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Ab initio EOM-CCSD calculations have been performed on moleculgs+HyH,, for X, Y = 5N, 170, 3P,
and 23S, to investigate the variation of one-bond-X spin—spin coupling constant&J(X—Y) and the
components of J with rotation about the-X single bond. The reduced Fermi-contact (FC) terms for all 10
molecules are negative and decrease in absolute value as the rotationad ahgleges from Q at which
point the lone pairs of electrons are on the same side of th& Xond, to 180 where they are trans with
respect to the XY bond. The signs of reduced paramagnetic smirbit (PSO) and spirndipole (SD) terms
are opposite that of the FC term and exhibit extremum valuésaggproaches 90the gauche conformation.
While the FC term tends to dominate for moleculeXHYH, and HX—YH, such is not the case for HX
YH, where the PSO and SD terms assume increased importance. Cur&ferY) as a function of rotational
angle are readily grouped according to formulgXHYH,, HoX—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 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 ofJ(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 constant$K(X —Y) for these molecules related, and

if so, what determines this relationship?

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 theYX
bond can be defined by the-Xr distance, the AX—Y and
X—Y—B angles, and the A-XY —B dihedral (torsion) angle
6. It is intuitively clear that changes in the-Xr distance or in
the A-X—=Y and X—Y—B angles will change the one-bond
X—=Y coupling constantJ(X—Y). What is not obvious is how
changes in the dihedral AX—Y —B angle will affect'J(X—

Y) since the geometry of the XY bond itself is essentially ~ Methods

unc_ha_mged as thg dihedral angle_ changes. Nor is it obviou_s how T4 determine the dependence {X—Y) on the dihedral
\Z/arlatlon In tf;e dihedral angle will change two-bond couplings e it is necessary to keep all of the geometrical parameters
3J(A:Y) and*J(X—B). However, if Aand B are H atoms, then  ¢,"4ch molecule fixed as this angle is varied for the calculation
J(H—H) is known to depend on the dihedral anglea property ¢ o6 nling constants. To obtain a reasonable set of fixed
which was discovered and given a theoretical justification by e ometrical parameters, the structures of these molecules were
Karplus and which now deservedly bears his narhe. _ optimized at dihedral angles of @nd 180, and in some cases,

‘The question of how a one-bond coupling constant varies {he molecule was fully optimized, including the dihedral angle,
with dihedral angle led us to compute coupling constlgnts for if the equilibrium structure did not correspond to a value of 0
EoleggleslﬂX;\(Hz, HX—YH, and HX=YH,for X, Y =™N, o 180 for that angle. Then, average values of all internal
. O, *'P, and**S. We observed Karplus-type variations in  cqordinates for these structures were obtained and were fixed
J(X=Y) as a function of dihedral angle and, in a recent letter, ¢, subsequent calculations of coupling constants as a function
reported the Karplus-type equations which were derived. In so o the dihedral angle. The values of these coordinates are
doing, we demonstrated that even one-bond coupling constantseported in Table 1. To examine the effect of freezing internal
in molecules with lone pairs of electrons on X and Y can vary coordinates, the structure of HEH was also fully optimized

significantly as the Xk group is rotated about the-Xy bond. 5t g4ch dihedral angle, aAd(O—0) values were computed for
This is an important observation and represents an extensiongach structure. Geometry optimizations were carried out at
of the Karplus relationship for three-bond— coupling second-order MgllerPlesset perturbation theory (MP2J with

%J(H—H) in H—C~C~H fragments. However, inref 3, no data  he 6.33-G(d,p) basis sét™! for molecules in which X and Y

are both second-period elements and with the aug-cc-PVTZ
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TABLE 1: Distances (angstroms) and Angles (degrees) for MoleculesX—YH,

