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EOM-CCSD calculations are performed to evaluate two-58@H-°N spin—spin coupling constant§"{c—v)

for CIH:NH3; complexes. Coupling constants for structures in external electric fields of 0.0000, 0.0055, and
0.0150 au are investigated as models for complexes with traditional, proton-shared, and ion-pair hydrogen
bonds. Two-dimensional coupling constant surfaces are constructed at these field strengths in the NH and
CIH distances, and expectation valué)c_yL] are calculated for ground and selected excited vibrational
states of the dimer- and proton-stretching modes from the corresponding anharmonic wave functions. Single-
point values?'Jc—y, are also calculated at the equilibrium geometry for each field strength and at the geometry
corresponding to the ground-state expectation values of the NH and CIH bond lengths. Coupling constants
evaluated in the presence of the electric field are referred to as exgiligit nJand?Jg—n. Implicit B"Ng—nO
and?"Jq_y are evaluated from the zero-field coupling constant surface using the geometries and vibrational
wave functions (for expectation values) from the 0.0055 and 0.0150 au surfaces3Bgthand 2" Jc—y

are larger when computed in the presence of the external field, and exhibit maximum (absolute) values for
proton-shared hydrogen bond&c,—y computed at the equilibrium geometry may be significantly different
from [B"Jg-nId o and?"Je—n computed at the ground-state geometry, but whether the equilibrium or the ground-
state coupling constant is greater depends on hydrogen bond type. Similarly, isotopic substitution of D for
the hydrogen-bonded H also changes b8th,—yCand?"Jq—y, but which isotopomer has the larger coupling
constant also depends on hydrogen bond type. Thermal vibrational averaging of GlahNEID:NH; CI—N
spin—spin coupling constants at temperatures below 300 K has essentially no effect.

Introduction hydrogen-bonding axi& At zero-field, CIH:NH; is stabilized

by a traditional C+H---N hydrogen bond. As the field increases

to 0.0055 au, the hydrogen bond becomes a proton-shared
Cl++-H---N bond which is close to quasisymmetric. At the higher
field of 0.0150 au, the hydrogen bond has GitH—N ion-

Recent studies of NMR two-bond spispin coupling con-
stants {"Jx_v) across X-H—Y hydrogen bonds have suggested
that structural data and information about hydrogen bond type
can be obtained from"Jy_y.1723 Our work in this area has .
focused on systematic ab initio EOM-CCSD studies of spin pair character. . .
spin coupling constants across hydrogen bdfid®. In these In the present work, we will address the following funda-
studies, we have addressed fundamental questions Concemingnental questions, each of which is relevant to the interpretation
the dependence 8fJx_y on X—Y distances, the nature of the of experimental data.
atoms X and Y, the bonding at these atoms, the charge on the 1. How do coupling constants vary with hydrogen bond type?
complex, the orientation of the hydrogen-bonded pair, and the 2. How do CHN coupling constants computed for equilib-
hydrogen bond type. rium structures compare with those evaluated at ground-state

As part of a continuing effort to better characterize and geometries, that is, geometries corresponding to the ground-
understand coupling constants, we have embarked on a detailegtate expectation values of the coordinates, and with coupling
study of two-bond coupling constants across the hydrogen bondconstants evaluated as expectation values for ground and excited
in a model complex, CIH:Nkl Despite the fact that there are vibrational states?
no experimental measurements’aE|—1°N coupling constants 3. To what extent does thermal vibrational averaging over
(the chlorine atom has a nuclear quadrupole, which results in dimer- and proton-stretching excited states change coupling
very fast spin relaxation times), the CIH:NHomplex is constants?
attractive from a theoretical viewpoint, because it is possible 4. How do coupling constants evaluated as explicit and
to change the nature of the @H—N hydrogen bond by  implicit functions of the strength of an external field compare?
applying external electric fields of varying strengths along the Here we use explicit and implicit to mean that the coupling
constant is calculated in the presence or absence of the electric
:\T(guwng‘s’gvgr?’gizfeoﬁdn?\’)ecgif;o“'d be addressed. field, respectively. For both calculations, the geometries and

wave functions (for expectation values) have been calculated

* University of Florida.
8 University of Sydney. in the presence of the field.
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Figure 1. Square of the ground-state wave functions (upper plots) and the wave functions forthestate of the proton-stretching mode (lower

plots) superimposed on the potential energy surfaces at field strengths of 0.0000, 0.0055, and 0.0150 au. Contour values are at 0.0005, 0.001, 0.002,
0.003, 0.005, 0.01, 0.02, and 0.03 au above the global minimum. Plots for the ground-state wave functionsvandlLtktate of the proton-

stretching vibration at zero-field are taken from ref 24.

