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MP2/aug′-cc-pVDZ potential surfaces for the hydrogen-bonded complex ClH:pyridine have been generated
without and with external electric fields. The zero-field, gas-phase structure of this complex is stabilized by
a traditional Cl-H‚‚‚N hydrogen bond. As the field strength increases, the equilibrium structure changes to
that of a proton-shared hydrogen-bonded complex, which is close to quasi-symmetric at a field of 0.0040 au,
and then an ion-pair complex at higher fields. Anharmonic dimer- and proton-stretching frequencies have
been computed from each surface, and compared to experimental frequencies in Ar and N2 matrices. The
computed results suggest that the hydrogen bond in ClH:pyridine is on the traditional side of quasi-symmetric
in an Ar matrix, and on the ion-pair side in an N2 matrix. EOM-CCSD and MP2 calculations have been
performed on the equilibrium structure at each field strength to obtain the35Cl-15N spin-spin coupling
constant across the hydrogen bond, and the chemical shift of the hydrogen-bonded proton, respectively. As
a function of field strength, the Cl-N distance, the proton-stretching frequency, and the Cl-N coupling
constant exhibit extrema for the quasi-symmetric complex found at a field of 0.0040 au. These IR and NMR
properties are fingerprints of hydrogen bond type from which the intermolecular distance in a complex may
be determined. The chemical shift of the hydrogen-bonded proton is also a maximum at a field of 0.0040 au,
but it does not decrease dramatically at higher fields, and may not be as useful for structure determination.
Deuteration of HCl lowers the proton-stretching frequency, as expected. The two-dimensional anharmonic
proton-stretching frequencies for ClD:pyridine, as a function of field strength, show the same pattern as the
ClH:pyridine frequencies.

Introduction

In a previous paper, we examined the structures and anhar-
monic dimer- and proton-stretching frequencies in complexes
with HCl and HBr as proton donors, and NH3 and N(CH3)3 as
proton acceptors.1 The equilibrium structures of the complexes
with NH3 are stabilized by traditional hydrogen bonds, in which
the HCl and HBr molecules remain essentially intact. In contrast,
the equilibrium structure of ClH:N(CH3)3 has a proton-shared
hydrogen bond, with relatively long Cl-H and N-H distances,
but with a short Cl-N distance. The equilibrium structure of
BrH:N(CH3)3 approaches that of an ion-pair complex after
proton transfer from Br to N. We employed isotropic external
electric fields, by analogy with Onsager’s model for dipolar
fluids,2 as a simple model to emulate matrix effects. An external
field preferentially stabilizes more polar structures, so hydrogen
bond type changes from traditional, to proton-shared, to ion-
pair as the field strength increases. Changes in proton-stretching
frequencies were found to parallel changes in hydrogen bond
type. For example, the complex ClH:NH3 has a traditional
hydrogen bond at zero field, and the proton-stretching vibration
is aptly described as a perturbed Cl-H stretch. The frequency
of this vibration initially decreases as a field is applied, exhibits
a minimum when the hydrogen bond becomes a quasi-
symmetric proton-shared hydrogen bond, and then subsequently
increases as the proton-stretching vibration becomes a perturbed

N-H stretch in a hydrogen-bonded ion-pair. The results of this
study provided insight into field effects on proton-stretching
frequencies, and the basis for interpreting the experimental low-
temperature vibrational spectra observed for these complexes
and their deuterated analogues3 in Ar and N2 matrices. Other
investigators have also examined the effects of electric fields
or the presence of ions on proton-transfer and other properties
of hydrogen-bonded complexes.4-7

In a subsequent study of the ClH:NH3 complex, we demon-
strated that the intermolecular distance, the proton-stretching
frequency, and the NMR properties of proton chemical shift of
the hydrogen-bonded proton and Cl-N coupling constant across
the hydrogen bond behave similarly with respect to an applied
external field.8 That is, plots of these properties as a function
of external field exhibit extrema at the same field strength. Thus,
these IR and NMR spectroscopic properties are fingerprints of
hydrogen bond type and can be used to obtain structural
information about hydrogen-bonded complexes. We note that,
since35Cl and37Cl have nonzero quadrupole moments, Cl-N
coupling constants have not been experimentally observed.
However, the structures and vibrational spectra of complexes
with Cl-N hydrogen bonds have been relatively well studied
both experimentally and theoretically.1,3,8-14 These complexes
are appealing theoretical models and we expect the trends
observed among structures, IR proton-stretching frequencies,
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and NMR properties to be valid for a wide range of hydrogen-
bonded complexes. To further investigate the generality of these
relationships, we have extended our studies to the ClH:pyridine
complex.