distances angles
HmX—YH, X=Y X—H Y—H H—-X—-Y X—Y—H H—-X—H H-Y—H
H.N—NH; 1.460 1.015 1.015 107.5 107.5 106.0 106.0
H.N—PH, 1.763 1.013 1.417 110.6 98.0 106.1 91.8
H,P—PH, 2.252 1.414 1.414 95.0 95.0 92.6 92.6
HN—OH 1.452 1.017 0.966 101.9 103.4 106.2
H,N—SH 1.718 1.011 1.346 111.1 99.5 108.8
H,P—OH 1.670 1.417 0.963 99.6 110.0 92.4
H,P—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 from orbital currents induced by the magnetic fields of the
Components of J (Hz) for Molecules CH—CHs, CH;OH, nuclei, while the SD term results from the spin polarization
and CHsSH caused by the magnetic dipole field of the nuclear moment. As
HsC—CHg? will become obvious below, these terms can vary significantly
0 PSO EC sSD 1J(C-C) as the dihedral angle changes.
0 0.7 35.1 11 37.0 . _
20 05 35.1 1.1 36.9 Results and Discussion
28 8:2 §§§ 1:8 gg:g Before discussing the variation &J(X—Y) and its compo-
nents for the 10 molecules investigated in this study, it is
CH,OH® advantageous to consider how these terms vary as a function
0 PSO FC SD J(C-0) of dihedral angle for HC—CHj; with no lone pairs of electrons
0 -3.1 19.2 -2.2 13.9 and HC—OH and HC—SH which have two lone pairs on O
20 -3.0 19.3 -2.2 14.0 and S, respectively, but none on C. The data required for this
40 —2.9 19.3 —21 14.2 analysis are reported in Table 2. From these data, it can be seen
60 —2.8 193 —21 14.3 that1J(C—C) for H;C—CHs is dominated by the FC term, which
CHzSH is essentially constant as the dihedral angle changes. Both the
0 PSO EC ) 13(C-S) PSO and SD terms are small, with the SD remaining essentially
constant and the PSO term decreasing by 0.5 Hz as one CH
0 2.7 —10.6 2.2 —-5.7 . . o
20 26 107 55 59 group rotates from an eclipsed conformationfat 0°, to a
40 2.4 ~10.7 21 —6.2 staggered conformation & = 60°. The computed values of
60 2.3 —10.7 2.1 -6.3 1J(C-C) are in agreement with the experimental value of 34.6
3 C—H bonds eclipsed af = 0° and staggered & = 60°. " The Hz2 . .
O—H and S-H bonds eclipse a €H bond at = 0° and are staggered Introducing lone pairs on one atom leads to notable changes
with respect to the €H bonds a9 = 60°. in the total coupling constantd(C—0) and'J(C—S) and their

components. For both &—0H and HC—SH, the FC terms
still dominate and remain essentially constant as the dihedral
Ab initio spin—spin coupling constants were computed using angle changes. However, the PSO and SD terms assume
the equation-of-motion coupled-cluster singles and doubles increased importance and are of opposite sign relative to the
method (EOM-CCSD) in the ClI (configuration interaction)-like FC term. The PSO term decreases slightly in absolute value as
approximatiof® 18 with all electrons correlated, using the @ increases, while the SD term remains relatively constant. For
Ahlrichs gzp basis set on N and O and the gz2p basis on H, P,both HHC—OH and HC—SH, there is a small decrease in the
and S'° This level of theory gives computed coupling constants total coupling constant as the-® and S-H bonds rotate from
in agreement with experiment, without any rescaling of the an eclipsed to a staggered conformation relative to th¢4C
computed values. For these calculations, the dihedral afiyle (  bonds, although this variation is less than 1 Hz. Finally, the

was set to @ and then incremented to 18 steps of 20. At reduced FC terms and reduced total coupling constants for these
each value off), the total coupling constantJ(X—Y) was two molecules are negative. Thus, the presence of lone pairs of
evaluated as a sum of four terrffsthe paramagnetic spin electrons on O or S is sufficient to change the sign of the reduced
orbit (PS0O), diamagnetic spirorbit (DSO), Fermi-contact (FC),  FC terms and the reduced coupling constants from positive in
and spin-dipole (SD), using the ACES Il prograf. All H3zC—CHjz to negative in HC—OH and HC—SH and to make
calculations were carried out at the Ohio Supercomputer Centerthe signs of the PSO and SD terms opposite that of the FC
on the Cray X1 or the Itanium cluster. term.