5. What effect does isotopic substitution of D for the of the polynomial extrapolations has been investigated. Coupling

hydrogen-bonded H have on-€&N coupling constants? constant surfaces were constructed at zero-field and at field
strengths of 0.0055 and 0.0150 au.
Methods of Calculation The two-dimensional anharmonic vibrational wave functions

In a previous stud§ two-dimensional potential energy obtained at field strengths of 0.0000, 0.0055, and 0.0150 au

surfaces at second-order MghePlesset perturbation theory ~Were used to obtain expectation valuéjci-nTJ of coupling

(MP2Y5-28 with the augrcc-pVDZ basis sé8®were generated constants in the ground and excited states of the dimer- and
for CIH:NH; by freezing the NH coordinates at their equilip- ~ Proton-stretching modes from tilci y surface at zero-field.

rium values and then varying the ©H and N-H distances. .Cou.pl.ing constants o_btained in this way are refgrred to as
Results at nonzero-field strengths were similarly obtained by IMPlicit 3Jci-nC The vibrational wave functions obtained from
applying an external field along the €H—N direction of the the 0.0055 and O.h0150 au potential energy s_urfaces were also
complex and varying the €H and N—H distances. The ab used to computé&hc—yLfrom the corresponding 0.0055 and

initio data points were generated to cover the most chemically 0.0150 au field coupling constant surfaces. Coupling constants

relevant areas of the potential surfaces, including those regionsPtained in this way are referred to as explicitJci-nCJ

associated with traditional, proton-shared, and ion-pair hydrogen Similarly, explicit and implicit values of"Jci—y have been
bonds. Details of the construction of the global surfaces and obtained from single-point calculations at equilibrium geometries

the calculation of the one- and two-dimensional anharmonic and at the geometry corresponding to the ground-state expecta-

vibrational eigenfunctions and eigenvalues for both ClHNH ton values of CEN and Ci-H (or CI-D) distances.
and CID:NH; are reported in previous pap@fs! Thermally averaged coupling constants were computed at 100,

Two-dimensional CHN spin—spin coupling constant surfaces 15? 200, E‘ni, 298 K. A”,thCited \gbrationalfstates up to and
were also generated in the-@H and N-H coordinates. The 'Ec uding the JrSt state VIVIEj gn. anh armonllc lrequency greater
2Je,y surfaces were approximated by the Fermi-contact term, than 2000 cm® were included in these calculations, ensuring

because it had been demonstrated previously that the other termgon\r/]ergenclg to better thanl O'IOO_l Hz. . ath
contributing to the spirspin coupling constant (paramagnetic The coupling constant calculations were performed using the

spin—orbit, diamagnetic spinorbit, and spin dipole) are ACESIIpr'ograrrﬁ“AII of the calculations reported in this paper
negligiblel” The ab initio data points were obtained from Were carried out on the Cray SV1 computer at the Ohio

equation-of-motion coupled cluster (EOM-CCSD) theory using Supercc_)mputer Center and on the computing facilities at the
the Cl-like approximatio’? For these calculations, a qzp basis University of Sydney.

set was used on Cl and N, gz2p was used on the hydrogen-
bonded proto’? and Dunning’s cc-pVDZ basi%°was used

on the NH hydrogens. The ab initio grid was generated by  Insight into the variation of coupling constants computed at
varying the CHN distance from 2.70 to 3.30 A in increments  equilibrium and in ground and excited vibrational states of
of 0.05 A. At each CHN distance, the CtH distance was set  CIH:NHs at 0.0000, 0.0055, and 0.0150 au fields may be gained
to 1.05 A and incremented in steps of 0.05 A until the- Ml by first examining the nature of the potential surfaces at these
distance decreased to 0.95 A. The global coupling constantfields and the associated vibrational wave functions. Figure 1
surfaces were constructed in a manner analogous to the potentigbresents the square of the wave functions for the ground states
surface€? This procedure involved interpolating the grid of ab  and first-excited states of the proton-stretching mode superim-
initio data and using polynomial extrapolations to obtain the posed on the potential surfaces. The equilibrium and ground-
global property surface. The sensitivity of the results to the order state expectation values of €N, Cl—H, and CFD distances

Results and Discussion
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TABLE 1: ClI—N, Cl—H, and CI-D Distances (A) at —— . . 45
Equilibrium ( Re) and in the Ground (Ro ) and First-Excited b
Dimer- (Ry0) and Proton-Stretching (Ro 1) States as a I R lag =
Function of Field Strength (auy PiorT N, =
CIH:NH; CID:NH; I las <
CI-N Cl-H CI-N c-D g
- L 3.0 B
Field= 0.0000 . B
Re 3.080 1.341 3.080 1.341 95 am
Roo 3.016 1.392 3.041 1.374 I sl D S|
Rio 3.054 1.389 3.073 1.373 e
Ro 2.944 1.558 2.940 1.480 ' ' : : 20
. 1.5 2.0 2.5 3.0 35 4.0
Field= 0.0055
Re 2.832 1.575 2.832 1.575 N-H distance (bohr)
Ro.o 2.870 1.546 2.878 1.538 . . .
Rio 5920 1510 2934 1.479 Figure 2. Square of the wave function for the= 3 state of the dimer-

Ro. 2‘972 1'526 2.963 1'515 stretching mode superimposed on the 0.0055 au potential surface.
1 ’ ’ ' ’ Contour values are the same as in Figure 1.

