than the absolute value of the FC term at all values
of the dihedral angle. This term along with the SD term
dominate the FC term, which decreases in absolute value asθ
increases, with the result that1J(O-O) is positive over the entire
range of dihedral angles. Both the PSO and SD terms exhibit
minimum values at the gauche conformation and have similar
values at 0 and 180°. These variations are reflected in the
1J(O-O) curve, which has its minimum value in the gauche
region, and its largest value whenθ is 180° and the lone pairs
are trans with respect to the O-O bond. At this value of the
dihedral angle, the PSO and SD terms are large and positive,
while the FC term has decreased to its smallest negative value.

In a recent paper, Gra¨fenstein and Cremer28 noted that while
the FC term probes theσ-electron structure of a molecule, the
PSO and SD terms probe theπ-electron structure. Application
of their description to HO-OH provides some insight into the
variation of these noncontact terms with dihedral angle. Consider
the z-axis of HO-OH as co-incident with the O-O bond and
let thex-z plane be the plane of the molecule whenθ ) 0 and
180°. At these two conformations, HO-OH has a well-defined
π system (πy) and also a pseudo-π system in the plane of the

molecule (pseudo-πx). As θ increases from 0 to 180°, theseπ
systems are at first perturbed and then essentially destroyed at
the gauche conformation. Since the PSO and SD terms are
largest whenθ is 0 and 180°, and smallest at the 90° gauche
conformation, these results support the statement made in ref
28, namely, that the PSO and SD terms may be useful for
describing theπ character of covalent bonds. However, since
the PSO and SD terms are at a maximum at the gauche
conformation for molecules H2X-YH but at a minimum for
molecules HX-YH, further investigations into the relationship
between these terms and the presence ofπ and/or pseudo-π
bonds and their variation with dihedral angle are warranted. In
this context, it should also be noted that in a study of H3C-
OH, Pecul and Helgaker observed that the three-bond coupling
constant3J(H-H) becomes negative as the dihedral angle
approaches 90°.29

Figure 6 shows plots of1J(O-O) and the FC terms for HO-
OH at the fixed geometry used for this study and at geometries
which were optimized at each dihedral angle. The shapes of
the two 1J(O-O) curves are similar, although atθ ) 0°,
1J(O-O) for the frozen geometry is greater than1J(O-O) for

Figure 3. Variation of 1J(X-Y) (9) and FC (b), PSO ([), and SD (2) terms with torsion angle for H2N-OH.

Figure 4. Variation of 1J(X-Y) (9) and FC (b), PSO ([), and SD (2) terms with torsion angle for H2P-SH.
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the fixed, whereas atθ ) 180° the opposite is true. These
differences are directly attributable to differences in the FC
terms, since FC for the frozen geometry is less negative atθ )
0° but more negative whenθ ) 180°. The PSO and SD curves
are very similar at frozen and optimized geometries. This
comparison suggests that freezing the internal coordinates while
evaluating1J(X-Y) as a function of dihedral angle does not
introduce any anomalies into the results of these calculations.

HO-SH. Figure 7 shows PSO, SD, and FC terms and
1J(S-O) for HO-SH as a function ofθ. The pattern of changes
in PSO, SD, and FC terms observed for HO-OH is evident
once again. However, the PSO and SD terms are not as large
relative to the FC term for the mixed second-third period
molecule HO-SH compared with HO-OH, and there is a near
cancellation of PSO and SD terms with the FC term. As a result,
1J(S-O) has an absolute value of less than 10 Hz over the entire
range of dihedral angles. Its maximum value of+7.4 Hz is

found for the gauche conformation at which point the PSO and
SD terms have their minimum negative values and the FC term
dominates. Asθ increases, the FC term decreases and the PSO
and SD terms increase, making1J(S-O) negative atθ ) 180°.
The competition between the terms which contribute to1J(S-
O), and the maximum in this curve nearθ ) 90°, are evident
from Figure 7.

HS-SH. Figure 8 and Table S1 report variations in PSO,
FC, and SD terms and1J(S-S) as a function of dihedral angle.
Once again, both the PSO and SD terms are positive, have their
smallest values at the gauche conformation, and are largest when
θ is 0 and 180°. The FC term is of opposite sign and decreases
as θ increases. The net result is that1J(S-S) is essentially 0
Hz at 90° and has its largest positive values when the PSO and
SD terms dominate at 0° (9 Hz) and 180° (11 Hz), at which
angles theπ system is well-defined. However, the competition
between the PSO and SD terms with the FC term results in a

Figure 5. Variation of 1J(X-Y) (9) and FC (b), PSO ([), and SD (2) terms with torsion angle for HO-OH.