The terms that may make significant contributiondx(X— Having described total J and its components as a function of
Y) for the 10 molecules investigated in this study are the PSO, dihedral angle for moleculess8—CHgs, H3C—OH, and HC—
FC, and SD terms. From a sum-over-states perspetitres SH, it is now appropriate to return to the behavior of the one-

FC term arises from coupling between the ground state and bond X—Y coupling constants for the 10 molecules investigated
excited triplet states, since the operator for the FC term containsin this study. To facilitate analysis of coupling constants as a
spin. The FC term is a contact term and thus depends onfunction of dihedral angle for molecules with lone pairs of
o-electron densities at the coupled nuclei. The PSO and SDelectrons on X and Y, the conformations corresponding to a
operators do not contain spin, and therefore, it is excited singletdihedral angle of ® were defined as shown in Chart 1. For
states which couple to the ground state. Both terms depend upormolecules HX—YH,, atf = 0°, the bisectors of the HX—H

the distribution of electrons other than The PSO term arises  and H-Y —H angles define a plane and are “cis” to each other
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with respect to the XY line. Relative to the bisectors, the lone

pairs of electrons on X and Y lie on the opposite side of the 1, the Dirac Vector Models which states that reduced one-
X—Y bond, cis to each other and in an “eclipsed” conformation, pong coupling constants are positive. From a sum-over-states
as indicated in Chart 1. For moleculesXt-YH, a dihedral perspective, the sign of the FC term is determined by a
angle of 0 places the bisector of the+X—H angle and the  competition between triplet excited states which couple to the
Y—H bond "cis” to each other. The lone pairs on X and Y are groynd state and make positive contributions to the FC term
then oriented as shown in Chart 1. In this orientation, the tWo (ihe nyclear magnetic moments are antiparallel) and those which
lone pairs on Y are equivalent and together in closest proximity make negative contributions (parallel nuclear magnetic mo-
to the lone pair on X. Finally, the “cis” orientation of X ments). The NMR Triplet Wavefunction Model (NMRTWE)

and Y—H bonds defines a dihedral angle df for molecules  ggqgests that nodal properties of the dominant excited states

HX—YH, as illustrated in Chart 1. The lone pairs on X and Y change as the orientation of the lone pairs changes. This is a
are eclipsed and in closest proximityéat= 0°. The PSO, FC,  yecyrring theme for all molecules X —YH.

and SD terms ant(X—Y) values as a function of the dihedral H,N—PH,. The curves showing the variation of the FC term
angle for the 10 molecules investigated in this study are reportedanle(P_N) for H,N—PH, have shapes similar to those shown
in Table S1 of the Supporting Information. for HoN—NH, in Figure 1. However, since the magnetogyric
Variation of Coupling Constants for Molecules H-X—YHo. ratios of’>N and3lP have opposite signs, both the FC term and
HoN—NH,. Figure 1 illustrates the variation of the FC term and  total 1J(P-N) are positive for all values of the dihedral angle.
1J(N-N) as a function of the dihedral anglefor HoN—NH. (The similarity of these curves will be evident when the curves

It is evident that the shape of tA@(N—N) curve is that of the for the reduced coupling constants fopN+NH, and HN—

FC curve. The FC term itself is always negative and has its PH, are compared.) FC arid(P-N) are largest aff = 0° and
greatest absolute value whérnis 0° and the lone pairs are in  decrease a8 increases. As evident from Table S1, the PSO
closest proximity, “cis” with respect to the-XY bond. Thus, ~ and SD terms are relatively small and negative at all angles
both the FC term ant)(N—N) decrease in absolute value@s  and exhibit their minimum absolute values at the gauche
increases from 0 to 180Since this behavior was not seen for conformation.

H3C—CHs, Hi;C—OH, and HC—SH, the decrease in the FC  H,P—PH,. Figure 2 depicts the variation &J(P-P) and the
term as the dihedral angle increases may be attributed primarilyterms that contribute to this coupling constant as a function of
to the presence of the lone pairs on the two N atoms and theirdihedral angled. In contrast to HIN—NH, and HIN—PH,, the
relative orientation. Once again, the PSO and SD terms arepSO and SD terms each make relatively large contributions of
relatively small and positive. However, while they exhibit only about 50 Hz to'J(P-P) at® = 0°. However, the PSO term

a relatively small variation with dihedral angle, both terms decreases rapidly with increasifighas its minimum value of
decrease and have a minimum value réear90°. In the context 14 Hz at the gauche conformation, and then varies between 14
of molecular geometries, an equilibrium geometry at this and 18 Hz a¥) increases to 180 The contribution of the SD
conformation is referred to as the gauche geometry, a result ofterm varies between 46 and 53 Hz over the entire range of
the “gauche effect, a tendency for a molecule to adopt that dihedral angles but also has its minimum absolute value near
structure which has the maximum number of gauche interactionsthe gauche conformation. Since the signs of the PSO and SD

