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Abstract: Anharmonicity and matrix effects play important roles in determining the proton-stretching frequencies

in hydrogen-bonded complexes of HCI and HBr with N&ihd N(CH)s. These effects have been investigated
through ab initio calculations carried out at MP2/aag-pVDZ for complexes with HCIl and at MP2/6-3G-

(d,p) for complexes with HBr. The potential surfaces of these complexes are very anharmonic, since the region
surrounding the global minimum may be very broad and relatively flat, or a second region of the surface,
displaced from the global minimum, can be accessed in either the ground) or the first excited{ = 1)

state of the proton-stretching mode. As a result, two-dimensional anharmonic frequencies, particularly for the
proton-stretching vibration, can be dramatically different from the corresponding harmonic frequencies.
Moreover, the zero-point energy contribution to binding enthalpies based on harmonic vibrational frequencies
can be significantly overestimated in some complexes. To model the effects of matrices on the structures and
spectra of these complexes, potential surfaces have been generated in the presence of external electric fields
applied along the hydrogen-bonding—X¥—N direction. These fields preferentially stabilize more polar
hydrogen-bonded structures. The changes in anharmonic frequencies computed from these surfaces depend on
the strength of the field and the nature of the equilibrium structure at zero field. Comparisons between computed
frequencies for these complexes and experimental frequencies obtained in A aradrides provide insight

into the dependence of proton-stretching frequencies on the environment. It is now possible to understand the
apparently disparate effects of Ar and Matrices on the spectra of closely related complexes.

Introduction that this is the case, and the role of such hydrogen bonds in
enzyme catalysis is controversfaf
We have previously examined a number of related hydrogen-
onded complexes which are stabilized by traditional and
proton-shared hydrogen bonts? In this paper we further
investigate the nature of such hydrogen bonds, and demonstrate
how these may be stabilized in the presence of an isotropic
electric field. Some experimental vibrational spectroscopic data
for hydrogen-bonded complexes have been obtained in the gas
phase, but more typically these data are obtained using low-
temperature matrix isolation spectroscopy. It is apparent that
the presence of matrix material can affect both the structure
and the spectroscopy of a complex.

Ouir first attempt to model such interactions was to explicitly
include rare gas atoms around hydrogen-bonded complé%&s.

Hydrogen bonding is one of the most important of all
intermolecular interactions. It is ubiquitous in nature, giving b
water its unique properties, and playing a key role in the
chemistry of living systems. The hydrogen bond arises when a
hydrogen atom that is covalently bonded to an electronegative
atom (A) in one molecule interacts with an electron-rich center
(B) in another molecule, giving rise to a traditionat-M---B
hydrogen bond. In this situation, the-Ad distance is slightly
elongated relative to the AH distance in the corresponding
monomer, and the BH distance is significantly longer than a
normal B-H covalent bond distance. A second type of hydrogen
bond has been described as a proton-shared hydrogentbond,
represented as-AH---B. In this type of bond, the AH and
B—H distances are long relative to monomer distances, but the _ ,

A—B distance is significantly shorter than the-& distance gg &Eﬁﬁ;‘gh”\ivku\évbéﬁeg’osﬁ ll\_/lé e'\’"f?’s‘fnﬁﬁl%?ﬁdgﬁ“’&%?'\(oun o V.
in a traditional hydrogen bond. Proton-shared hydrogen bondsg ; Kreevoy, M. M.Croat. Chem. Actd 996 69, 1661.
may be related to what have been described as short-strong (5) Cleland, W. W Biochemistry1992 31, 317.

hydrogen bonds (SSHBS) or low-barrier hydrogen bonds (LB-  (6) St J. P Kiuger, RJ Am. Chem. Sod993 115 11566
HBs), which may play an important role in enzyme-catalyzed (g) wesolowski, T.; Muller, R. P.; Warshel, Al Phys. Chem1996
reactions. There is, however, no direct experimental evidence 100, 15444.

(9) Del Bene, J. E.; Jordan, M. J. J. Chem. Phys1998 108 3205.

T University of Sydney. (10) Del Bene, J. E.; Jordan, M. J. T.; Gill, P. M. W.; Buckingham, A.
*Youngstown State University. D. Mol. Phys 1997 92, 429.
(1) Del Bene, J. E. Hydrogen Bonding: 1. [Fhe Encyclopedia of (11) Del Bene, J. E.; Person, W. B.; SzczepaniakCKem. Phys. Lett

Computational ChemistrySchleyer, P. v. R., Allinger, N. L., Clark, T., 1995 247, 89.
Gasteiger, J., Kollman, P. A., Schaefer, H. F., lll, Schreiner, P. R., Eds.;  (12) Del Bene, J. E.; Person, W. B.; SzczepaniakMgl. Phys 1996

John Wiley & Sons: Chichester, UK, 1998; Vol. 2, pp 126271. 89, 47.
(2) Gerlt, J. A.; Kreevoy, M. M.; Cleland, W. W.; Frey, P. &hem. (13) Del Bene, J. E.; Szczepaniak, K.; Chabrier, P.; Person, \@hBm.
Biol. 1977, 4, 259. Phys. Lett 1997 264, 109.

10.1021/ja993981s CCC: $19.00 © 2000 American Chemical Society
Published on Web 02/19/2000



2102 J. Am. Chem. Soc., Vol. 122, No. 9, 2000 Jordan and Del Bene

In this present work our approach is to place a hydrogen-bondedTable 1. Configuration Space Spanned by ab Initio Data P8ints

complex in a small external electric field. Such an approach is  complex  field (au) Riz= X—N (&) R.= X—H (A)
consistent with Onsager’s model for dipolar fluidsthe model CIHNHS 0.0000 2705 R,<3.30 L.10=Ry<1.70
used by Onsager was originally proposed by Belhd places 0.0010 aRy, = 2.70 to
a point dipole, in the center of a spherical cavity within a 0.0025 1.1 R, < 2.30
continuous dielectric medium of relative permittivityThe field 0.0040 afR, = 3.30
of the dipole u, polarizes its surroundings and this polarization 8-8288
induces a homogeneous field in the cavity, the reaction field, 0.0150
R. If the cavity is sphericalR has the same direction asThe BrH:NH¢ 0.0000 2.80< Ri,<3.50 1.20< R, < 1.80
magnitude oR can be calculated from the dipole moment, the 0.0005 aRy, =2.80to0
cavity radius, and the relative permittivity of the dielectric 0.0010 1.20< Ry = 2.50
medium. We assume the reaction fielR], is isotropic and we 8'882(5) aRy2 = 3.50
calculate potential energy surfaces for a range of field strengths 0.0080 2.70< Rp<3.50 1.10<R, < 1.85
consistent with Onsager’s model. Although a simplification, this 0.0005 aR;;=2.70to
approach provides insight into the nature and mechanism by 0.0010 1t-R1)05 R§§02-65
inh i ; ; al =3.
which |_nteract|on between the complex and a matrix occurs. CIH:N(CHg)s  0.0000  2.50< Rip< 3.50 1-10512R2 2160
In this paper we report the dependence of the structures and 0.0010 aRy, = 2.50 to
proton-stretching vibrational frequencies of complexes between 0.0040 1.1 R, < 2.60
the hydrogen halides (HCI and HBr) and ammonia gNéhd atRy;;=3.50
trimethylamine [N(CH)s] on external electric fields of varying ~ BrH:N(CHg)s  0.0000  2.50< R;>= 3.40 1.10= R, =< 1.60
strengths. 0.0010 alR;» = 2.50 to
0.0040 1.1 R, = 2.50
atR, = 3.40
Methods