Field= 0.0150
Re 3.004 1.917 3.004 1.917 S— , — 45
Ro. 2.988 1.857 2.996 1.878 TR QR N3 He
R0 2.982 1.857 3.024 1.911 L “dao T
Rox 2.961 1.707 2.960 1760 e RN * e
apata for CIH:NH and CID:NH; taken from refs 24 and 31, 135 g
respectively. H
N30 Z
at each field strength are given in Table 1 for both CIHINH X e
and CID:NH;. Because the spinspin coupling constant has X SO 25 g
previously been shown to be directly dependent on thelNCl .
[ I N ) N 2.0

distancél it is useful to see how this distance varies as the 1' i

. S ) 5 2.0 25 3.0 3.5 40

field strength and the vibrational state change. At zero-field, N-H dist. (bohr)

the minimum on the surface is located in the region of the i istance (honr o

traditional hydrogen bond, and the ground-state wave function Figure 3. 23y surface at zero-field. Contours are in increments of

is centered in this region. However, it is slightly displaced 3 Hz, and.values of se]ected (*:ontours are indicated. The eqUII!brlum

toward the proton-shared region of the surface. As a result thegeometry is marked with an (1), and the geometry corresponding to
. . C ! the expectation values of the-@N and CHH distances in the ground

ground-state expectation value of the-®l distance is shorter  yiprational state is marked with arx}.

than the equilibrium distance. As the field increases, the

minimum moves toward the proton-shared region of the surface. e T am 7 e 1%

At a field of 0.0055 au, the minimum is very broad, and the h .

complex has a proton-shared hydrogen bond. At this field, the oMz 140 £
ground-state wave function is delocalized. The equilibrium 9z =

Cl—N distance is shorter than at the other two fields and is R S8

also shorter than the expectation value of the l€ldistance in ’{\:3 L £

the ground vibrational state. As the field further increases to TS

0.0150 au, the minimum on the potential surface becomes more 25 E

sharply defined, and a wave function that describes a hydrogen- Y y 1o

bonded ion pair is found. This wave function is now more o SOOCVRNN NS N Y 2.0

localized and is slightly displaced toward the proton-shared 15 2.0 25 3.0 35 4.0

region of the surface. As in the zero-field case, the expectation N-H distance (bohr)

value of the C+N distance in the ground vibrational state is  gjgre 4. 2n,  surface at a field of 0.0055 au. Contours are in
shorter than the equilibrium distance. increments of 3 Hz, and values of selected contours are indicated.

The squares of the vibrational wave functions for the 1 Equilibrium and ground-state geometries are marked as in Figure 3.
state of the proton-stretching mode are also shown in Figure 1.
At zero-field, the wave function extends into the proton-shared 1e as that corresponding to the= 1 proton-stretching state. A
region of the surface, with the result that the expectation value consequence of the mixing between these two states will be
of the CI-N distance in thes = 1 state of the proton-stretching  apparent later whef@"Jc_yOfor the two states is discussed.)
mode is significantly shorter than both the equilibrium and the Finally, at a field of 0.0150 au, the wave function for the=
ground-state distances. At a field of 0.0055 au, the excited- 1 state of the proton-stretching mode is displaced toward the
state wave function is displaced from the proton-shared region, proton-shared region of the surface. This leads to a decrease in
extending into the traditional and ion-pair regions of the surface. the expectation value of the €N distance in the excited state
The expectation value of the €N distance is significantly of the proton-stretching vibration relative to the equilibrium and
greater than the equilibrium and ground-state distances.ground-state distances.
(It should be noted that the wave function for this state has an  2"Jc—y Property Surfaces.As noted above, glob&Mc—y
extra node. This node arises from Fermi resonance between theroperty surfaces have been constructed analogously to the
v = 1 state of the proton-stretching mode and the 3 state potential energy surfacé$and the surfaces at 0.0000, 0.0055,
of the dimer-stretching mode. The wave function for the dimer and 0.0150 au are illustrated in Figures3 respectively. These
v = 3 excited state is shown in Figure 2. On the basis of these surfaces were constructed using bicubic spline interpolation of
wave functions, we have identified the wave function in Figure the ab initio data grid and a linear extrapolation outside the ab
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B SIS B W TTEAN 45 the zero-field case, not exceeding 0.15 Hz in any vibrational
P oo = state up to and including the first state with a frequency above
R e / N - 2000 cntl. Regardless, because differences3idc,—nOoccur
L only for the higher energy states that are not significantly
33 § populated even at 300 K, thermally averaged coupling constants
o | 20 B below 300 K computed from the two data sets are essentially
R identical. Subsequent calculations were carried out using
{25 = coupling constant surfaces constructed from linear extrapolation.
N T Y ! © The vagaries of using an extrapolation procedure to produce
LIS L L T W WA S W T I a global property surface are also apparent in Figures 4 and 5.
L5 20 25 3.0 35 4.0 As the CEN distance in CIH:NH increases, the value of the
N-H distance (bohr) coupling constant should eventually go to zero. The features