Methods

The structure of ClH:pyridine has been optimized at zero field
under the constraint ofC2V symmetry using second-order many-
body Møller-Plesset perturbation theory [MBPT(2)) MP2)]15-18

with the Dunning correlation-consistent polarized valence
double-split basis set augmented with diffuse s, p, and d
functions on nonhydrogen atoms (aug′-cc-pVDZ).19-21 The
monomers HCl and pyridine were optimized at the same level
of theory. Harmonic vibrational frequencies were computed to
confirm equilibrium structures, to simulate harmonic vibrational
spectra, and to obtain zero-point vibrational energy contributions
to the binding enthalpy at 10 K (∆Hh

10), the temperature at
which matrix isolation measurements are made. The subscript
“h” is used to denote that the zero-point energy correction has
been evaluated exclusively from harmonic frequencies, as is
usually done. However, since the potential surface describing
the proton-stretching vibration can be very anharmonic, using
the harmonic zero-point energy for this mode may lead to a
relatively large error.1 Anharmonic zero-point energy corrections
have been estimated by replacing the harmonic zero-point
energies of the dimer and proton stretches with the anharmonic
zero-point energy obtained from the two-dimensional surface
(as outlined below) and also using the anharmonic zero-point
energy for the HCl monomer.9 The resulting binding enthalpy
at 10 K is denoted∆Ha.10

Optimization, frequency, and single-point calculations to
generate potential surfaces without and with external electric
fields were accomplished by freezing the s and p electrons below
the valence shells in the Hartree-Fock molecular orbitals. This
level of theory produces reliable structures and vibrational
frequency shifts for the proton-stretching band of a complex
relative to the monomer, if the anharmonicity correction in the
complex is not large, and a reasonable estimate of binding
energies.22-25 However, it should be noted that the computed
binding energy is overestimated since neither the wave function
model nor the basis set is converged. The objective of the present
study is not to provide quantitatively accurate binding energies,
but to show how potential surfaces obtained at an appropriate
level of theory change with external field strength, and how
the variation in structural and IR and NMR spectroscopic
properties parallel this change.

Two-dimensional potential energy surfaces were generated
by freezing the pyridine coordinates in a manner similar to
earlier work,1 and then varying the N-H and Cl-H distances.
Results at nonzero fields were obtained by applying external
fields of varying strengths along the hydrogen bonding Cl-
H-N axis. The ab initio surfaces were spanned by varying the
intermolecular Cl-N distance from 2.60 to 3.30 Å in steps of
0.05 Å. At each Cl-N distance, the Cl-H distance was initially
set to 1.10 Å and then incremented in steps of 0.05 Å until the
N-H distance was 0.90 Å. The ab initio data cover the most
chemically relevant areas of the potential surfaces including
those regions associated with traditional, proton-shared, and ion-
pair hydrogen bonds, and extend sufficiently far to describe the
walls of these surfaces.

Global potential energy surfaces were constructed from the
ab initio data, using the procedure outlined in ref 1, and
“augmented” rectangular grids of data points were generated.
Bicubic spline interpolation was used to describe the potential

energy surface within these grids and polynomial extrapolation
was used outside the grids. At short bond lengths a quadratic
extrapolation was used and at long bond lengths the extrapola-
tion was linear. The procedure used is robust, and has been
effectively automated.

The resulting two-dimensional potential energy surfaces
describe a pseudo-triatomic system, A-H-B, where A repre-
sents the pyridine and B the chlorine. The bond lengthsR1 and
R2 are the distance from H to the center-of-mass of pyridine,
and the Cl-H distance, respectively. Where appropriate,R1 has
been subsequently transformed back to the N-H distance.
Minimum energy configurations and harmonic frequencies were
obtained on the pseudo-triatomic surfaces using normal-mode
analyses.

Two-dimensional vibrational eigenfunctions and eigenvalues
were calculated as previously,1 using a model Hamiltonian for
the collinear A-H-B system in theR1 and R2 coordinates
described above. Eigenfunctions were calculated variationally
using the discrete variable representation (DVR)26 of a two-
dimensional basis set constructed as a direct product of one-
dimensional tridiagonal Morse functions,27 each optimized to
an appropriate one-dimensional Schro¨dinger equation. The
results quoted below used 120:60 primitive:contracted basis
functions in each coordinate, and the vibrational eigenvalues
are converged to better than 0.1 cm-1.

One-dimensional eigenvectors and eigenvalues were also
calculated along either the proton or the dimer stretching normal
mode displacement vector, as obtained from a normal-mode
analysis of the two-dimensional pseudo-triatomic potential
surface. Tridiagonal Morse basis functions were again used to
expand the vibrational wave functions, and the eigenvalues are
converged to better than 0.1 cm-1.

The sensitivity of the calculated vibrational eigenvalues to
the procedures used to extrapolate to a global potential energy
surface was also examined. Augmented potential grids were
created using linear or quadratic extrapolation, and global
surfaces were formed using all combinations of zeroth-, first-,
and second-order polynomial extrapolation. Uncertainties in the
calculated vibrational eigenvalues were estimated as the maxi-
mum deviation observed as the potential energy surface was
varied. These values were approximately 1 cm-1 for the
anharmonic two-dimensional dimer-stretching frequency and 3
cm-1 for the anharmonic two-dimensional proton-stretching
frequency. The harmonic and one-dimensional anharmonic
results differed by less than 1 cm-1 as the surfaces were varied.