apoints were calculated at 0.05 A increments unless otherwise

The structures of all complexes have been optimized at zero field specified.? For CIH:NH; at 0.0055 au, field ab initio points were not
under the constraint o3, symmetry using second-order many body obtained at coordinate®{,R,) = (1.00,2.00), (1.00,2.05), (1.00,2.10),
Mgaller—Plesset perturbation theory (MP2)1° Complexes with HBr (1.05,1.95), (1.05,2.00), and (1.05,2.05For BrH:NH; no ab initio
were studied using the 6-315(d,p) basis sé@-23 Complexes with HCI data were obtained for the BN distance 3.35 A at field strengths of
were investigated using the Dunning correlation-consistent polarized 9-0080 and 0.0120 au, and no ab initio data were obtained for any
valence double-split basis set augmented with diffuse s, p, and d f1€ld strength considered for BiN = 3.45 A.
functions on non-hydrogen atoms (&ag-pVDZ) 2426 This basis was
found to give an improved description of the harmonic and anharmonic o e ° e
vibrational frequencies of HCI relative to 6-3G(d,p)? Vibrational monlc_lty c;or;ectlon in the complex is not Iarge,_anq reasona_ble binding
frequencies were computed for all structures to identify minima, to €Nergies:?” 2 However, the computed MP2 binding energies for all
simulate the harmonic vibrational spectra, and to obtain the zero-point Of thése complexes are too large, since neither the wave function model
vibrational energy contributions to binding enthalpies at 10K, (MP2_) nor the baS|_s set used yield near converged values. For example,
the temperature at which matrix isolation measurements are made. Théh€ Pinding energies for CIH:N¢at MP2/augcc-pvVDZ, MP2/aug

subscript h is used to denote that the zero-point energy correction hasS¢-PVTZ, and CCSD(T)/augee-pVTZ are—9.5,-9.0, and-8.1 keal/
been evaluated exclusively from harmonic frequencies, as is usually mol, respectively. The difference due to the wave function model, which

done. However, since the potential surface describing the proton- €an be seen by comparing the MP2/aog-pVTZ and CCSD(T)/aug
stretching vibration can be very anharmonic, using the harmonic zero- ¢C-PVTZ energies, is greater than the difference due to the basis set,

point energy for this mode may lead to a relatively large error. To &S Seen by comparing the MP2/&0g-pVDZ and MP2/augce-pVTZ

estimate the magnitude of this error, we have substituted the anharmonicEnN€rgies. Computing binding energies from counterpoise corfécted

zero-point vibrational energies obtained from the zero-field two- MP2/aug-cc-pvDZ energies does not lead to improved energies, since
dimensional surfaces for the corresponding harmonic zero-point energiedt has been observed that uncorrected @ogpVXZ energies converge
for the dimer- and proton-stretching vibrations, and have used the faster and are closer to basis-set converged values than counterpoise-
anharmonic zero-point energy for the monomers HCl and HEre corrected augec-pVXZ energies:?’ The objective of the present study
resulting binding enthalpy at 10 K will be denoteadH,L. is not to provide quantitatively accurate binding energies, but to show
All calculations were done freezing the s and p electrons below the NOW potential surfaces obtained at a reasonable level of theory change
valence shells in the Hartredock molecular orbitals. The levels of with external field strength, and how the variation in structural and

theory used produce reliable structures and vibrational frequency shifts ViPrational spectroscopic properties parallel these changes.
The two-dimensional potential energy surfaces were generated by

for the proton-stretching band relative to the monomer if the anhar-

(14) Onsager, LJ. Am. Chem. Sod 936 58, 1486. freezing the ammonia or trimethylamine coordinates, similarly to earlier
(15) Bell, R. P.Trans. Faraday Sacl931, 27, 797. work 210 and then varying the NH and X—H distances. Results at
(16) POp'ﬁ’ J. A Blml7<le33, ‘]'15'; Seeger, Rt. J. Quantum Chem.  onzero field strengths were similarly obtained by applying an external
Qu(igt)u Lnrighr?zﬂf yR".’;ppfmS, J?’Aht. J. Quantum Chenl97§ 14, 91. field along the X-H—N direction of the complex and varying the-
(18) Bartlett, R. J.; Silver, D. MJ. Chem. Phys1975 62, 3258. and X—H distances. In this way a discrete grid of ab initio data was
(19) Bartlett, R. J.; Purvis, G. Dnt. J. Quantum Cheni97§ 14, 561. obtained for each complex considered. The coordinate values used to
(20) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Physl972 56, construct the ab initio grids are given in Table 1. The ab initio data
2257. i _ ) cover the most chemically relevant areas of the potential surfaces
g%g ggirtlzhr?azggi % ?N _ngfk' ‘]T' Fgﬁ‘;; d?;‘;r:krg‘itajg?cﬁ%yilr% v, r. Including those regions associated with traditional, proton-shared, and
J. Compt. Chemﬂ98§ 3',’3633.1 v U "7 7777 ion-pair hydrogen bonds, and extend sufficiently far to describe the
(23) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. v. R. Walls of the potential energy surfaces.
J. Comput. Cheml983 4, 294. Global potential energy surfaces were constructed from the ab initio
(24) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007. data using the following procedure:
(25) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R.J1.Chem. Phys
1992 96, 1358. (28) Del Bene, J. E.; Person, W. B.; SzczepaniakJKPhys. Chem
(26) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1993 98, 1358. 1995 99, 10705.
(27) Del Bene, J. E.; Shavitt, I. IMolecular Interactions: From Van (29) Del Bene, J. E.; Jordan, M. J. Tht. Rev. Phys. Chem1999 18,

der Waals to Strongly Bound Complex&heiner, S., Ed.; John Wiley 119.
and Sons: Sussex, 1997; pp 5779. (30) Boys, S. F.; Bernardi, Mol. Phys 197Q 19, 553.
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Figure 1. Schematic representation of the grid used to construct the potential surfaces from the ab initio data points: (a) the original ab initio data
points; (b) one-dimensional quadratic extrapolation in theddrdinate, from the ab initio data; (c) one-dimensional linear extrapolation inthe R
coordinate, from the ab initio data; and (d) one-dimensional linear extrapolation intb@oRlinate, from the grid formed in (b).

(1) One-dimensional quadratic extrapolations were performed along
the N—H distance to obtain a rectangular grid covering the ab initio
values.

(2) One-dimensional linear extrapolation was performed along the
X—H distance to obtain a rectangular grid out to the longestX
distance considered.

(3) A one-dimensional linear extrapolation in the-M distance was
performed on the grid obtained in Step 1 out to the longesHX
distance considered.