Figure 5. %\ _y surface at a field of 0.0150 au. Contours are in Observed at large €IN distances for the coupling constant
increments of 3 Hz, and values of selected contours are marked for surfaces at fields of 0.0055 and 0.0150 au are unphysical and
reference. Equilibrium and ground-state geometries are marked as inare an artifact of the extrapolation procedure. However, because

Figure 3. the vibrational wave functions for the ground and lower-energy
TABLE 2: CIH:NH ;3 Vibrational Frequencies (v, cm™1) and \éibrationalﬁstattes (tjr? notl eﬁtet%i\]nto tgifs rter?ion, tPeise features
Expectation Values of the CN Spin—Spin Couplin ave no efrect on the calculatetiei-nLIOr these states or on
CoFr)lstants (@"c-nLIHz) as a Fungtion cg Vibrat%na?l State the thermally averaged coupling constants for the ground state.
%E?OZ_E%BN Property Surface Extrapolation Procedure at A comparison of the coupling constant surfaces at fields of
0.0000, 0.0055, and 0.0150 au plotted in Figure$ 3respec-
staté frequency 3Nc-n0 3"c-nO tively, shows that the contours on the zero-field surface are not
(0,0) -7.52 —7.52 as closely spaced as on the other two surfaces. This means that
(1,0) 201.6 —7.04 —7.04 2hJe—n will be least sensitive to changes in-&H and CHN
glgg ggg-g :2?273 :g-gg distances on this surface. In addition, the value of the coupling
(4:0) 790.6 _585 504 constant on the zero-field surface at a given geometry is less
(5,0) 983.0 —553 —572 (in absolute value) than the value of the coupling constant at
(6,0) 1172.8 —-5.19 —5.52 that geometry on the non-zero-field surfaces. Thus, implicit
(7,0 1358.6 —4.84 —5.35 values of"Jc,_y underestimate explicit values. Finally, it should
(8,0) 1538.9 —4.64 —5.34 be noted that the contours on the 0.0055 au surface, the field
8’0%) %gé :g:ég :g:ég associated with thg proton-shared hydrogen.po.nd, are the most
(11.0) 2056.2 ~360 4386 closely spaced. This leads to a greater sensitivit3/\&fi-n on
(0,1) 1567.0 -9.28 -9.31 CI—N and CIH distances at this field strength.
(€ON) 1931.6 —8.68 —-8.71 The equilibrium and ground-state geometries at fields strengths

aThe notationi(j) indicates quanta of energy in the dimer-stretching ~ 0f 0.0000, 0.0055, and 0.0150 au are reported in Table 1. In
mode angd quanta of energy in the proton-stretching motd€omputed Figures 3-5, the equilibrium geometry on each coupling
from the coupling constant surface obtained using I_inear extrapolatior}. constant surface has been indicated by an asterisk, and the
¢ Compute.d from the coupling constant surface obtained using quadrat'cgeometry corresponding to the ground-state expectation values
extrapolation. of the N—H and CHH distances has been indicated by a.

initio grid; no attempt to fit a functional form to these data has From the relative positions of these indicators, it is easy to see
been made. However, the choice of extrapolation procedure ishow single point calculations of'Jci-n at equilibrium and
arbitrary. Ideally, the ab initio grid covers the regions of ground-state geometries will compare at a given field strength.
configuration space sampled by the wave functions of interest, At zero-field and at a field of 0.0150 au, the value?tikc - at

and expectation values of the coupling constant over these waveeduilibrium will be less than the ground-state value, whereas
functions are insensitive to the extrapolation procedure. This at a field of 0.0055 au, the value 8tci- at equilibrium will

has been tested by using either linear or quadratic extrapolationo€ greater. (The computed-@N spin—spin coupling constants

to obtain the global coupling constant surfaces. Table 2 lists have negative signs. In subsequent sections of this paper,
the zero-field two-dimensional anharmonic frequencies and changes in coupling constants will be described relative to the
[3"Je;—nCFor the ground and excited dimer- and proton-stretching @bsolute value of the coupling constants.)