Equation-of-motion coupled cluster singles and doubles
calculations (EOM-CCSD)28-31 using the configuration-interac-
tion (CI-like) approximation were carried out to obtain two-
bond 35Cl-15N spin-spin coupling constants (2hJCl-N) across
the hydrogen bond for the equilibrium ClH:pyridine structure
at each field strength. The symbol2hJ is used to indicate two-
bond coupling across a hydrogen bond. There are four terms
that contribute to the total spin-spin coupling constant, namely,
the paramagnetic spin-orbit, diamagnetic spin-orbit, Fermi-
contact, and spin dipole. For N-H-N, N-H-O, O-H-O, and
Cl-H-N hydrogen bonds, the spin-spin coupling constant
2hJX-Y is dominated by the Fermi-contact term, which is more
than an order of magnitude greater than any other term.8,32 In
ref 8, for example, the magnitude of the Fermi-contact term
was found to be no more than 4% larger than that of the total
2hJCl-N coupling constant for equilibrium structures of ClH:NH3

at various field strengths. Therefore,2hJCl-N for ClH:pyridine
has been estimated solely from the Fermi-contact term. The
EOM-CCSD calculations employed the Ahlrichs33 qzp basis set
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on Cl, N, and C atoms, qz2p on the hydrogen-bonded proton,
and the Dunning cc-pVDZ basis set19-21 on the pyridine
hydrogens. This level of theory has been used in previous studies
to obtain coupling constants in a variety of hydrogen-bonded
systems and has been shown to produce quantitatively accurate
coupling constants (without rescaling) when compared to
experimentally measured values, and to have predictive
value.8,32,34-36 Proton chemical shifts were computed at MBPT-
(2) with the same basis set using the gauge-invariant atomic
orbital (GIAO) method.37

In this work we have employed isotropic external electric
fields, by analogy with Onsager’s model for dipolar fluids,2 as
a simple model to emulate matrix effects. Appropriate field
strengths for Ar and N2 matrices may be estimated (as in ref 1)
by approximating the Onsager reaction field,R, as

whereε is the relative permittivity of the dielectric medium,µ
is the permanent dipole moment of the complex, anda is its
cavity radius. The permanent dipole momentµ has been
calculated at the MP2/aug′-cc-pVDZ level of theory. The cavity
radiusa may be calculated by determining the volume contained
within the 0.001 au electron density surface around the complex,
equating this volume to the volume of a sphere of radiusr and
settinga ) r + 0.5 Å.38 For illustrative purposes the Onsager
reaction field has been calculated atε ) 1.6, representing solid
Ar at 10 K,39 andε ) 2.0 as an indication of the likely effects
of an N2 matrix.1 Results for ClH:pyridine are compared with
those for ClH:NH3 and ClH:N(CH3)3 in Table 1.

Gaussian 9838 was used to optimize the zero-field geometries
of HCl, pyridine, and the ClH:pyridine complex, to compute
harmonic vibrational frequencies, and to generate the ab initio
data points for the potential energy surfaces without and with
electric fields. Spin-spin coupling constants and proton chemi-
cal shifts were computed using the ACES II program.40 These
calculations were carried out on the SGI-Origin and the Cray
SV1 computers at the Ohio Supercomputer Center, and the
computing facilities at the University of Sydney.

Results and Discussion

Structural and IR Results without an External Field. The
zero-field structure of ClH:pyridine has computed Cl-N and
Cl-H distances (Re) of 2.976 and 1.366 Å, respectively, as
reported in Table 2. The computed Cl-H distance is elongated
by 0.078 Å relative to the HCl monomer. Legon has concluded
from gas-phase microwave structural data that in the ClH:
pyridine complex the proton is not transferred from Cl to N.12

Our computed structure is in agreement with this conclusion.
However, although the equilibrium structure of this complex is
stabilized by a traditional Cl-H‚‚‚N hydrogen bond, the degree
of proton transfer from Cl to N is greater than in the ClH:NH3

complex, which has Cl-N and Cl-H distances (Re) of 3.080

and 1.341 Å, respectively. The MP2/aug′-cc-pVDZ binding
energy (∆Ee) of ClH:pyridine is -11.0 kcal/mol, which is
greater than the ClH:NH3 binding energy of-9.5 kcal/mol. The
zero-point vibrational energy contribution obtained from the
harmonic frequencies is+ 1.5 kcal/mol, leading to a binding
enthalpy of ClH:pyridine of-9.5 kcal/mol at 10 K (∆Hh

10).
When anharmonic zero-point vibrational energies for the proton-
and dimer-stretching modes are used instead, the zero-point
vibrational energy correction is+ 1.1 kcal/mol, leading to a
binding enthalpy (∆Ha

10) of -9.9 kcal/mol. The error introduced
by using the harmonic zero-point energies is 0.4 kcal/mol,
which is greater than that found for ClH:NH3, but less than
that for ClH:N(CH3)3. The latter complex has a gas-phase
equilibrium structure stabilized by a proton-shared hydrogen
bond.1

The harmonic and anharmonic dimer- and proton-stretching
frequencies are reported in Table 3. The harmonic dimer-
stretching frequency obtained from the full 33-dimensional
surface is 128 cm-1. This value is slightly lower than the
harmonic and the one-dimensional anharmonic frequencies
obtained from the two-dimensional zero-field surface, which
have values of 140 and 144 cm-1, respectively. The two-
dimensional anharmonic frequency is 185 cm-1. The differences
between the harmonic and anharmonic frequencies for the
proton-stretching mode are greater. The harmonic frequencies
obtained from the full-dimensional calculation and from the two-
dimensional surface are similar at 1964 and 1954 cm-1,
respectively. These frequencies are notably greater than the
anharmonic one- and two-dimensional frequencies of 1365 and
1289 cm-1, respectively. The difference between the one- and
two-dimensional anharmonic frequencies is significantly less
than it is for ClH:NH3, suggesting that the degree of coupling
between the dimer and the proton stretching vibrations is less
in ClH:pyridine than in ClH:NH3. In a sense this result is counter
to expectation. The ClH:pyridine complex has more proton-
shared character than the ClH:NH3 complex and may be
expected to show greater coupling between the dimer- and
proton-stretching vibrations. The smaller observed coupling may
be a reflection of the greater mass of pyridine.