A schematic of this procedure is shown in Figure 1.

In this way an “augmented” rectangular grid of data points was
obtained. A bicubic spline interpolation was used to describe the
potential energy surface within this grid and polynomial extrapolation

was used outside the grid. At short bond lengths a quadratic extrapola-

tion was used and at long bond lengths the extrapolation was linear.
The details of the construction of the augmented potential grid are
slightly different from those described in our earlier w8 The
computational effort involved in constructing this new grid is reduced
relative to constructing a rectangular ab initio grid. The procedure
outlined above was found to be robust and was effectively automated.

For 7 of the 20 potential surfaces constructed, however, it was necessary
to make small adjustments to extrapolated points on the edge of the

augmented grid to ensure that the polynomial extrapolation used to
construct the global surface maintained the correct curvature. When

such manipulations were necessary, the required change in energy wa

of the order of a millihartree or less, and the energy of the augmented

point was always significantly higher than energies accessed by any

of the computed vibrational wave functions. The energies altered were,
typically, 0.2 hartree above the energy of the global minimum on the

surfaces. Extrapolations from the augmented grid used the same

methods and parameters described previotily.

The resulting two-dimensional potential energy surfaces describe a
pseudo-triatomic system, -AH—B, where A represents the Nkbr
N(CHz); moiety and B is the halogen. The bond lengfisandR; are
the distance from the H to the center-of-mass of A and theHB
distance, respectively. Where appropride,has been subsequently
transformed back to the-\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 previoushuising a model Hamiltonian for the collinear
A—H—-B system in theR; and R, coordinates described above.
Eigenfunctions were calculated variationally using the discrete variable

Table 2. Ab Initio Points and Two-Dimensional Anharmonic
Frequencies for the Dimer (Heavy Atom) and Proton-Stretching
Modes (cnT?)

S

area of config.

species no. of points spaced covered @ dimer proton
CIH:NH;

ref 10 143 0.30 199 1566

this work 247 0.54 202 1567
BrH:NH3

ref9 569 0.27 218 888

this work 349 0.92 210 908

representation (DVR) of a two-dimensional basis set constructed as
a direct product of one-dimensional tridiagonal Morse functiesch
optimized to the appropriate one-dimensional Sdhrger equation.
The results quoted below used either 120:60 or 140:70 primitive:
contracted basis functions in each coordinate, and the vibrational
eigenvalues are converged to better than 0.5'cm

One-dimensional eigenvectors and eigenvalues were also calculated
for all complexes. These calculations were performed along either the
proton- or the dimer-stretching normal mode displacement vectors, 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 0.01¢m

The zero-field surfaces described here for CIHNtd BrH:NH
are based on more extensive ab initio data than those reported
previously?° The differences between the current two-dimensional
vibrational frequencies and our earlier work provide estimates of the
errors introduced using polynomial extrapolation in generating the
global potential energy surface. The current calculations are compared
to our previous results in Table 2. Results for the BrHzNidmplex
are more sensitive than those for CIH:Nbecause the original ab initio
data for BrH:NH covered a significantly smaller region of configuration
space than those reported here. The BrH;btential surface is quite
complex and, at the MP2/6-3%5(d,p) level of theory, has two local
minima. Both minima and the small barrier between them lie below
the zero-point vibrational energy. The present and our earlier attempts
at a BrH:NH; potential surface describe the minima well, but the results
of Table 2 indicate that it is also important to adequately describe the

(31) Bacic, Z.; Light, J. CAnnu. Re. Phys. Chem1989 40, 469.
(32) Wei, H.; Carrington, T., Jd. Chem. Physl992 97, 3029.
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nature of the repulsive walls. The differences observed between the
two calculations for BrH:NH are a result of the previous quadratic
extrapolation underestimating the curvature of the walls. The results
for CIH:NHs, however, indicate that, provided an adequate region of
configuration space is spanned by the ab initio data points, polynomial
extrapolation has little effect on the final calculated anharmonic
frequencies. Details of the ab initio points used to define the potential
energy surfaces are provided in Table 1.

The potential energy surfaces quoted in this work were constructed
using linear extrapolation at “long” bond lengths and quadratic
extrapolation at “short” bond lengths. The sensitivity of the calculated
frequencies to the extrapolation procedure was determined by perform-
ing extrapolations at zero, first, and second orders (and all combinations)

on the zero-field surfaces. Further, the procedure used to calculate the

augmented grid was also varied, with linear and quadratic extrapolation

Jordan and Del Bene

Table 3. Equilibrium (Re) and Expectation Values:f) in the
Ground Vibrational State of ¥N and X—H Distances (A) in
XH:NH3 and XH:N(CH;); Complexes as a Function of Field
Strength (aw)

considered. Third and fourth order extrapolation were not used because

they often yielded incorrect curvature in the potential surface. As

expected, the largest variations in calculated frequencies were obtained

when zero-order extrapolations were used at both “long” and “short”
bond lengths, that is, the potential surface was considered to be flat
outside the augmented potential grid. This yielded estimates for the
dimer- and proton-stretching frequencies that were lower by a maximum
of 6 and 7 cm?, respectively, for the four complexes considered.

All calculations reported here were carried out on the Cray T94
computer at the Ohio Supercomputer Center and on the computing
facilities at the University of Cambridge and the University of Sydney.
Gaussian 98 was used to optimize geometries and compute harmonic
vibrational frequencies, and to generate the ab initio data points for
the potential energy surfaces without and with electric fields.

Results and Discussion

Structural and Spectral Data for Complexes Without an
External Field. (a) CIH:NH 3. From a structural point of view,
the complex CIH:NH has a traditional hydrogen bond with
computed C+N and CHH distancesR) of 3.080 and 1.341
A9 respectively, as reported in Table 3. That the computed HCI
distance is only slightly elongated relative to the HCI monomer
distance of 1.288 A indicates that proton transfer to N does not
occur in this structure. This result is in agreement with Legon’s
conclusion based on his microwave study that the proton is no
transferred to N34 The electronic binding energy\ge) of
this complex is—9.5 kcal/mol. The zero-point vibrational energy
contribution obtained from the harmonic frequenciestik.7
kcal/mol, leading to a binding enthalppn©) of —7.8 kcal/
mol. When the contributions to the zero-point energy of the
complex arising from the proton- and dimer-stretching modes
are replaced by anharmonic zero-point energies, and the