between the adjacent electron pairs and/or polar boffdgfie terms are again opposite that of the FC term and the rates at
gauche effect has been associated with a dihedral angle of aboufvhich these terms change as a functionéofre different,
90° for the equilibrium conformation of PN—NH,.2* (The 1J(P-P) exhibits a maximum absolute value at a dihedral angle

computed MP2/6-31G(d,p) value of this angle for the equi-  of 60°, and then decreases, changes sign, and becomes slightly
librium structure is 91) In this paper, conformations in the  positive (5 Hz) when the PSO and SD terms dominaté at
region surrounding? = 90° will be referred to as gauche  18(. The increased importance of the PSO term especially when
conformations and are illustrated in Chart 2. It has been notedthe lone pairs are eclipsed, and of the SD term over the entire
previously that the gauche effect is related to the anomeric range of dihedral angles, may arise from the presence of high-
effect22 lying occupied orbitals associated with the phosphorus lone pairs
It is apparent that the PSO and SD terms make relatively and low-lying virtual orbitals, which combine to form excited
small contributions to the total coupling constant at small values singlet states that interact strongly with the ground state.
of the dihedral angle, but at large angles as the FC term Variation of Coupling Constants for Molecules HoX—YH.
decreases, the positive PSO and SD terms rhaké-N) small Coupling constant3J(X—Y) for molecules HIN—OH, H,N—
but positive. It is interesting to note th&t(N—N) is negative SH, Hb,P—OH, and BP—SH which have two lone pairs on Y
for most values of), which means that the reduced coupling and one on X are dominated by the FC term. The variation of
constantK(N—N) is also negative, and therefore an exception the PSO, FC, and SD terms aAt{N—O) for H,N—OH as a



2520 J. Phys. Chem. A, Vol. 111, No. 13, 2007 Del Bene and Elguero

angle (°)
Figure 1. Variation of 2J(X—Y) (M) and the FC @) term with torsion angle for tN—NH,.
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Figure 2. Variation of 1J(X—Y) (M) and FC @), PSO @), and SD 4) terms with torsion angle for #—PH,.

function of 6 can be seen in Figure 3, which illustrates that the region surrounding the gauche conformation where they have
shape of théJ(N—O) curve is essentially the shape of the FC their maximum values. Nevertheless, the sighJgP—S) is the
curve. The corresponding curves fopNt-SH and HP—OH same as the sign of the FC term for all valuesfofror all

are similar, although the signs of the FC terms aRgK—Y) molecules in this set, the signs of the PSO and SD terms are
are positive because of the differences in the signs of the opposite that of the FC term, and the reduced FC terms and
magnetogyric ratios of the coupled atoms. In contrast to reduced X-Y coupling constants are always negative.
molecules HX—YH,, the PSO and SD terms have their greatest ~ Variation of Coupling Constants for Molecules HX—YH.
absolute values at the gauche conformation. Nevertheless, thelhere are interesting differences in total coupling constants and

FC term dominates at all angles, and the sigitJK—Y) is terms which contribute to these for molecules HXH com-
the sign of the FC term. pared with HX—YH, and HX—YH.
The corresponding plots forJR—SH are given in Figure 4. HO—OH. Figure 5 shows PSO, SD, and FC terms and

For this molecule, the FC term is negative and decreases in1J(O—0O) for HO—OH as a function of the HO—O—H dihedral
absolute value with increasirfly The PSO and SD contributions  angle. Once again, the signs of the PSO and SD terms are
are positive and have increased significance, particularly in the opposite that of the FC term. However, the PSO term is positive
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Figure 3. Variation of XJ(X—Y) (M) and FC @), PSO @), and SD &) terms with torsion angle for #N—OH.
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Figure 4. Variation of 1J(X—Y) (W) and FC @), PSO @), and SD 4) terms with torsion angle for $#—SH.

and greater than the absolute value of the FC term at all valuesmolecule (pseudas). As 6 increases from 0 to 180theser

of the dihedral angle. This term along with the SD term systems are at first perturbed and then essentially destroyed at

dominate the FC term, which decreases in absolute valée as the gauche conformation. Since the PSO and SD terms are

increases, with the result thal{O—0) is positive over the entire  largest wher? is 0 and 180, and smallest at the 9@auche

range of dihedral angles. Both the PSO and SD terms exhibit conformation, these results support the statement made in ref

minimum values at the gauche conformation and have similar 28, namely, that the PSO and SD terms may be useful for

values at 0 and 180 These variations are reflected in the describing ther character of covalent bonds. However, since