The experimental IR spectrum of ClH:pyridine has been
measured in Ar and N2 matrices.10 In an Ar matrix there are
two strong bands that have been attributed to the complex. The
stronger band appears at 838 cm-1, while the weaker band is at
1050 cm-1. In an N2 matrix there are four bands with
frequencies of 1135, 875, 759, and 595 cm-1. The appearance
of multiple bands in these spectra has been attributed to coupling
between the proton-stretching vibration and local vibrational
modes of the pyridine ring.10 It is also possible that two of the
bands in the spectrum obtained in N2 may be the components
of a Fermi doublet.10 Coupling between the proton-stretching
mode and local modes of the pyridine ring can occur because
of the dramatic decrease in the frequency of the proton-stretching
vibration in the complex, which places it in the same region of

TABLE 1: Dipole Moment, Cavity Radius, and Onsager
Reaction Field at the Equilibrium Geometry of ClH:NH 3,
ClH:N(CH 3)3, and ClH:Pyridine at E ) 1.6 and 2.0

field (au)

species dipole (D) cavity radius (au)ε ) 1.6 ε ) 2.0

ClH:NH3
a 4.71 6.17 0.0023 0.0032

ClH:N(CH3)3 8.49 7.77 0.0020 0.0028
ClH:pyridine 6.56 8.14 0.0014 0.0019

a There are typographical errors in these quantities in Table 6 of
ref 1.

R ) [2(ε - 1)]/(2ε + 1)µ/a3 (1)

TABLE 2: Equilibrium Cl -N and Cl-H Distances
[Re(Cl-N), Re(Cl-H), Å] and Expectation Values of the
Cl-N and Cl-H Distances [R0(Cl-N), R0(Cl-H), Å] in the
Ground Vibrational State for ClH:Pyridine as a Function of
Field Strength (au)

field Re(Cl-N) Re(Cl-H) R0(Cl-N) R0(Cl-H)

0.0000 2.976 1.366 2.914 1.444
0.0010 2.941 1.383 2.889 1.473
0.0020 2.893 1.416 2.873 1.505
0.0040 2.820 1.605 2.860 1.570
0.0055 2.842 1.679 2.863 1.618
0.0100 2.934 1.834 2.922 1.769
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the spectrum as the pyridine ring vibrations. Coupling occurs
between vibrations of the same symmetry (a1) and similar
energies.

The computed harmonic frequency of 1954 cm-1 is signifi-
cantly greater than the experimental proton-stretching frequen-
cies in both Ar and N2. While the anharmonic two-dimensional
frequency of 1289 cm-1 is in better agreement with experiment
than the harmonic frequency, it is still too high relative to the
experimental low-temperature matrix values. This difference
may be attributed to at least two factors.

1. The computed two-dimensional anharmonic frequency
refers to an isolated gas-phase complex. This computed
frequency should be a reasonable estimate of the experimental
gas-phase frequency if one could be measured. It is known that
the matrix can have a dramatic effect on the spectra of hydrogen-
bonded complexes with HCl and HBr.1,10In a subsequent section
we will model the matrix effect by applying external electric
fields.

2. The experimental spectra give evidence of coupling
between the proton-stretching mode and local modes of the
pyridine ring. Since the geometry of the pyridine ring is frozen
in the two-dimensional anharmonic treatment of the potential
surface, it is not possible for this treatment to account for such
coupling. In future studies we intend to extend the anharmonic
treatment to higher dimensions to include coupling between the
proton-stretching vibration and modes other than the dimer
stretch.

Figures 1 and 2 show plots of the square of the vibrational
wave functions for the ground state and theV ) 1 state of the
proton-stretching vibration, respectively, superimposed on the
zero-field potential surface. The ground state wave function is
not centered directly over the minimum, but is displaced toward

the proton-shared region of the surface, indicating that the
system samples the proton-shared region even in the ground
vibrational state. The wave function for theV ) 1 state of the
proton-stretching vibration is significantly displaced from the
minimum toward the proton-shared region of the surface. In
the V ) 1 state, there is an even higher probability of finding
the complex in this region. These features give rise to the large
anharmonicity correction found for the proton-stretching vibra-
tion. In addition, there is mixing between theV ) 1 state of the
proton-stretching vibration and then ) 8 overtone of the dimer
stretch, which have energies of 1289 and 1293 cm-1, respec-
tively, and are nearly accidentally degenerate. Such mixing was
observed previously,1 and gives rise to the “wobbles” in the
plot shown in Figure 2.