t

CIH:NH3
field Ro(CI—N) Re(CI—N) Ro(CI—H) Re(Cl—H)
0.0000 3.016 3.080 1.392 1.341
0.0010 2.986 3.056 1411 1.349
0.0025 2.941 3.019 1.448 1.363
0.0040 2.905 2.975 1.495 1.383
0.0055 2.870 2.832 1.546 1.575
0.0100 2.898 2.896 1.692 1.766
0.0150 2.988 3.004 1.857 1.917
BrH:NH;
field Ro(Br—N) Re(Br—N) Ro(Br—H) Re(Br—H)
0.0000 3.053 3.247 1.623 1.462
0.0005 3.037 3.224 1.651 1.469
0.0010 3.027 2.976 1.676 1.778
0.0025 3.016 2.993 1.740 1.830
0.0040 3.021 3.009 1.794 1.868
0.0080 3.066 3.068 1.910 1.965
0.0120 3.142 3.152 2.027 2.075
ClHN(CH3)3
field Ro(CI—N) R«(CI—N) Ro(CI—H) R«(Cl—H)
0.0000 2.850 2.825 1.615 1.658
0.0010 2.855 2.836 1.640 1.685
0.0040 2.880 2.872 1.706 1.752
BrH:N(CHs);
field Ro(Br—N) Re(Br—N) Ro(Br—H) Re(Br—H)
0.0000 2.991 2.983 1.830 1.870
0.0010 3.001 2.993 1.849 1.887
0.0040 3.032 3.027 1.904 1.937

aBased on MP2/augc-pVDZ data for HCI complexes and MP2/
6-31+G(d,p) data for HBr complexes.
Table 4. Binding Energies AE.), Binding Enthalpies at 10 K
(AHY9), and Zero-Point Vibrational Energy Contributions to Binding
Enthalpies AZPE) for Complexes of HCI and HBr with Nfand
N(CHz)*

complex AEg AZPE, AH® AZPE, AH.O
CIH:NH3 —9.5 1.7 —-7.8 1.5 —8.0
BrH:NH; —10.0 2.2 —-7.8 1.4 —8.6
CIH:N(CHj3)s —17.8 3.2 —14.6 2.6 —15.2
BrH:N(CH3)s —26.7 48  —21.9 46  —221

anharmonic zero-point energy is used for HCI, the zero-point
vibrational contribution is reduced by 0.2 kcal/mol, giving a
new binding enthalpyAH:1% of —8.0 kcal/mol. These data are
summarized in Table 4. The small difference in the harmonic
and anharmonic zero-point corrections is a result of similar
energies for thes = 0 levels of these vibrations. In the ground
vibrational state, the complex is essentially constrained to the
potential well surrounding the global minimum, as seen in Figure
2.

(33) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, J.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A;; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,
M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian
98; Gaussian, Inc.: Pittsburgh, PA, 1998.

(34) Legon, A. C.Chem. Soc. Re 1993 22, 153.

aEnergies in kcal/mol® AZPE, and AH*° are computed from the
harmonic frequencies for the proton- and dimer-stretching vibrations;
AZPE, and AH, are computed from the anharmonic frequencies for
these modes.

As shown in our previous studithe region of the CIH:NHl
potential energy surface associated with a proton-shared hy-
drogen bond lies sufficiently higher in energy relative to the
global minimum that the ground-state vibrational wave function
is localized within the potential well for the traditional hydrogen-
bonded structure. However, in the= 1 state of the proton-
stretching mode, the excited wave function is no longer localized
in the potential well, but extends into the proton-shared region
of the surface, as evident from Figure 3. This leads to a large
anharmonicity correction for the proton-stretching frequency.

Table 5 reports harmonic and anharmonic frequencies for the
proton-stretching mode. The harmonic proton-stretching fre-
guencies obtained from the full and pseudo-triatomic surfaces
are similar at 2289 and 2278 ci respectively. These are
reduced to 1905 cni in the one-dimensional anharmonic
treatment, and to 1567 crhin the two-dimensional anharmonic
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(a) CIH:NH,

(b) BrH:NH,

4.0

3.5

(d) BrH:N(CH, ),

X-H distance (bohr)

N-H distance (bohr)

Figure 2. Square of the ground-state vibrational wave functions for (a) CIH;Nb) BrH:NHz, (c) CIH:N(CH)s, and (d) BrH:N(CH); at zero
field superimposed on the potential surfaces. 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. The same contour values appear in all figures which display potential surfaces.
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Figure 3. Square of the wave functions for tive= 1 state of the proton-stretching vibration for (a) CIH:)ib) BrH:NHs, (c) CIH:N(CHs)s, and
(d) BrH:N(CHg)s at zero field superimposed on the potential surfaces.

treatment. The difference between the one- and two-dimensionalelectronic binding energy of-10.0 kcal/mol and a harmonic
frequencies is indicative of the importance of coupling between zero-point energy contribution of 2.2 kcal/mol, leading to a
the proton and dimer stretching modes. The two-dimensional binding enthalpy AH!%) of —7.8 kcal/mol. The anharmonic
anharmonic frequency is significantly improved relative to the zero-point vibrational energy contribution is only 1.4 kcal/mol,
harmonic frequencies, but is still about 200 énhigher than giving a binding enthalpy AH,'%) of —8.6 kcal/mol. This

the experimental frequency of 1371 chin an Ar matrix which difference is consistent with Figure 2, which shows that in the
Barnes assigned to the proton-stetching vibratfoithe ex- ground vibrational state, the complex can sample the proton-
perimentally determined frequency of the proton-stretching band shared region of the surface, thereby lowering the anharmonic
of this same complex in an A\matrix is 720 cnil.35 v = 0 level relative to the harmonic.

(b) BrH:NH 5. The BrH:NH; complex also has a structure  The equilibrium structure of BrH:Nghas a computed BN
with a traditional hydrogen bond, with an MP2/6-8&(d,p) distance Re) of 3.247 A and a BrH distance of 1.462 A, which
is slightly elongated relative to the monomer distance of 1.407
A.° This structure is consistent with the description given by

(35) Barnes, A. J.; Wright, M. P. &hem. Soc., Faraday Trans1®86
82, 153.



2106 J. Am. Chem. Soc., Vol. 122, No. 9, 2000

Table 5. Harmonic and Anharmonic Proton and Dimer Stretching
Frequencies (crt) as a Function of Field Strength (&u)

harmonic anharmonic

full surface  “triatomic” surface  dimer proton

field dimer proton dimer proton 1-D 2-D 1-D 2-D
CIH:NH;3
0.0000 191 2289 189 2278 193 202 1905 1567
0.0010 185 2191 193 213 1740 1415
0.0025 220 2054 198 244 1388 1219
0.0040 220 1787 208 301 972 1067
0.0055 442 512 304 372 1072 936
0.0100 333 1812 327 383 1130 1137
0.0150 256 2437 246 274 1811 1781
expt (in Ar)® 1371
expt (in N)%® 720
BrH:NH;
0.0000 135 2006 133 1990 139 210 1469 908
0.0005 112 1883 141 252 1238 865
0.0010 376 1002 370 293 979 833
0.0025 351 1369 348 362 971 809
0.0040 342 1683 329 362 1054 954
0.0080 286 2180 277 305 1513 1544
0.0120 221 2259 214 240 2062 2041
expt (in Arj® 729
expt (in N)® 1386
ClHN(CH3)3
0.0000 485 b 314 1406 310 320 1344 1134
0.0010 303 1579 298 316 1370 1221
0.0040 272 1938 266 289 1499 1478
expt (in Ary® 1486
expt (in Np)%® 1615
BrH:N(CHs)3
0.0000 199 2095 232 2004 230 239 1622 1595
0.0010 226 2102 224 233 1697 1683
0.0040 209 2326 205 214 1926 1933
expt (in Ary® 1660
expt (in Np)%® 1890
1872

aBased on MP2/augc-pVDZ data for HCI complexes and MP2/
6-31+G(d,p) data for HBr complexe8.There are three strong bands
with proton-stretching character at 1588, 1383, and 1185'cBee
text.