vibrational states, up to and including the first state with a  2"Jg—y at Equilibrium and Ground-State Geometries and
frequency above 2000 cri obtained using either linear or  @"Jg—yOin Ground and Excited Vibrational States. The
quadratic extrapolation. It is evident from Table 2 tf8ic—nO single-point values of?"Jc_y for CIH:NHs; and CID:NH

in the ground state, the lower-energy excited states of the dimer-computed at the equilibrium geometry, the geometry corre-
stretching mode, and the first excited state of the proton- sponding to the ground-state expectation values of theNCl
stretching mode are insensitive to the extrapolation procedure.and CHH distances, andd"Jc-yOcalculated for the ground
The higher energy dimer-stretching states, however, do show avibrational state, the first four excited states of the dimer-
dependence on the extrapolation procedure. In these higherstretching mode, and the first-excited state of the proton-
energy states, the wave functions extend beyond the configu-stretching mode are reported in Table 3 as a function of external
ration space spanned by the ab initio data points, and consequenglectric field strength. At the equilibrium geometry at zero-field,
errors are introduced. It is interesting to note that when the 2'Jo_y has a value of-5.9 Hz. Relative to the equilibrium
vibrational wave functions are more symmetrically located on value, the ground-state expectation valué'df— (3"Jc—n[d o)

the surface, as they are at a field strength of 0.0055 au (Seein CIH:NHj; increases to-7.5 Hz. This increase is a conse-
Figure 1), then the differences betwd@Hc,_y[obtained using guence of the distance dependence of the Fermi-contact term,
linear and quadratic extrapolations are much smaller than in which increases as the €N distance decreases. This has been
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TABLE 3: CIH:NH 3 and CID:NH 3 Vibrational Frequencies
(v, cm™1) and Expectation Values of the C+N Spin—Spin
Coupling Constant (3"J¢—n[) Hz) as a Function of
Vibrational State and Field Strength

J. Phys. Chem. A, Vol. 106, No. 21, 2002389

The changes observed in the zero-fieléhJc—nO for
CIH:NH3 are also seen for CID:Ni The value of"Jg—y at
the equilibrium geometry is-5.9 Hz, wherea&"Jc,_nLfor the
ground vibrational state is7.0 Hz.[3"Jc,—yOdecreases further

CIH:NHs CID:NHs in the excited states of the dimer stretching mode but, again,
staté v BNgnM  staté v ELVRNL increases in the first excited state of the proton-stretching mode.
0.0000 au Field These changes are related to changes irNCland CI-D
(0,0) —~7.52 (0,0) —6.95 distances, as seen in Table 1. Moreov#Ylc,—Lin the ground
%’8) igé-g :Z-g‘?‘ %18) é%'g :g-gi vibrational state of CID:NHis less than it is in the ground state
53703 5965 —6.18 ES'O; 565.9 —6.04 of CIH:NHs. This correlates with the longer €N and shorter
(4.0) 790.6 —5.85 (40) 7522 -5.75 CI-D distances in CID:NHlrelative to CIH:NH;, as evident from
g%l) - 1567.0 —g.gg (0,1) 1265.6 —g.gg Table 1.
ci-nteq > s Coupling constants for CIH:Nfand CID:NH; at a field of
203 —7.46 —6.83 N e
or-n(gsF 0,005 o Field 0.0055 au are also reported in Table 3. At this field strength,
. au Fie H H :
0,0) ~12.09 £10.68) (0,0) 12,34 £10.90) the hydrogezr:1 bond is proton-shared and _c_Ios_e to quasisymmetric.
(1,0) 3717 —11.42¢9.95) (1,00 336.5—11.10 (9.58) {?s ? resu:t, JICFN c?ltigliteHd atlthe eqtumbtrlJl[JmtEeometr;f/_ hlzs
(2,0) 676.8 —10.40 (-8.96) (2,0) 582.1—10.96 (-9.64) its largest value of—=13.5 Hz. In contrast to the zero-fie
g.gg 13?3.2 —12.33 (Eg.ggg 88; 1?2%3 —g-gg &—?gég behavior,[@"]c,_yOdecreases in the ground vibrational state to
1) 9361 —9.60(841) (01) 663.3-1009(8.71) —12.1 Hz in CIH:NH and —12.3 Hz in CID:NH. These
2o n(eqP ~13.53-12.19) ~13.53 (-12.19) changes correlate with the increase in the expectation value of
2n3e_n(gSF —13.02 (-11.51) —12.88 (-11.34) the CE-N distance in the ground state relative to the equilibrium
0.0150 au Field distance, as seen in Table 1 and Figure 4. In the excited dimer
(0,0) -9.45(-7.81) (0,0) —9.08 (-7.59) states, the expectation value of the—@l distance further
(1,0) 2744 —8.99(7.48) (1,00 257.9 —8.68 (~7.30) increases, anté"Jc_yOdecreases relative to the ground state.
(g-g) ?g?; :g-i; (:Z;'ég) (gvg) ?%-g :g-gg (:g-%) In the first-excited state of the proton-stretching mode, the
54'03 10290 —7.62 E—6:50; 54'03 068.7 —7.30 2_6:313 expectation value of the €IN distance increases dramatically
(011) 1781.5 —11.58 (-8.78) (011) 1431.2—11.06 (-8.69) relative to the ground state, and there is a corresponding large
2Jei-n(eqp —8.23 (-7.05) —8.23 (-7.05) decrease id"Jc-nOfrom —12.1 to—9.7 Hz in CIH:NH; and
2Jci-n(gSY —9.36 (-7.83) —8.96 (~7.54) from —12.3 t0—10.1 Hz in CID:NH.