The expectation values (R0) of the Cl-N and Cl-H distances
in the ground vibrational state are also reported in Table 2. The
complex can access the proton-shared region of the surface even
in the ground state and, since the Cl-N distance for a proton-
shared hydrogen bond is shorter than the Cl-N distance for a
traditional hydrogen bond, the expectation value [R0 (Cl-N)]
is shorter than [Re(Cl-N)], in contrast to the usual relationship
betweenRe and Ro. At lower fields strengths [R0 (Cl-H)] is
greater than [Re(Cl-H)]; however, [Re(Cl-H)] is greater than
[R0(Cl-H)] at higher fields.

Structural and IR Results in the Presence of Electric
Fields. As noted previously,1 external electric fields preferen-
tially stabilize more polar structures. Since the dipole moment
increases as hydrogen-bond type changes from traditional, to
proton-shared, to ion-pair, a smooth transition among these
structures should be observed as a function of increasing field
strength. Table 2 reports equilibrium distances and ground-state
expectation values for Cl-N and Cl-H distances as a function

TABLE 3: Harmonic, One-Dimensional (1-D), and Two-Dimensional (2-D) Dimer- and Proton-Stretching Frequencies (cm-1)
for ClH:Pyridine as a Function of Field Strength (au)

anharmonic
harmonic

field dimer proton
dimer
(1-D)

dimer
(2-D)

proton
(1-D)

proton
(2-D)

0.0000 140a 1954a 144 185 1365 1289
0.0010 156 1794 148 214 1117 1170
0.0020 154 1426 164 246 1008 1075
0.0040 311 871 308 291 1249 971
0.0055 274 1368 268 295 1204 1010
0.0100 209 2142 202 231 1513 1546
expt Arb,c 838, 1050
expt N2

b,d 1135, 875, 759, 595

a The zero-field harmonic dimer- and proton-stretching frequencies obtained from the full surface are 128 and 1964 cm-1, respectively.b Reference
10. c The 838 cm-1 band is the stronger of the two bands.d Two of these bands may be components of a Fermi doublet.

Figure 1. The square of the ground-state vibrational wave function
superimposed on the zero-field potential surface. Contour values are
at 0.0005, 0.001, 0.002, 0.003, 0.005, 0.01, 0.02, and 0.03 hartree above
the global minimum. The same contour values appear in Figures 2 and
3.

Figure 2. The square of the vibrational wave function for theV ) 1
state of the proton-stretching mode superimposed on the zero-field
potential surface. The proton-stretching wave function was calculated
using a basis of 4900 dvr points to ensure convergence.
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of field strength. As the field strength increases, the Cl-N
distance decreases to a minimum distance of 2.820 Å at a field
of 0.0040 au. This suggests that the structure of the complex at
this field strength is close to quasi-symmetric; that is, the forces
on the proton from the Cl and the N are equal. The expectation
value of the Cl-N distance is also a minimum at a field of
0.0040 au, although the change inR0(Cl-N) as a function of
field strength is not as dramatic as the change in Re(Cl-N).
Both R0 andRe values for Cl-H increase continuously as the
field strength increases and the proton is transferred from Cl to
N.

Figure 3 shows plots of the square of the ground-state
vibrational wave functions superimposed on the potential
surfaces at field strengths of 0.0000, 0.0010, 0.0020, 0.0040,
0.0055, and 0.0100 au. As a function of field strength, the
minimum on the surface moves from the region associated with
a traditional hydrogen bond, to the proton-shared region, and
then to the region of the hydrogen-bonded ion pair. At a field
strength of 0.0040 au, the minimum describes a very broad
valley and the ground-state wave function describes a proton-
shared hydrogen-bonded complex that is close to quasi-
symmetric. As the field increases, the wave function describes
complexes with increasing ion-pair character.

Changes in the Cl-N distance as a function of field strength
are paralleled by changes in the computed anharmonic two-
dimensional proton-stretching frequencies. As evident from
Table 3, this frequency initially decreases as the field is turned
on, exhibits its minimum value of 971 cm-1 at a field strength
of 0.0040 au, and then increases to 1010 and 1546 cm-1 at fields
of 0.0055 and 0.0100 au, respectively.

The gas-phase zero-field structure of ClH:pyridine has a larger
dipole moment than ClH:NH3 but a smaller dipole moment than
ClH:N(CH3)3, as shown in Table 1. The ClH:pyridine complex,
however, is significantly larger than either ClH:NH3 or ClH:
N(CH3)3 and the calculated Onsager reaction fields, at a given
relative permittivity, are lower for ClH:pyridine than for the
other two complexes. At field strengths of 0.0010 and 0.0020
au, the two-dimensional anharmonic proton-stretching frequen-
cies of ClH:pyridine are 1170 and 1075 cm-1, respectively.
These values are higher than the stronger of the two bands in

the Ar matrix spectrum of this complex, which is found at 838
cm-1.10 The lowest calculated two-dimensional anharmonic
proton stretching frequency is 971 cm-1 at a field strength of
0.0040 au. This value is still 133 cm-1 higher than experiment.
There are three sources for the discrepancy between the two-
dimensional proton-stretching frequency and the experimental
value. The model we have used for the matrix environment
employs an isotropic external field, and this is an oversimpli-
fication because the reaction field will change as the structure
of the complex changes (eq 1). The second source of error is
the dimensionality of the anharmonic calculations. We have
already ascertained that coupling of the proton-stretching
vibration to the pyridine ring modes is important,10 and this
coupling cannot be taken into account in a two-dimensional
treatment. The third source of error arises from the fact that the
ClH:pyridine potential energy surfaces have been calculated with
pyridine frozen at its zero-field equilibrium geometry in the
complex. Again this is an oversimplification since the pyridine
geometry will relax as the proton moves, lowering the potential
energy and leading to lower vibrational frequencies. Future work
will address these factors. Nevertheless, the results of Tables 1
and 3 suggest that in Ar, the equilibrium ClH:pyridine complex
has a hydrogen bond on the traditional side of quasi-symmetric.