Figure 6. Variation of 1J(X-Y) (9) and FC (b) terms with torsion angle for HO-OH at the frozen geometry (solid lines) and at the optimized
geometry at each dihedral angle (dashed lines).
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relatively small S-S coupling constant over the entire range of
dihedral angles. The shape of the1J(S-S) curve is very similar
to the shape of the PSO curve, as evident from Figure 8.

At this point, it would be appropriate to compare the
computed coupling constants with experimental data. Unfortu-
nately, there is a scarcity of such data, and coupling constants
have not been measured for any of the 10 molecules investigated
in this work. The most closely related molecules are derivatives,
such as (C6H5)HN-NH2, for which the experimentally measured
15N-15N coupling constant is-6.7 Hz.30 This value corresponds
to a value of 84o for the dihedral angle computed from the
Karplus equation for H2N-NH2. 1J(P-N) has been measured
for (CH3)2N-P(CH3)2 (60 Hz) and (C6H5)HN-PH(C6H5) (53
Hz).31 These experimental values correspond to computed values
of 1J(P-N) for H2N-PH2 at small dihedral angles. Finally,
1J(P-P) has been determined experimentally for (CH3)2P-
P(CH3)2 (-180 Hz) and (C6H5)HP-PH(C6H5) (-191 Hz).32 The
largest computed values of1J(P-P) for H2P-PH2 are only-114
Hz. Either the calculations significantly underestimate the P-P
coupling constant or the substituents significantly increase
1J(P-P).

1K(X-Y) for HmX-YHn. To compare coupling constants
involving different atoms, it is necessary to use the reduced
coupling constants1K(X-Y),

whereγX andγY are the magnetogyric ratios of atoms X and Y
(15N and17O negative;31P and33S positive). A comparison of
the variation of1K(X-Y) with dihedral angle is most informa-
tive if done according to formula (H2X-YH2, H2X-YH, HX-
YH). Figure 9 shows the variation of1K(N-N), 1K(N-P), and
1K(P-P) for H2N-NH2, H2N-PH2, and H2P-PH2, respec-
tively, as a function of dihedral angle. The shapes of the
1K(N-N) and1K(N-P) curves are similar over the entire range
of θ values, but the curve for1K(P-P) is different forθ less
than 90°. The extremum found in the1K(P-P) curve at 60°
may be attributed to the decreased positive contributions of PSO
and SD terms to P-P coupling in the region surrounding the
gauche conformation. At an angle of 0° when the lone pairs on
X and Y are in a cis “eclipsed” conformation,1K(X-Y) for
the mixed second-third period molecule H2N-PH2 has the

Figure 7. Variation of 1J(X-Y) (9) and FC (b), PSO ([), and SD (2) terms with torsion angle for HO-SH.

Figure 8. Variation of 1J(X-Y) (9) and FC (b), PSO ([), and SD (2) terms with torsion angle for HS-SH.

1K(X-Y) ∝ 1J(X-Y)/(γX)(γY)
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largest absolute value, followed by H2N-NH2 and then H2P-
PH2. At 180° when the lone pairs are “trans”, the differences
among1K(X-Y) values are much smaller. H2N-PH2 still has
the largest (negative) reduced coupling constant, while H2N-
NH2 and H2P-PH2 have small, positive reduced N-N and P-P
coupling constants. However, the reduced one-bond coupling
constants1K(X-Y) for these three molecules are negative and
in violation of the Dirac Vector Model over most values of the
dihedral angle.

Figure 10 presents the reduced coupling constants1K(X-Y)
for H2N-OH, H2N-SH, H2P-OH, and H2P-SH as a function
of the dihedral angle.1K(X-Y) is negative for all values of
the dihedral angle and has is greatest absolute value whenθ )
0°. 1K(X-Y) shows only a small dependence on the dihedral
angle over the range between 140 and 180° and exhibits its
smallest absolute value whenθ is equal to 180°. At this angle,

the lone pairs on X and Y are on opposite sides of the X-Y
bond. Atθ ) 0°, the absolute value of1K(X-Y) decreases with
respect to X-Y in the order P-O > N-S > P-S > N-O;
that is, the reduced coupling constants are greater when X and
Y are from different periods. Despite these differences, the
similarities in the1K(X-Y) curves for molecules H2X-YH as
a function of dihedral angle are apparent from Figure 10.

The variation of1K(X-Y) with dihedral angle for molecules
HX-YH is illustrated in Figure 11 and is dramatically different
from the curves for H2X-YH2 and H2X-YH. Molecules H2X-
YH2 and H2X-YH have their largest negative values atθ )
0° and tend to decrease smoothly asθ increases to 180°. In
contrast,1K(X-Y) for HO-OH and HS-SH are positive for
all values of the dihedral angle and have their largest values at
θ ) 180°, when the lone pairs on X and Y are trans with respect
to the X-Y bond. Although1K(S-O) is negative initially, it

Figure 9. Variation of 1K(X-Y) for H2N-NH2 ([), H2N-PH2 (2), and H2P-PH2 (9) with torsion angle.