Legon that proton transfer from Br to N does not occur in this
complex3* However, the potential surface surrounding the global
minimum is relatively flat, and a BornOppenheimer minimum
with a proton-shared hydrogen bond lies relatively close in
energy to the global minimum. The ground-state vibrational
wave function is centered in a shallow valley which connects
the two minima, and both the traditional and the proton-shared
regions of the potential surface are accessible in the ground (
= 0) and first excited { = 1) states of the proton-stretching
mode, as evident from Figures 2 and 3. A very large anharmo-
nicity correction may be anticipated for the proton-stretching
vibration in this complex. [The existence of a second minimum
on this surface should not be overemphasized. The MP2/6-
31+G(d,p) barrier separating these two minima is less than 0.01
kcal/mol as measured from the higher-energy structure. More-
over, this second minimum is not found on the MP2/aug
pVDZ surface. The anharmonic treatment vibrational averages

over such low-energy features so these do not influence the

computed anharmonic frequencies.]

Harmonic and anharmonic frequencies for BrH:@NHre
reported in Table 5. The pseudo-triatomic and full dimensional
harmonic proton-stretching frequencies are 1990 and 2006,cm
respectively. A one-dimensional anharmonic treatment of the
proton-stretching vibration along the normal coordinate for the

Jordan and Del Bene

of 1469 cntl. The two-dimensional anharmonic frequency is
further reduced to 908 cm, but still remains higher than the
Ar matrix value of 729 cm.35 However, the computed two-
dimensional proton-stretching frequency is lower than the
experimental frequency measured in grmivatrix, which is 1386

cm 135 We will demonstrate below that computed two-
dimensional anharmonic proton stretching frequencies for both
CIH:NH3 and BrH:NH; obtained from surfaces generated in the
presence of external electric fields can resolve these discrep-
ancies and provide insight into the effects of the matrix on the
vibrational spectra of these complexes.

(c) CIH:N(CH 3)3. As noted in a previous study, the degree
of proton transfer from hydrogen halides to a series of related
bases increases as the proton affinity of the base incrébes.
The proton affinity of trimethylamine (225.1 kcal/m#l)is
greater than that of ammonia (204.0 kcal/ni8I}o that both
the stabilities and the degree of proton transfer should be greater
in complexes with N(Ch)s than in the corresponding complexes
with NH3. The MP2/augcc-pVDZ binding energy of CIH:
N(CHs)z is —17.8 kcal/mol, while the binding enthalpieski,1°
and AH.19 are —14.6 and—15.2 kcal/mol, respectively. The
relatively large error in the zero-point contribution obtained from
the harmonic frequencies is a consequence of the inability of
the harmonic approximation to describe the region surrounding
the global minimum, which is relatively broad and flat, as
indicated in Figure 2. These binding energies and enthalpies
are significantly larger than the corresponding energy and
enthalpies of CIH:NH, as evident from Table 4.

The equilibrium structure of CIH:N(C#); is stabilized by a
proton-shared hydrogen bond, as seen from the structural data
of Table 3. The computed EN and CHH distancesR.) are
2.825 and 1.658 A, respectively, significantly longer than the
corresponding distances in CIH:NHand typical for complexes
with proton-shared Gi-H--:N hydrogen bond&!1? Legon
measured a CIN distance Ro) of 2.816 A, and concluded from
his microwave experiments that there is an appreciable extent
of proton transfer from Cl to N in this complég It should be
noted, however, that the proton is not fully transferred to N.
The CIH:N(CH)s complex has neither the structural (shortN
bond length) nor the vibrational spectroscopic properties (high-
frequency N-H stretching band) associated with a hydrogen-
bonded N-H™-:-CI~ ion pair1112

The computed MP2/atigc-pVDZ harmonic spectrum of
CIH:N(CHjy)s is typical of spectra arising from complexes with
proton-shared hydrogen bonds, exhibiting several strong, low-
frequency bandii1237:38There is a strong proton-stretching
band at 1588 cm' and two weaker bands of approximately
equal intensities at 1383 and 1184 ¢niThe normal coordinate
displacement vectors for these bands indicate that all three
involve the hydrogen-bonded proton stretch coupled to CH
vibrational modes. The band at 1383 thtouples the proton
stretch to CHinversion. The strongest band in the experimental
Ar matrix spectrum of CIH:N(Ch)s is found at 1486 cm,
and has been assigned to the proton-stretching vibration by
Barnes®® The frequency of this band increases to 1615 tm
in an N, matrix3® It should be noted that for CIH:NHthe
proton-stretching frequency is significantly lower in than in
Ar, but for the complex CIH:N(Ch)3 the reverse is true. For
this complex, the harmonic proton stretching frequency is

(36) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G.J. Phys. Chem. Ref. Date988 Suppl. 1.

(37) Del Bene, J. E.; Szczepaniak, K.; Chabrier, P.; Person, W. B.
Phys. Chem. A997 101, 4481.

(38) Szczepaniak, K.; Chabrier, P.; Person, W. B.; Del Bene, J. E.

proton stretch on the two-dimensional surface gives a frequencyMol. Struct 1997, 436—437, 367.
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fortuitously close to the experimental frequencies measured in  The equilibrium structure of BrH:N(Chk has computed
both Ar and N. Br—N and Br-H distances Re) of 2.983 and 1.870 A,

A one-dimensional anharmonic treatment of the proton- respectively. A structure of this type was also reported by
stretching vibration along the normal coordinate vector from Latajaka et af® Comparison of the computed distances with
the pseudo-triatomic two-dimensional surface yields a vibra- corresponding distances in the complexes BrH:4-R-pyridine
tional frequency of 1344 cmi. Direct comparison with har-  suggests that the equilibrium structure of BrH:N#Hap-
monic frequencies from the full surface is not possible, since proaches that of a hydrogen-bonded ion pirhis designation
in the two-dimensional treatment the geometry of NgEHSs is also consistent with the computed harmonic spectrum of this
frozen. Treating the coupling of the hydrogen-bonded stretch complex, which exhibits a very strong proton-stretching band
to intramolecular motions is a subject for future study using at 2095 cm?, an N-H stretch perturbed by hydrogen bond
higher dimensional surfaces. Nevertheless, the two-dimensionalformation. Legon reported an experimentaHBt distance of
anharmonic proton-stretching frequency is 1134 gmvhich 2.96 A and characterized this complex as one in which proton
is lower than the experimental frequencies measured by Barnegransfer from Br to N occurd’ The degree of proton transfer
in Ar and N, matrices. We suggest that the computed two- in this complex is greater than that found in CIH:N(g#l a
dimensional anharmonic frequency would correspond to an reflection of the greater proton-donating ability of HBr.
experimental frequency if such were measured in the gas phase. The square of the wave functions for the grouné=0) and
The effects of Ar and Wmatrices will be addressed below. first excited ¢ = 1) states of the proton-stretching vibration