In an N2 matrix there are 4 bands arising from the ClH:
pyridine complex, with frequencies of 1135, 875, 759, and 595
cm-1.10 Since an N2 matrix has a stronger interaction with a
complex than an Ar matrix, it is expected that ClH:pyridine in
N2 should lie on the ion-pair side of quasi-symmetric. This is
consistent with the observation of a strong band at 1135 cm-1

in the experimental spectrum, and with the computed anhar-
monic proton-stretching frequencies of 1010 and 1546 cm-1 at
field strengths of 0.0055 and 0.0100 au, respectively. The shift
to higher frequency suggests that the proton-stretching band has
increased N-H stretching character. This is also consistent with
the increase in the Cl-N distance as the field strength increases
above 0.0040 au. The conclusions about the nature of the
hydrogen bond in ClH:pyridine in Ar and N2 resulting from
the two-dimensional treatment of ClH:pyridine presented in this
work are in agreement with observations made in ref 10, which
were based on a very different approach.

The two-dimensional proton-stretching frequencies for ClH:
pyridine and ClH:NH3 are plotted against field strength in Figure
4. The minimum frequency for the proton-stretching vibration
in ClH:pyridine is found at a field of 0.0040 au, whereas the

Figure 3. Plots of the square of the ground-state vibrational wave
functions superimposed on the potential surfaces at varying field
strengths.

Figure 4. ClH:pyridine and ClH:NH3 proton-stretching frequencies
as a function of field strength. (s) ClH:pyridine. (--) ClH:NH3.
Experimental frequencies in Ar and N2 are as indicated.
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minimum for ClH:NH3 occurs at a field of 0.0055 au. The
experimental frequencies for these two complexes in Ar and
N2 matrices are also indicated in Figure 4. It is apparent from
Figure 4 that the quasi-symmetric hydrogen bond is formed at
a lower field strength in the ClH:pyridine complex. This is
consistent with the fact that the zero-field structure of ClH:
pyridine has more proton-shared character than that of ClH:
NH3. It is also consistent with the suggestion that the hydrogen
bond in the ClH:pyridine complex is on the traditional side of
quasi-symmetric in Ar and on the ion-pair side of quasi-
symmetric in N2. By comparison, ClH:NH3 has less proton-
shared character in Ar, and is close to quasi-symmetric in N2.

It is appropriate at this point to comment on the harmonic
and one- and two-dimensional anharmonic proton-stretching
frequencies as a function of field strength. The harmonic
frequency is significantly higher than the two-dimensional
anharmonic frequency at all field strengths except 0.0040 au,
as evident in Table 3. At this field the computed harmonic
frequency is actually lower than the two-dimensional anhar-
monic frequency, and in good agreement with the experimental
frequency of the stronger band in an Ar matrix. However, the
region surrounding the minimum on the 0.0040 au potential
surface is very flat which implies that the harmonic approxima-
tion is inappropriate. Therefore, the agreement between the
harmonic frequency and the strong band in the experimental
Ar matrix spectrum must be regarded as fortuitous. The one-
dimensional anharmonic proton-stretching frequencies do not
exhibit a consistent pattern as a function of field strength, and
can be either higher or lower than the corresponding two-
dimensional frequency. The one-dimensional anharmonic fre-
quency is lowest at a field of 0.0020 au, and is surprisingly
large at a field of 0.0040 au. This apparent anomaly is related
to the curvature of the 0.0040 au surface, and the inability of a
one-dimensional anharmonic treatment of vibration to ad-
equately describe the region surrounding the minimum along a
single normal-coordinate vector.

NMR Properties. Table 4 reports35Cl-15N spin-spin
coupling constants (2hJCl-N) for the equilibrium structures of
ClH:pyridine at each field strength, and corresponding data for
ClH:NH3. The coupling constants for ClH:pyridine are reported
as implicit functions of field strength; that is, the coupling
constants have been computed for the optimized structure at
each field, but with the field turned off. The coupling constants
for ClH:NH3 reported in Table 4 have been computed as both
implicit and explicit functions of field strength. The implicit
calculations are reproduced from ref 8. The explicit values, that

is, the coupling constant calculated at the optimized structure
at each field, in the presence of the field, are reported for the
first time in this paper. Turning on the external field during the
calculation increases the absolute value of the coupling constant,
but the trend as a function of field strength remains the same.
While the field polarizes the electron density toward the chlorine,
it reduces the electron density on the hydrogen-bonded proton,
and this leads to Cl-N coupling constants with larger magni-
tudes.