aThe notationi(j) indicates quanta of energy in the dimer-stretching
mode and quanta of energy in the proton-stretching mot€he single-
point coupling constant evaluated at the equilibrium geométfine

There is an apparent anomaly in the CIH:NEI—N coupling
constants for thex = 3 excited state of the dimer-stretching
) ! . ! mode and the first excited state of the proton-stretching mode
single-point coupling constant evaluated at the expectation values of

the CHN, Cl—H, and CID distances in the ground stateThe values ath a field strength of 0.0055 au. .It would _be expect(_ad that
of the coupling constants given in these tables are explicit values BJC'*NDShOUId decrease as the_ dimer excited states increase
obtained from the coupling constant surface using the geometries andin €nergy, and the CIN distance increases. However, the=
wave functions (for expectation values) at that field. The values in 2 and 3 states of the dimer stretching mode have essentially
parentheses are implicit values obtained using the appropriate geom-dentical C-N coupling constants of-10.40 and—10.38 Hz,
Qtries and vibrational wave function_s for expectation values at the'given respectively. MoreoverahJe_yOfor the first excited state of
field but evaluated from the coupling constant surface at zero-field. the proton-stretching mode is onty9.69 Hz, whereas a larger
value may have been anticipated. It would be tempting to
interchange the assignments of these states. However, as noted
above, they = 1 state of the proton-stretching mode is in Fermi
resonance with the = 3 state of the dimer-stretching mode. A
similar effect is observed for CID:N§ialthough, in this case,
thev = 1 state of the proton stretch is in Fermi-resonance with
gthe v = 2 state of the dimer stretch.

observed previously and can be clearly seen in Figure 3. The
expectation value of the €N distance in the ground vibrational
state is shorter than the equilibrium-€\ distance, as evident
from Table 1. Moreover, decreasing €N distance and
increasing C+H distance are suggestive of increased proton-

shared character, which is also associated with larger two-bon ) )
spin—spin coupling constan#§;17.20.21 At a field strength of 0.0150 au, the nature of the changes in