1J(O-0) curve, which has its minimum value in the gauche the PSO and SD terms are at a maximum at the gauche

region, and its largest value whérns 180 and the lone pairs  conformation for molecules $X—YH but at a minimum for

are trans with respect to the<® bond. At this value of the molecules HX-YH, further investigations into the relationship

dihedral angle, the PSO and SD terms are large and positive,between these terms and the presence afnd/or pseudoe

while the FC term has decreased to its smallest negative value bonds and their variation with dihedral angle are warranted. In
In a recent paper, Gfenstein and Cremé&tnoted that while this context, it should also be noted that in a study g€H

the FC term probes the-electron structure of a molecule, the OH, Pecul and Helgaker observed that the three-bond coupling

PSO and SD terms probe theelectron structure. Application  constant3J(H—H) becomes negative as the dihedral angle

of their description to HG-OH provides some insight into the  approaches 9¢°

variation of these noncontact terms with dihedral angle. Consider Figure 6 shows plots dfJ(O—0) and the FC terms for HO

the z-axis of HO—OH as co-incident with the ©0 bond and OH at the fixed geometry used for this study and at geometries

let thex—z plane be the plane of the molecule wh&r 0 and which were optimized at each dihedral angle. The shapes of

18C°. At these two conformations, HOOH has a well-defined the two 1J(O-0) curves are similar, although #& = 0°,

7 system fry) and also a pseudo-system in the plane of the  1J(O-0) for the frozen geometry is greater th&t{O—0O) for



2522 J. Phys. Chem. A, Vol. 111, No. 13, 2007 Del Bene and Elguero

40 -

%0 \
 —

20 3

10 A

Hz

-10 4
-20 1

-30i

-40

0 26 4'0 e;o 85 160 1§o 1:10 1éo 1180
angle (°)
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Figure 6. Variation of 1J(X—Y) (M) and FC @) terms with torsion angle for HOOH at the frozen geometry (solid lines) and at the optimized
geometry at each dihedral angle (dashed lines).

the fixed, whereas aff = 180C° the opposite is true. These found for the gauche conformation at which point the PSO and
differences are directly attributable to differences in the FC SD terms have their minimum negative values and the FC term
terms, since FC for the frozen geometry is less negative=at dominates. A% increases, the FC term decreases and the PSO
0° but more negative whefi = 180°. The PSO and SD curves  and SD terms increase, makiht(S—0) negative at = 180°.
are very similar at frozen and optimized geometries. This The competition between the terms which contributé}(&—
comparison suggests that freezing the internal coordinates whileO), and the maximum in this curve ne@r= 90°, are evident
evaluating?J(X—Y) as a function of dihedral angle does not from Figure 7.
introduce any anomalies into the results of these calculations. HS—SH Figure 8 and Table S1 report variations in PSO,
HO—SH Figure 7 shows PSO, SD, and FC terms and FC, and SD terms and(S—S) as a function of dihedral angle.
1J(S-0) for HO—SH as a function ofl. The pattern of changes  Once again, both the PSO and SD terms are positive, have their
in PSO, SD, and FC terms observed for HOH is evident smallest values at the gauche conformation, and are largest when
once again. However, the PSO and SD terms are not as larged is 0 and 180. The FC term is of opposite sign and decreases
relative to the FC term for the mixed secorithird period as 6 increases. The net result is tHa(S-S) is essentially 0
molecule HO-SH compared with HO OH, and there isanear Hz at 90 and has its largest positive values when the PSO and
cancellation of PSO and SD terms with the FC term. As a result, SD terms dominate at°Q9 Hz) and 180 (11 Hz), at which
1J(S-0) has an absolute value of less than 10 Hz over the entire angles ther system is well-defined. However, the competition
range of dihedral angles. Its maximum value-67.4 Hz is between the PSO and SD terms with the FC term results in a
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relatively small S-S coupling constant over the entire range of ~ 1K(X=Y) for HX—YH, To compare coupling constants
dihedral angles. The shape of S-S) curve is very similar involving different atoms, it is necessary to use the reduced

to the shape of the PSO curve, as evident from Figure 8. coupling constant3K(X —Y),
At this point, it would be appropriate to compare the
computed coupling constants with experimental data. Unfortu- Kx-Y)O lJ(X—Y)/(;/X)(y\()