In complexes with proton-shared hydrogen bonds, the proton are shown superimposed on the two-dimensional BrH:NjeH
stretching vibration may be characterized either as a perturbedsurface in Figures 2 and 3, respectively. These plots are
Cl—H stretch or a perturbed NH stretch, depending on the consistent with the designation that the proton-stretching vibra-
magnitude of the CtH and N-H stretching force constants. tion in this complex is a perturbed-NH stretch. The ground
In a previous study? the quasisymmetric hydrogen bond was state wave function is centered over the minimum on the
defined as a proton-shared hydrogen bond in whichKCand potential surface, and shows predominatelyH\ stretching
N—H stretching force constants are equal, and the proton- character. The plot for the= 1 state has appreciable probability
stretching frequency is at a minimum along a curve relating in the region of the traditional hydrogen bond, indicating that
the proton-stretching frequency to the-El distance. The region  this region is accessible in the first excited state of this vibration.
of the proton-shared hydrogen bond extends on both sides of The computed full-dimensional harmonic spectrum of BrH:
the quasisymmetric hydrogen bond, on one side being betterN(CHs)s exhibits a very strong band at 2095 thwhile the
described as a perturbed-@H stretching vibration and on the  harmonic one-dimensional frequency obtained from the pseudot-
other as a perturbed-N\H stretching vibration. In CIH:N(ChJ3 riatomic surface is 2004 cm. The computed one-dimensional
the proton-stretching band is dominated by-MN stretching anharmonic proton-stretching frequency is 1622 &nwhile
character. This is evident from Figures 2 and 3, which show the two-dimensional frequency is only slightly lower at 1595
the square of the vibrational wave functions for the ground and cm™1. This suggests that coupling between the proton- and
thev = 1 states of the proton-stretching vibration, respectively, dimer-stretching modes is not as important in this complex as
superimposed on the potential surfaces. The minimum on thein the other three complexes discussed above. The experimental
CIH:N(CHj3)3 surface is found in the proton-shared region, and proton-stretching bands in Ar and;Nmatrices have been
the ground-state wave function is centered near the minimum. assigned to absorptions at 1660 ¢nin Ar, and a doublet at
The wave function for thes = 1 state of the proton-stretching 1890 and 1872 crrt in N».3®
mode indicates that in this state, the complex accesses that region Structural and Spectral Data for Complexes in External

of the potential surface associated with a traditionati@i--N Fields of Varying Strengths. When an external electric field

hydrogen bond. is applied along the XH—N direction in these complexes, the
The full (complete dimensional) surface harmonic dimer field preferentially stabilizes geometries in which there is charge

stretching frequency for CIH:N(C# is quite high at 485 crit, separation along the XN axis. Since complexes with proton-

which suggests that the harmonic approximation is describing shared hydrogen bonds have larger dipole moments, external
what could be viewed as a low-frequency-E stretch in a fields stabilize this type of structure relative to a traditional
complex with long C-H and N-H bonds. On the pseudotri-  hydrogen-bonded structure, with the amount of stabilization
atomic surface, the harmonic frequency has a value of 3T4.cm increasing with increasing field strength. If the field is strong
The one- and two-dimensional anharmonic frequencies for the enough, full proton transfer occurs, resulting in a hydrogen-
dimer stretch are essentially identical at 310 and 320'cirhis bonded ion pair NH*-+-X~. Such external fields, whether
vibration has not been observed experimentally. induced as a result of a relatively weak interaction with a
(d) BrH:N(CH 3)s. The complex BrH:N(CH)s is the most  polarizable matrix material or with a solvent of high dielectric
stable of all complexes considered in this work, with computed constant, will influence the structure of the complex and the
MP2/6-3HG(d,p) binding energy and enthalpiesHe, AHRC, nature and frequency of the dimer and proton-stretching
andAH.9) of —26.7,—21.9, and-22.1 kcal/mol, respectively.  vibrations.
These values are significantly greater than the corresponding Appropriate field strengths for complexes within an Ar matrix
binding energy and enthalpies of BrH:NHs seen in Table 4.  may be calculated using Onsager’s equation for the reaction
The zero-point energy contributions obtained from the harmonic field, R, at a point dipole in a cavity within a continuous
and anharmonic frequencies are very similar, since the anhar-dielectric mediunt* In atomic units
monicity of the potential surface is most evident in thes 1
state of the proton-stretching mode, as shown in Figures 2 and R = [2(e — 1)/(2¢ + 1)jm/a® (2)

3.
: : wheree is the relative permittivity of the dielectric medium
(39) Szczepaniak, K.; Chabrier, P.; Person, W. B.; Del Bene, J. E.

Mol. Struct In press. (solid argon, for examplejn is the total dipole moment of the

(40) Latajka, Z.; Scheiner, S.; Ratajczak, Ghem. Phys1992 166 complex, qnda is the cavity radius. The total dipole moment
85. may be written as
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m=u+ oR (2) Table 6. The Dipole Moment, Cavity Radius, and Onsager
Reaction Field for the Equilibrium Geometry of CIH:Ntnd the
Traditional (T) and Proton-Shared (PS) Structures of BrH; N

whereu is the permanent dipole moment amds the (isotropic) —16and 2.0

polarizability of the complex. The correction due to the reaction —

field is likely to be small and we approximate= u. The cavity dipole  cavity radius, "eaction fieldR (au)
radius may be calculated by determining the volume contained ___SPecies  moment (D)  a(bohr)  e=16 =20
within the 0.001 au electron density surface around the complex. CIH:NH; 5.85 6.55 0.0019 0.0027
The radiusy, of a sphere with this volume can be calculdfed  BrH:NHs (T) 4.79 6.98 0.0022  0.0031
and the cavity radiusg, is given byr + 0.5 A. BrH:NH; (PS) 8.40 6.24 0.0029  0.0040