At zero-field, [3"Jc_n[Tor the first excited state of the dimer- [@"Jc-nDas a function of vibrational state resemble those
stretching mode decreases relative to the ground state as th@bserved at zero-field. At this field strength, the hydrogen bond
expectation value of the €N distance increases. This is has ion-pair character, and as can be seen from Table 1, the
apparent from Tables 1 and 3, which show tf#8ic,_yCin the expectation values of the €N distance in the ground vibra-
first excited state of the dimer stretching mode of CIHZH  tional state are shorter than the equilibrium distarféés
decreases from-7.5 to —7.0 Hz as the expectation value of evaluated at the equilibrium geometry 8.2 Hz, whereas
the CHN distance increases from 3.016 to 3.054f&Jq 0  E"ci-nDin the ground vibrational state i59.5 and—9.1 Hz
continues to decrease as the higher energy dimer-stretchingor CIH:NHs and CID:NH, respectively. Thus, the coupling
modes are excited. In contragihle,_nOfor the first excited constants increase as the-®l distance decreases from 3.004
state of the proton-stretching mode-9.3 Hz, compared to 0 2.988 and 2.996 A, respectively. In the excited states of the
the ground-state value ef7.5 Hz. This rather dramatic increase ~dimer stretching mode3"Jc-nOdecreases further. In contrast,
correlates with a decrease in the expectation value of the&lCl  B"Jci-nCTor the first excited state of the proton-stretching mode
distance to 2.944 A and an increase in the expectation value ofincreases as the expectation value of the-ITldistance
the CHH distance to 1.558 A. The greater proton-shared decreases.
character of the hydrogen bond in the first excited state of the The calculation of(3"Jc_yOfor the ground state (that is,
proton-stretching mode compared to the ground vibrational state[3Jc-n[d o) requires that both the vibrational wave function for
leads to a greatdBMlc_nL] this state and the coupling constant surface are available. Is it
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TABLE 4: Ground State Expectation Values (3"Jci-n[d.o, TABLE 5: Cl —N Spin—Spin Coupling Constants &'Jc—n,
Hz) and Thermally Averaged ClI—N Coupling Constants Hz) for Equilibrium Structures of CIH:NH 3 as a Function of
(B"Jc-nGE, Hz) for CIH:NH 3 and CID:NH3 at Various Field Field Strength (auy
Strengths field explicit g P implicit 2Jg_ne
CIH:NH3 CID:NH3 0.0000 59 59
Field= 0.0000 au 0.0010 —6.6 —6.3
3o -75 -6.9 0.0025 -738 -71
[@Jci-nHoo —7.49 —6.93 0.0040 -9.3 —8.2
(@3"Jci-nso —7.44 —6.89 0.0055 —-135 —12.2
e300 —7.37 ~6.85 0.0100 -10.9 -95
[(3"Jci-n[dos —7.23 —6.75 0.0150 -8.2 —-7.0
) Field = 0.0055 au a Data taken from ref 21» Computed using the optimized geometry
BhJCH\nE.o -121 —12.3 (Re) for each complex at the indicated field strength, in the presence
BhJCI—NHOO —121 —123 of the field.c Computed using the optimized geometBy)(for each
(ZNci-nldso —-12.1 —-123 complex at the indicated field strength but at zero external field.
(3"Jci-noo —-12.0 —-12.2
(3"Jci-nldos —-11.9 —-12.0 K has little effect on coupling constants for either CIH:Nét
Field= 0.0150 au CID:NHs, regardless of hydrogen bond type.
g:Ju—NB,o —9.4 —9.1 2h)_y Computed With and Without an External Field.
thc'—N%m :g'i :g'é Table 5 reports implicit and explicit single-point coupling
B“JE::EB;) 94 9.0 constants¥Jci—n) for the equilibrium structures of CIH:Ng&$?
LV -9.3 -89 The implicit coupling constants are computed in the absence

of the external field, but at equilibrium geometries obtained in

the presence of the field. Explicit coupling constants are
possible to estimat&"Jc—n[do for CIH:NH3 and CID:NH; by calculated at the optimized geometry at a given field strength,
doing single-point calculations at the geometries correspondingin the presence of the external field. It is apparent from Table
to the expectation values of the ground-state-€land CHH 5 that, although explicit coupling constants are always greater
distances? For complexes with traditional and ion-pair hydrogen than implicit at a given field strength, their variation with field
bonds, the data of Table 3 suggest that this is a reasonablestrength is the same. That #&]c_y initially increases as the
approach. At fields of 0.0000 and 0.0150 au, the values of field strength increases, exhibits a maximum at a field of 0.0055
2hjci_n from single-point calculations for the complexes with au when the hydrogen bond is proton-shared and close to
traditional and ion-pair hydrogen bonds differ fraBiJc—n[d,0 quasisymmetric, and then decreases as the hydrogen bond
by less than 0.2 Hz. HoweveRJc—n[d o for the proton-shared  assumes greater ion-pair character. Nevertheless, implicit and
complex at 0.0055 au is overestimated by the single-point explicit values of2\J_y for the equilibrium structures are
calculations by 0.9 Hz for CIH:Ngand 0.5 Hz for CID:NH. different, and the differences are larger at higher fields.
This difference is due to the increased delocalization of the Therefore, it is appropriate to investigate how coupling constants
ground-state wave function at 0.0055 au compared to 0.0000computed from the property surfaces obtained at different fields
and 0.0150 au fields, as evident from Figure 1. Nevertheless,compare with those obtained from the zero-field surface.
this approach seems encouraging, and provides a better estimate Computed explicit and implicit single-point values®dc)—y

of (3"Jg-nld,o than a single-point calculation 8fJq -y at the evaluated at the equilibrium geometries and at the geometries
equilibrium geometry. defined by the expectation values of the-Gl and CHH
Ground State and Thermally Averaged Coupling Con- distances in the ground vibrational states and expectation values