nately, there is a scarcity of such data, and coupling constants

have not been measured for any of the 10 molecules investigatedvhereyx andyy are the magnetogyric ratios of atoms X and Y
in this work. The most closely related molecules are derivatives, (15N and’O negative P and33S positive). A comparison of
such as (gHs)HN—NH,, for which the experimentally measured the variation oftK(X —Y) with dihedral angle is most informa-
15N —15N coupling constant is-6.7 Hz3° This value corresponds tive if done according to formula (K—YHy, HoX—=YH, HX—

to a value of 84 for the dihedral angle computed from the YH). Figure 9 shows the variation 8K(N—N), 1K(N—P), and
Karplus equation for BN—NH,. 1J(P-N) has been measured K(P—P) for H,N—NH,, H,N—PH,, and HP—PH,, respec-
for (CH3).N—P(CHg), (60 Hz) and (GHs)HN—PH(GsHs) (53 tively, as a function of dihedral angle. The shapes of the
Hz) 31 These experimental values correspond to computed values'K(N—N) and*K(N—P) curves are similar over the entire range
of 1J(P-N) for H.N—PH, at small dihedral angles. Finally, of 6 values, but the curve folK(P—P) is different for6 less
1J(P-P) has been determined experimentally for ¢ER-— than 90. The extremum found in th&(P—P) curve at 60
P(CHg), (—180 Hz) and (gHs)HP—PH(CGsHs) (—191 Hz)32 The may be attributed to the decreased positive contributions of PSO
largest computed values &f(P—P) for HbLP—PH; are only—114 and SD terms to PP coupling in the region surrounding the
Hz. Either the calculations significantly underestimate thd’P gauche conformation. At an angle df @hen the lone pairs on
coupling constant or the substituents significantly increase X and Y are in a cis “eclipsed” conformatiofiK(X —Y) for
LJ(P-P). the mixed secondthird period molecule EN—PH, has the
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Figure 9. Variation of 'K(X—Y) for H,N—NH, (#), H2N—PH, (a), and HP—PH, (H) with torsion angle.
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Figure 10. Variation of *K(X—Y) for H,N—OH (#), H,N—SH (a), H,P—OH (®), and HP—SH (&) with torsion angle.

largest absolute value, followed byN—NH; and then HP—
PH,. At 180° when the lone pairs are “trans”, the differences
among!K(X —Y) values are much smaller.,N—PH, still has
the largest (negative) reduced coupling constant, whid-H
NH, and HP—PH, have small, positive reduced\N and P-P

the lone pairs on X and Y are on opposite sides of theYX
bond. At6 = 0°, the absolute value 6K(X —Y) decreases with
respect to XY in the order PO > 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

coupling constants. However, the reduced one-bond coupling similarities in the!K(X —Y) curves for molecules pK—YH as
constant$K (X —Y) for these three molecules are negative and a function of dihedral angle are apparent from Figure 10.

in violation of the Dirac Vector Model over most values of the
dihedral angle.

Figure 10 presents the reduced coupling constd(®s —Y)
for H;N—OH, H,N—SH, H,P—OH, and BP—SH as a function
of the dihedral angle!K(X—Y) is negative for all values of
the dihedral angle and has is greatest absolute value @ken
0°. IK(X —Y) shows only a small dependence on the dihedral
angle over the range between 140 and°180d exhibits its
smallest absolute value whérns equal to 180. At this angle,

The variation oftK(X —Y) with dihedral angle for molecules
HX—YH is illustrated in Figure 11 and is dramatically different
from the curves for X —YH, and HX—YH. Molecules BX—

YH, and LX—YH have their largest negative valuest=

0° and tend to decrease smoothly @sncreases to 180 In
contrast,!K(X—Y) for HO—OH and HS-SH are positive for

all values of the dihedral angle and have their largest values at
6 = 180, when the lone pairs on X and Y are trans with respect
to the X=Y bond. Although!K(S—0) is negative initially, it
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Figure 11. Variation of '®K(X—Y) for HO—OH (®), HO—SH (a), and HS-SH (@) with torsion angle.