Sample calculations were performed at MP2/aagpVDZ
and MP2/6-3%G(d,p) for CIH:NH; and BrH:NH;, respectively. vibrational wave functions superimposed on the potential
Cavity radii and dipole moments for these complexes are given surfaces at fields of 0.0010, 0.0025, 0.0040, 0.0055, 0.0100,
in Table 6. In earlier work'°we considered three argon atoms and 0.0150 au, respectively. At the lower field strengths of
explicitly arranged around complexes of FH:}IEIH:NH;, and 0.0010, 0.0025, and 0.0040 au, the minimum progressively
BrH:NHs. The MP2/6-3%G(d,p) optimized distance of each moves away from the region of the traditional ----N
argon atom from the GIN axis in CIH:NH; was 6.67 bohr. In hydrogen bond toward the proton-shareel &1---N region of
BrH:NHs, this distance was 6.70 bohr. These values are similar the surface. At a field of 0.0055 au, the minimum in the potential
to the cavity radii calculated in the present work. In paper 10, surface is very broad, encompassing both the traditional and
the computed stabilization energy of the BrH:jNebmplex by proton-shared regions. The wave function is essentially centered
three argon atoms was compared with classical electrostaticin this very broad valley. As the field increases to 0.0100 au,
charge/induced-dipole and dipole/induced-quadrupole interac-the minimum still corresponds to a proton-shared hydrogen
tions. In the present work we focus on the bulk effects of a bond, but now the wave function exhibits greateri--CI~
matrix on the various hydrogen-bonded complexes. The Onsagercharacter. Further increasing the field leads to a more sharply
reaction field model is expected to provide a more realistic defined minimum and a wave function that describes a
description of these effects than calculations involving small hydrogen-bonded ion pair.
clusters. The equilibrium C+N and CHH distancesRg(CI—N) and
Solid Ar has a relative perm|tt|v|tw = 1.614 and, at Re(C|_H)] determined from the potential surfaces and the
approximately 10 K, solid hhas a relative permittivity at audio ~ €xpectation values of the €N and CHH distances Ro(Cl—
frequencies of 1.4% The relative permittivity of solid B N) andRy(CI—H)] computed from the ground-state vibrational
however, is sensitive to the preparation of the sample; the N Wave functions at various field strengths are reported in Table
matrix is typically annealed in IR experiments and this will raise 3. As the field strength increases, the-Ei distance increases.
its relative permittivity’2 However, it is known that, relative to [N contrast, the GtN distance initially decreases with increasing
the gas phase, \matrices have a larger effect on IR spectra field strength to a minimum distance at a field of 0.0055 au.
than Ar matrice$? suggesting an effective relative permittivity ~ The structure of the complex at this field strength has a proton-
greater than 1.6. For illustrative purposes the Onsager reactionshared hydrogen bond that appears to be quite close to
field has been calculated at valueseof 1.6 and 2.0, and the ~ quasisymmetric, implying that the proton is equally shared
results are shown in Table 6. It is apparent from Table 6 that, between the Cl and N atoms, that is, the forces exerted by Cl
although there is a large change in dipole between the traditionaland N on H are essentially equal. Further increasing the field
and proton-shared structures for BrH:Nithe cavity radius also ~ strength results in an increasing-N distance in structures
changes and there is a relatively small variation in the reaction that approach hydrogen-bonded ion pairs.
field. The approximation of an isotropic field to model the inert ~ The computed anharmonic vibrational frequencies for the
matrix is therefore not as extreme as may have been expectedProton stretching mode are consistent with the graphical pictures
The potential energy surfaces generated in this study haveOf field effects. As the structure of the CIH:Nldomplex moves
been calculated at field strengths of 0.0010, 0.0025, 0.0040, further away from a traditional €H--*N hydrogen bond toward
0.0055, 0.0100, and 0.0150 au for CIH:p&hd at field strengths @ Proton-shared &kH---N hydrogen bond, the frequency of
of 0.0005, 0.0010, 0.0025, 0.0040, 0.0080, and 0.0120 au forthe proton-stretching vibration decreases, as is evident from
BrH:NHs. The highest field strengths have been used for Table 5. At a field strength of 0.0055 au, the anharmonic two-
illustrative purposes. Field strengths of 0.0010 and 0.0040 au dimensional proton-stretching frequency has its lowest value
have been used to calculate potential energy surfaces for CIH:0f 936 cnT*in a complex in which the hydrogen bond is close
N(CHz)s and BrH:N(CHy)s. Comparison with experiment in- 0 quasisymmetric. Increasing the field to 0.0100 au increases
dicates that the effects of Ar and,Nnatrices are consistent the anharmonic two-dimensional proton-stretching frequency to
with the application of reaction fields of the order of those in 1137 cnm™. At this field strength the proton is more closely
Table 6. associated with N than ClI, and the proton-stretching mode is
(a) CIH:NH 5. As noted above, the potential energy surface better described as a perturbed-N stretch. As the field
for CIH:NHj3 at zero field has a minimum located in that region increases further and the structure approaches a hydrogen-
of the surface associated with a traditionat&l---N hydrogen bonded ion pair, the NH proton-stretching frequency increases
bond. As external electric fields of increasing strengths are t0 1781 cnt,
applied, the minimum moves along the surface in a valley The differences between the harmonic frequencies and the
connecting the traditional and proton-shared regions, and one- and two-dimensional anharmonic frequencies for CIH:NH
acquires increased proton-shared character. This is illustratedgre most interesting. The harmonic proton-stretching frequencies

in Figure 4 which shows the square of the ground-state are always too high relative to the anharmonic frequencies
except at a field strength of 0.0055 au, where the hydrogen bond

(42) Pl S Harida, 3. A Mutall: KA. Sullvan, N. Shys. Leq, 1S €sSentially quasisymmetric. Because both thetCand N-H
A 1999 256, 75. ' ' ' ' ' bonds are long and relatively weak in this structure, both the

(43) Jacox, M. EJ. Phys. Chem. Ref. Dattd94 Monograph No. 3. “dimer” and the “proton” stretches are predicted to be very low
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(e) 0.0100 au field (e) 0.0150 au field
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Figure 4. Square of the ground-state vibrational wave functions for CIH;Blltperimposed on the potential surfaces at field strengths of (from left
to right) 0.0010, 0.0025, 0.0040, 0.0055, 0.0100, and 0.0150 au.

at 442 and 512 cmt in the harmonic approximation. In this  motions of the complex (e.g., the Nkhversion mode) which
simple picture, if the proton stretch is viewed as a very perturbed might couple to the proton-stretching motion. Future studies
Cl—H stretch, then the dimer stretch might also be viewed as a will address the anharmonicity of the proton-stretching motion
perturbed N-H stretch. In contrast, the one- and two- in higher dimensions, and the assignment of the entire CIH:
dimensional anharmonic frequencies maintain a distinction NH3 spectrum.

between th_e proton and dimer stretghes at all field str(.an.gths. Figure 3 shows a plot of the square of the wave function for
The. one-dlmen5|onall proton-stretching frequency exh|b|ts. A the » = 1 state of the proton-stretching vibration in CIH:jH
minimum at a lower field strength of 0.0040 au, and for this o ;o1 field. This plot indicates graphically the extent to which

2?'0" th_e t\/\{(;—dimension_?rl]_frequgncy ishhig_her tt?]an_ the ct)ne- the proton-shared region of the surface can be accessed in this
Imensional frequency. This again émphasizes the IMportancey, ;o -5 why an anharmonic treatment is necessary for the

of a two-dimensional treatment for this complex. At the higher ; L ;

fields of 0.0100 and 0.0150 au, however, the difference betweenproton-stretchmg mode. Similar plots have been obtained for

. . ; -~ thev = 1 state of the proton-stretching mode at different field
the one- and two-dimensional anharmonic proton-stretchmgftrengths. At fields of 0.0000, 0.0025, and 0.0100 au, the wave

frequencies decreases, suggesting that the degree of couplin ; o .
between proton and heavy-atom motion is reduced as the heav unctions are easily interpretable. At a field of 0.0025 au the
proton stretch is predominately a perturbee-8lstretch which

atom distance increases. ¢ o
samples the proton-shared region of the surface, similar to the