Figure 10. Variation of 1K(X-Y) for H2N-OH ([), H2N-SH (2), H2P-OH (b), and H2P-SH (9) with torsion angle.
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changes sign at an angle of about 130°. 1K(X-Y) for all
molecules in this set have minimum values asθ approaches
90° at which point the X-H and Y-H bonds lie in perpen-
dicular planes in a gauche conformation. Although the minimum
for HO-OH at this angle is very shallow, the overall shapes of
the three curves are similar. The differences in the1K(X-Y)
curves for molecules HX-YH compared with the corresponding
curves for H2X-YH2 and H2X-YH are a direct consequence
of the increased importance of the PSO and SD terms for
molecules HX-YH.

Conclusions

Ab initio EOM-CCSD calculations have been carried out to
determine the variation of one-bond X-Y coupling constants
1J(X-Y) and its components as a function of dihedral angle
for molecules H2X-YH2, H2X-YH, and HX-YH for X, Y )
15N, 17O, 31P, and33S, molecules which have at least one lone
pair of electrons on both X and Y. The results of these
calculations support the following statements:

(1) The reduced FC terms for all molecules are negative and
decrease in absolute value as the dihedral angleθ increases from
0° to 180°. This rotation changes the orientation of the lone
pairs relative to the X-Y bond from “cis” to “trans”. The
reduced PSO and SD terms are of opposite sign from the FC
term and have their maximum or minimum values at the gauche
conformation.

(2) For molecules H2X-YH2 which have one lone pair of
electrons on X and another on Y, the shape of the1J(X-Y)
curve as a function of dihedral angle is essentially the shape of
the FC curve. The PSO and SD terms are relatively small for
H2N-NH2 and H2N-PH2 but assume increased importance as
θ approaches 180° and the FC term decreases. In contrast, the
PSO and SD terms make relatively large contributions to the
total coupling constant for H2P-PH2. These terms have their
minimum absolute value at the gauche conformation for all
molecules in this set.

(3) For molecules H2X-YH which have one lone pair of
electrons on X and two lone pairs on Y, the sign of1J(X-Y) is
the same as the sign of the FC term, which is the dominant
term for all values of the dihedral angle. The signs of the PSO
and SD terms are opposite that of the FC term. However, in

contrast to molecules H2X-YH2, the PSO and SD terms have
their maximum absolute values at the gauche conformation.

(4) The variation in 1J(X-Y) with dihedral angle for
molecules HX-YH, which have two lone pairs on each atom,
is quite different from that observed for H2X-YH2 and H2X-
YH. While the signs of the PSO and SD terms are opposite
that of the FC term for HO-OH, the PSO and SD terms
dominate, with the result that the sign of1J(O-O) is determined
by the signs of these terms and is positive. For all molecules in
this set, the FC terms decrease in absolute value with increasing
θ, while PSO and SD terms assume increased importance over
the entire range of dihedral angles. These terms are of opposite
sign from the FC term and have their minimum absolute values
at the gauche conformation where1J(X-Y) also has its
minimum absolute value. However, for HO-SH and HS-SH,
the PSO and SD terms tend to cancel the FC term, with the
result that1J(O-S) and1J(S-S) are relatively small over the
entire range of dihedral angles.

(5) The reduced coupling constants1K(X-Y) are readily
grouped into families by formula, that is, by the number of
electron pairs on X and Y.

(a) Curves showing the variation of1K(X-Y) for molecules
H2X-YH2 have similar shapes, are large and negative atθ )
0°, and approach zero asθ approaches 180°. 1K(P-P) is
distinctive insofar as its maximum absolute value is not at 0°
due to the increased importance of the PSO and SD terms for
H2P-PH2 compared with the other two molecules in this set.
The reduced one-bond coupling constants are negative for most
values ofθ.

(b) The reduced coupling constants for molecules H2X-YH
are negative over the entire range of dihedral angles. The
1K(X-Y) curves have similar shapes, exhibiting their largest
negative values atθ ) 0° and approaching zero asθ approaches
180°.

(c) In contrast to the reduced coupling constants for the
previous two sets of molecules, the reduced coupling constants
1K(O-O) and1K(S-S) are positive for all values ofθ. Although
1K(O-S) is negative for most values of this angle, the shapes
of the 1K(X-Y) curves for molecules HX-YH are similar,
exhibit minimum absolute values at the gauche conformation,
and maximum positive values atθ ) 180°.

Figure 11. Variation of 1K(X-Y) for HO-OH ([), HO-SH (2), and HS-SH (9) with torsion angle.
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(d) For all 1K(X-Y), the order of curves within a given
family is such that the curve for molecules in which X and Y
are from different rows of the periodic table are more negative
(less positive) than the reduced coupling constants for molecules
in which X and Y are from the same period.
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