changes sign at an angle of about 13tK(X—Y) for all contrast to molecules #A—YH,, the PSO and SD terms have
molecules in this set have minimum values@spproaches  their maximum absolute values at the gauche conformation.
90° at which point the X-H and Y—H bonds lie in perpen- (4) The variation in1J(X-Y) with dihedral angle for

dicular planes in a gauche conformation. Although the minimum molecules HX-YH, which have two lone pairs on each atom,
for HO—OH at this angle is very shallow, the overall shapes of is quite different from that observed for,K—YH, and HpX—

the three curves are similar. The differences in tKeX —Y) YH. While the signs of the PSO and SD terms are opposite
curves for molecules HXYH compared with the corresponding that of the FC term for HOOH, the PSO and SD terms
curves for HX—YH; and HX—YH are a direct consequence dominate, with the result that the sign’d{O—0) is determined

of the increased importance of the PSO and SD terms for by the signs of these terms and is positive. For all molecules in

molecules HX-YH. this set, the FC terms decrease in absolute value with increasing
. 0, while PSO and SD terms assume increased importance over
Conclusions the entire range of dihedral angles. These terms are of opposite

Ab initio EOM-CCSD calculations have been carried out to sign from the FC term and have their minimum absolute values

determine the variation of one-bond-¥ coupling constants @t the gauche conformation whefg(X—Y) also has its
13(X—Y) and its components as a function of dihedral angle Minimum absolute value. However, for HGH and HS-SH,

for molecules HX—YHa, HoX—YH, and HX—YH for X, Y = the PSO and SD terms tend to cancel the FC term, with the
15\, 170, 31P, and®3S, molecules which have at least one lone esult thatlJ(O—S) and1J(S-S) are relatively small over the
pair of electrons on both X and Y. The results of these entire range of dihedral angles.
calculations support the following statements: (5) The reduced coupling constanis(X—Y) are readily

(1) The reduced FC terms for all molecules are negative and 9rouped into families by formula, that is, by the number of
decrease in absolute value as the dihedral ahglereases from electron pairs on X and Y.
0° to 18C. This rotation changes the orientation of the lone (&) Curves showing the variation & (X —Y) for molecules
pairs relative to the XY bond from “cis” to “trans”. The = H2X—YH; have similar shapes, are large and negative at
reduced PSO and SD terms are of opposite sign from the FCO°, and approach zero a8 approaches 180 'K(P—P) is
term and have their maximum or minimum values at the gauche distinctive insofar as its maximum absolute value is not°at 0

conformation. due to the increased importance of the PSO and SD terms for
(2) For molecules BX—YH; which have one lone pair of H2P—PH; compared with the other two molecules in this set.
electrons on X and another on Y, the shape of thgX—Y) The reduced one-bond coupling constants are negative for most

curve as a function of dihedral angle is essentially the shape ofvalues of6.

the FC curve. The PSO and SD terms are relatively small for  (b) The reduced coupling constants for moleculeX HYH
H,N—NH; and HN—PH, but assume increased importance as are negative over the entire range of dihedral angles. The
6 approaches 180and the FC term decreases. In contrast, the *K(X—Y) curves have similar shapes, exhibiting their largest
PSO and SD terms make relatively large contributions to the negative values @ = 0° and approaching zero &sapproaches
total coupling constant for #P—PH,. These terms have their =~ 180°.

minimum absolute value at the gauche conformation for all  (c) In contrast to the reduced coupling constants for the

molecules in this set. previous two sets of molecules, the reduced coupling constants
(3) For molecules bX—YH which have one lone pair of 1K(O—0) and!K(S—S) are positive for all values @f. Although
electrons on X and two lone pairs on Y, the signtd@X—Y) is 1K(O-S) is negative for most values of this angle, the shapes

the same as the sign of the FC term, which is the dominant of the *K(X—Y) curves for molecules HXYH are similar,
term for all values of the dihedral angle. The signs of the PSO exhibit minimum absolute values at the gauche conformation,
and SD terms are opposite that of the FC term. However, in and maximum positive values at= 18C.
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(d) For all tK(X=Y), the order of curves within a given ] (010) Sl:iténhag;i,ggévg/-;scsgsrk, T.; Chandrasekhar, J.; Schleyer, P. v. R.
i i i i . Comput. Che \ .
family is SgCh that the curve for mo!eCUIes In which X and .Y (11) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. v. R.
are from _qlﬁerent rows of the perlodlp table are more negative ; Comput. Cher983 4, 294.
(less positive) than the reduced coupling constants for molecules  (12) bunning, T. H., JrJ. Chem. Phys1989 90, 1007.
in which X and Y are from the same period. (13) Woon, D. E.; Dunning, T. H., J8. Chem. Phys1995 103 4572.
(14) Frisch, M. J.; et alGaussian03Gaussian, Inc.: Wallingford, CT,

. ; 2004.
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