stants. In recent experimental studies, coupling constants across([3"Jc—n0) for the ground and selected excited vibrational states
hydrogen bonds have been measured as a function of temperof CIH:NH3 and CID:NH; are reported in Table 3. Implicit
ature in the range from 100 to 200 ¥.How does thermal values are given in parentheses. A comparison of corresponding
vibrational averaging effect coupling constants? Table 4 reports single-point and expectation values shows that implicit coupling
thermal averages dfhJc—yOat 100, 150, 200, and 298 K for  constants underestimate explicit by 485 Hz at a field of
CIH:NH3; and CID:NH; at field strengths of 0.0000, 0.0055, and 0.0055 au. At 0.0150 au, the differences are greater, ranging
0.0150 au. Also given for comparison are the expectation valuesfrom 1.0 to 1.6 Hz for the equilibrium, ground state, and excited
of the coupling constants in the ground vibrational state, dimer vibrational states and to 2.8 and 2.4 Hz for the first excited
[@A"Jci-nld o At zero-field, @Jg—n[d o for CIH:NHz is —7.5 Hz. state of the proton-stretching mode of CIH:j&hd CID:NH;,
The thermally averaged values at 100, 150, 200, and 298 K arerespectively. Implicit ground-state expectation values under-
—7.5, —=7.4, —7.4, and —7.2 Hz, respectively. Similarly, estimate explicit values by 1.4 Hz for the proton-shared
[3"Jc-n[d o for CID:NH3zis —6.9 Hz, and the thermally averaged  structures at 0.0055 au and by 1.6 and 1.5 Hz for the ion-pair
values at the four temperatures at6.9,—6.9, -6.9, and-6.8 structures of CIH:NH and CID:NH;, respectively, at 0.0150
Hz, respectively. Thus, over this temperature range, thermally au. These differences are significant, particularly if computed
averaged coupling constants differ at most by 0.3 Hz from coupling constants are to be used to extract intermolecular
ground-state values. distances. Thus, if coupling constants are computed for structures
At a field of 0.0055 au, where the hydrogen bond is proton- produced by an external field, they should be evaluated in the
shared, the thermally averaged coupling constants at 100, 150presence of the field.
200, and 298 K are again similar to ground-state values. At a Isotope Effects. Isotope effects on spinspin coupling
field of 0.0150 au, the hydrogen bond is an ion-pair hydrogen constants have been observed experimentafi§These effects
bond, and thermal averaging GfJc,—yOover the temperature  are a result of changes in the vibrational wave functions on
range from 100 to 300 K yields coupling constants that are very deuteration and accompanying changes inlkCand CHH (CI-
close to[@Jg_nldo Thus, these results suggest that thermal D) distances. Table 1 presents equilibrium and ground-state
averaging over the vibrational states at temperatures below 300expectation values of the €N and CHH (CI-D) distances
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for both CIH:NH; and CID:NH; at each field strength consid- 4. Coupling constants evaluated for CIH:pleind CID:NH;
ered. Table 3 presents single-point and expectation values ofat a given geometry as explicit functions of the strength of an
coupling constants. At zero-field, there is a significant difference external field are always greater than those evaluated as implicit
between the ground-state expectation values of theNCl  functions at zero-field. An external field changes not only the
distances in the two isotopomers, with the-@®l distance in potential surface but also the coupling constant surface. Coupling

CIH:NH3 being 0.025 A shorter. As a resuftfJc—n[g o for CIH: constants computed for a structure produced by an external field
NH3 is 0.6 Hz greater than for CID:NddFrom Table 3, it can should be evaluated in the presence of the field (explld-).
be seen that at zero-field the changéditdc;—yCon deuteration 5. The effect of isotopic substitution of D for H affJc-n[d 0

is greatest in the ground state, but as the excited-state energyshows some dependence on hydrogen bond type. The most

increases[@"Jc—nOfor the two isotopomers becomes similar.  dramatic effect is observed for the traditional hydrogen bond,

The relatively large isotope effect in the ground state may not in which case isotopic substitution decrea@83_n[d o by 0.6

be typical for isotopomers with traditional hydrogen bonds but Hz. Substitution of D for H also decreas&8Jc-nldo in the

may be a consequence of the particular nature of the CIg:NH complex with an ion-pair hydrogen bond, but by only 0.4 Hz.

potential surface. [3"Jc—n[d o for the complex with a proton-shared hydrogen bond
The isotope effect of"Jc—n[dois not as great for the proton-  increases by 0.3 Hz in CID:NHrelative to CIH:NH. This

shared complex at 0.0055 au or the ion-pair complex at 0.0150 suggests that the change dtx_y upon isotopic substitution

au. For the proton-shared complex at 0.0055 au, isotopic may be useful for differentiating traditional and proton-shared

substitution of D for H increase@"Jc—n[do by only 0.2 Hz, hydrogen bonds.

from —12.1 Hz in CIH:NH; to —12.3 Hz in CID:NH. This The generality of these observations will be tested in future

change does not correlate with the ground-state expectationstudies of coupling constants in other hydrogen-bonded systems.

value of the C+N distance in the two isotopomers, which is
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