As evident from Table 4, the absolute value of the Cl-N
coupling constant in ClH:pyridine increases as the strength of
the external field increases, is a maximum at a field of 0.0040
au, and then decreases as the field increases to 0.0055 and
0.0100 au. This behavior follows the same pattern as the changes
in the intermolecular Cl-N distance and in the anharmonic
proton-stretching frequency of the hydrogen-bonded proton. This
is not unexpected, given that both proton-stretching frequencies
and coupling constants exhibit extremum values for complexes
with quasi-symmetric hydrogen bonds, and these are associated
with short intermolecular distances. Thus, the X-Y coupling
constant across an X-H-Y hydrogen bond and the anharmonic
two-dimensional proton-stretching frequency again appear to
be fingerprints for hydrogen bond type.8

Table 5 reports1H NMR chemical shifts for the hydrogen-
bonded proton for equilibrium ClH:pyridine structures as a
function of field strength. The shifts reported are relative to the
HCl monomer. The NMR chemical shift is 13.2 ppm in the
zero-field structure, increases to 22.7 ppm in the equilibrium
structures at field strengths of 0.0040 and 0.0055 au, and then
decreases slightly in the ion-pair structure at a field of 0.0100
au. While the chemical shift of the hydrogen-bonded proton
has its maximum value for the quasi-symmetric proton-shared
structure, the variation of proton chemical shift with field
strength is not as dramatic as the variation in coupling constants
and proton-stretching frequencies. At the higher fields, that is,
in the structures with ion-pair character, the proton chemical
shift does not decrease with increasing Cl-N distance as rapidly
as the absolute value of the coupling constant decreases and
the proton-stretching frequency increases. This is also true for
the proton chemical shift in ClH:NH3.8 Figure 5 shows a plot
of the Cl-N distance, the anharmonic proton-stretching fre-
quency, the magnitude of the Cl-N coupling constant, and the
proton chemical shift of the hydrogen-bonded proton for ClH:
pyridine as a function of field strength. This plot demonstrates
graphically that the chemical shift of the hydrogen-bonded
proton may not be as useful for structure determination as the
coupling constant across the hydrogen bond and the proton-
stretching frequency.

Limbach et al.41 have reported an elegant NMR study of the
temperature-dependent solvent electric field effects on proton
transfer and hydrogen bond geometries in complexes of various
acids with pyridine. They measured chemical shifts of the
hydrogen-bonded proton, and scalar coupling constants (1hJH-N)

TABLE 4: Cl -N Spin-Spin Coupling Constants
[2hJ(35Cl-15N), Hz] Across the Cl-H-N Hydrogen Bond in
ClH:Pyridine and ClH:NH 3 as a Function of Field Strength
(au)

field

ClH:pyridine
implicita

FCd

ClH:NH3

implicita,b

FCd

ClH:NH3

implicita,b

2hJCl-N

ClH:NH3

explicitc

FCd

0.0000 -9.3 -5.9 -5.7 -5.9
0.0010 -10.4 -6.3 -6.1 -6.6
0.0020 -12.1
0.0025 -7.1 -6.9 -7.8
0.0040 -13.9 -8.2 -8.0 -9.3
0.0055 -12.6 -12.2 -11.8 -13.5
0.0100 -9.3 -9.5 -9.1 -10.9
0.0150 -7.0 -6.7 -8.2

a Computed using the optimized geometry (Re) for each complex at
the indicated field strength, but with the field turned off.b Data taken
from ref 8. c Computed using the optimized geometry (Re) for each
complex at the indicated field strength, with the field turned on.d The
Fermi-contact term.

TABLE 5: NMR Chemical Shifts {δ[δ(ppm)]} of the
Hydrogen-Bonded Proton in ClH:Pyridine as a Function of
Field Strength (au)

field δ[δ(ppm)]a

0.0000 13.2
0.0010 14.6
0.0020 16.9
0.0040 22.7
0.0055 22.7
0.0100 21.3

a Shifts are relative to HCl.
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for the hydrogen-bonded proton and the pyridine nitrogen. Their
interpretations are consistent with the findings of this work. In
particular, they noted that decreasing temperature leads to an
increased electric field on hydrogen-bonded complexes, resulting
in a change of hydrogen bond type from traditional, to proton-
shared, to ion pair. At the quasi-symmetric structure the
hydrogen bond distance is contracted, and for ClH:pyridine, the
quasi-symmetric structure gives rise to the maximum value of
the proton chemical shift.

ClD:Pyridine. Table 6 reports ground-state expectation
values for Cl-N and Cl-D distances as a function of field
strength for the ClD:pyridine complex together with harmonic
and anharmonic stretching frequencies for the dimer- and proton-

stretching modes. At the lower field strengths of 0.0000 and
0.0010 au, the expectation value of the Cl-N distanceR0(Cl-
N) is slightly larger in ClD:pyridine than that in ClH:pyridine.
At higher fieldsR0(Cl-N) is smaller in the deuterated complex,
except at the highest field strength of 0.0100 au. At field
strengths of 0.0000, 0.0010, and 0.0020 au, the expectation value
of the Cl-D distance,R0(Cl-D), is smaller than the corresponding
R0(Cl-H). The combination of a largerR0(Cl-N) and a smaller
R0(Cl-D) suggests that, at lower fields, the ClD:pyridine
complex has less proton-shared character than the ClH:pyridine
complex. When the complex is close to quasi-symmetric
R0(Cl-N) is notably smaller in the deuterated species. This is
indicative of the fact that ClD:pyridine sits lower in the potential
well, and does not sample the proton-shared region of the surface
as extensively. The minima in bothR0(Cl-N) and the two-
dimensional anharmonic proton-stretching frequency occur at
a field strength of 0.0040 au for both ClD:pyridine and ClH:
pyridine.

The proton-stretching frequency is reduced when DCl replaces
HCl, as evident from Tables 3 and 6. Harmonic analysis gives
a value of 0.71 for the ratioυ(D)/υ(H). The anharmonic ratio
υ(D)/υ(H) for the one- or two-dimensional proton stretching
frequencies is smallest when the hydrogen bond is proton-shared
at field strengths of 0.0020, 0.0040, and 0.0055 au. In these
cases both one- and two-dimensional ratios fall at or below the
harmonic value of 0.71. At smaller or larger fields, when the
hydrogen bonds have more traditional or ion-pair character, the
ratio υ(D)/υ(H) is significantly larger than the harmonic
prediction. These trends are similar to those observed previously
for ClH:NH3, BrH:NH3, ClH:N(CH3)3 and BrH:N(CH3)3 and
their deuterated analogues.1,3 To our knowledge, the experi-
mental IR spectrum of ClD:pyridine has not been recorded.

Conclusions

The following statements about the hydrogen-bonded ClH:
pyridine complex are supported by the calculations carried out
in this study.

1. The zero-field equilibrium structure of ClH:pyridine is
stabilized by a traditional Cl-H‚‚‚N hydrogen bond, although
the degree of proton transfer from Cl to N is greater in this
complex that in the ClH:NH3 complex.

2. The computed gas-phase anharmonic proton-stretching
frequency of ClH:pyridine is 1289 cm-1. This frequency initially
decreases as the strength of the external field increases, and
exhibits a minimum value of 971 cm-1 for a complex which
has a proton-shared hydrogen bond that is close to quasi-
symmetric at a field strength of 0.0040 au. The proton-stretching
frequency subsequently increases with increasing field as the
stretching vibration becomes a perturbed N-H stretch in
complexes that have greater ion-pair character.

3. The experimental IR spectrum of ClH:pyridine in Ar has
a strong proton-stretching band at 838 cm-1 and a weaker band
at 1050 cm-1. In an N2 matrix 4 bands are observed at 1135,
875, 759, and 595 cm-1. Our calculations suggest that the ClH:
pyridine complex is on the traditional side of quasi-symmetric
in Ar and on the ion-pair side of quasi-symmetric in N2.

4. As a function of field strength, the intermolecular Cl-N
distance and the anharmonic proton-stretching frequency initially
decrease, exhibit minimum values for the quasi-symmetric
hydrogen-bonded complex at a field of 0.0040 au, and then
subsequently increase as the strength of the external field
increases. The magnitude of the Cl-N coupling constant across
the hydrogen bond initially increases as the field strength
increases, exhibits a maximum at a field of 0.0040 au, and then

Figure 5. Structural, vibrational, and NMR properties of the ClH:
pyridine complex as a function of the strength of an external field
imposed along the Cl-H-N direction. These plots have been made
relative to a value of 0.0 for the property at zero field. The absolute
values of the properties are given in the tables. The upper plot shows
the proton chemical shift (solid line) and the Cl-N spin-spin coupling
constant (dashed line) as implicit functions of field strength. The lower
plot shows the proton-stretching frequency (dashed line) and the
equilibrium Cl-N distance (solid line) as explicit functions of field
strength.

TABLE 6: Expectation Values of the Cl-N and Cl-D
Distances [R0(Cl-N), R0(Cl-D), Å] in the Ground
Vibrational State and Harmonic, One-Dimensional (1-D),
and Two-Dimensional (2-D) Dimer- and Proton-Stretching
Frequencies (cm-1) as a Function of Field Strength (au) for
ClD:Pyridine

anharmonic

harmonic dimer proton

field R0(Cl-N) R0(Cl-D) dimer proton 1-D 2-D 1-D 2-D

0.0000 2.927 1.421 138 1411 142 160 1139 979
0.0010 2.894 1.454 154 1297 146 183 912 860
0.0020 2.870 1.492 150 1040 161 220 690 757
0.0040 2.850 1.571 310 620 307 292 796 658
0.0055 2.856 1.628 273 977 266 294 784 715
0.0100 2.925 1.789 208 1527 201 220 1193 1200
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decreases with increasing field strength. Thus, the structure of
a hydrogen-bonded complex in terms of the intermolecular
distance can be determined from the spectroscopic properties
of proton-stretching frequency and spin-spin coupling constant
across the hydrogen bond. Although the chemical shift of the
hydrogen-bonded proton also has its maximum value at a field
of 0.0040 au, it does not decrease dramatically at higher fields,
and may not be as useful an indicator of hydrogen bond type
and intermolecular distance.

5. Deuteration of HCl lowers the anharmonic proton-
stretching frequencies in ClD:pyridine at all field strengths
considered, although the ratioυ(D)/υ(H) may be higher or lower
than the harmonic value of 0.71. The trends in the expectation
values of the Cl-N distance and the anharmonic proton-
stretching frequencies are the same in ClD:pyridine and ClH:
pyridine.
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