It was noted above that the zero-field anharmonic two- >“"''F . .
dimensional proton-stretching frequency of 1567 &iis about situation at zero field. At a field of 0.0100 au, the proton stretch

200 cnr? higher than the experimental Ar matrix frequency of 1S @ perturbed N-H stretch, and the plot for the = 1 state
1371 cntl35 The data of Table 5 indicate that a weak field ndicates that it is the region of the surface associated with the
between 0.0010 and 0.0025 au would be sufficient to reduce traditional hydrogen bond that is accessible in #ve 1 state

the computed two-dimensional proton-stretching frequency and of the proton-stretching vibration. For the remaining fields, the
bring it into better agreement with the Ar matrix frequency, Plots do not exhibit systematic patterns due to considerable
and indeed, these fields are what may be expected in an Armixing of overtone bands for the dimer stretch with the
matrix. A field between 0.0040 and 0.0100 would further reduce fundamental proton stretch, which leads to more complicated
the computed two-dimensional proton-stretching frequency, and nodal patterns. This mixing arises from accidental near degen-
bring it into better agreement with the experimental frequency eracies between the proton stretching frequency and the
obtained in an Nmatrix. However, it should be noted that the frequency of an overtone of the dimer stretch. The nature of
anharmonic treatment of vibration reported here is based uponthe mixing of the proton and dimer wave functions is sum-
a two-dimensional surface which neglects other vibrational marized in Table 7.
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Table 7. Accidental Degeneracies Involving the Fundamental value that is only 80 cm higher than the experimental Ar
El_roton-ssttrettchhmg\i[’eq?enc_y gm.";‘\l”d Oa’eétcmﬁls of t”{/e _ matrix value. This hydrogen-bonded complex most closely
imer-Stretching Vibration in CIH:Ngland BrH:NF at Various corresponds to a quasi-symmetric hydrogen-bonded complex,

Fields (au) - .
- with the proton approximately equally shared between Br and
feld  desianation pm“;?és”emh desianation osg:jtg;le N. As the field strength increases, the proton stretching
9 q g frequency increases, and assumes greatel Mharacter. As
CIH:NH, ) the field increases from 0.0025 to 0.0040 to 0.0080 au, the
8'88}18 EgB %ég ggg igsg proton-stretching frequency increases from 809 to 954 to 1544
0.0055 ©0.1) 936 (3,0) 067 cm1, respectively. The experimental proton-stretching fre-
BrH:NH quency of BrH:NH in N, is 1386 cn?, a value that corresponds
0.0010 ©0,1) 5333 (4,0) 865 to a field strength between 0.0040 and 0.0080 au. At the highest
0.0025 0.1 809 30 935 ield of 0. au, the proton stretch is best described as a
(0,1) (3,0) field of 0.0120 th t tretch is best d bed

*(xy). x refers to the dimer stretch. andto the proton stretch: perturbed N-H stretch in a hydrogen-bonded ion pair, with a
0,1) is the fundamental for the proton’stretch,,OQ is the 6 — 1)th ’ twci-l(jlmen3|onal N-H proton-stretching frequency of 2041
overtone of the dimer stretch. cm-.

' . The wave functions for the = 1 state of the proton stretching

(b) BrH:NH 5. As noted above, the potential energy surface mode are not shown, but they are consistent with the interpreta-
at zero field for BrH:NH has a minimum associated with a  (ions presented above. In contrast to ClHZ\Khere is a
traditional Br~H---N hydrogen bond, with a valley which  g|atively small amount of mixing of overtones of the dimer
extends to the region of the proton-shared hydrogen bond. At agyretch with the fundamental for the proton stretch. Some mixing

field of 0.0005 au, the minimum moves further along the valley yoes occur at field strengths of 0.0010 and 0.0025 au, and the
toward the proton-shared region. At a field of 0.0010 au, there \51re of this mixing is summarized in Table 7.

is a double minimum in the potential surface, one associated _
. " ' (c) CIH:N(CH 3)3. The MP2/augcc-pVDZ equilibrium struc-
with a traditional hydrogen-bonded structure, and the secondture of CIH:N(CH)s at zero field has a proton-shared- @H-

Vn\?itr:]irﬁuﬂi?:-sgz:sdtrigzﬁgrg .cgt?e ctjhlf] tfk']ild :ggs_zzzz% fén?(lﬁ]--N hydrogen bond, and the potential surface exhibits a single
of the surfacgpand élvalle extends from thFi)s minimum towgrd minimum in the proton-shared region. As external fields of
! y increasing strength are applied, the minimum moves toward

the region of the traditional hydrogen bond. As the field -
increases further to 0.0040, 0.0080, and 0.0120 au, the singleShorter N-H (and therefore longer €iH) distances, as

minimum moves further away from the region of the traditional expected. The square of the ground state wave functions

. . superimposed on the surfaces for field strengths of 0.0000,
hy(;rggen-bé)n;jeddcomplex, and at higher fields becomes deepero (5)010 IZmd 0.0040 au is shown in Figure 6 '?hese functions
and better defined. : ! ' :

The square of the wave functions for the ground vibrational tend to be located over the minimum on the surface, although

state of BrH:NH at the various field strengths is shown they are slightly displaced toward the region of the traditional

superimposed on the corresponding potential surfaces in FigureCI_HmN hydrogen bond. As the field strength increases, the
5. The plots for fields of 0.0005 and 0.0010 au are very similar wave functions move further from the proton-shared region and

1o the plots for zero field. with the wave functions positioned become more localized. It is anticipated that at slightly higher
. P ' = P fields, the wave functions would be those corresponding to a
in the valley that connects the traditional and proton-shared

regions of the surface. As the field increases to 0.0025 au, thehydrogen-bonded NHT:-Cl Ion. par.

wave function moves further toward the proton-shared region, 1 he square of the wave functions for the= 1 state of the

but is displaced from the minimum toward the region of the Proton-stretching mode is also shown in Figure 6. These show
traditional hydrogen bond. At higher fields of 0.0040, 0.0080, that in this excited vibrational state, the system does sample
and 0.0120 au the wave function becomes more highly localized, (€ region of the surface associated with a traditionatk&+

until at the highest field, the wave function looks very much N hydrogen bond. For this system, there is no mixing of
like that anticipated for a hydrogen-bonded-N*++-Br~ ion overtones of the dimer stretch with the fundamental proton

pair. stretch.

As noted above, at zero field there is a significant difference ~ The pseudotriatomic harmonic frequencies for the dimer
between the computed harmonic proton-stretching vibrational stretch obtained at fields of 0.0000, 0.0010, and 0.0040 au are
frequencies and the anharmonic one- and two-dimensionalin agreement with the one- and two-dimensional anharmonic
frequencies. This difference remains as the field strength frequencies, but the harmonic frequency obtained from the full
increases, with the harmonic frequency obtained from the dimensional calculation at zero field is significantly higher. The
pseudotriatomic surface always significantly overestimating the harmonic frequencies for the proton stretch are also too high, a
anharmonic frequenciesl as seen in Table 5. In contrast, Whi|eresult of the anharmonicity of the surface. As the field increases,
the one-dimensional anharmonic frequency for the proton- both the one- and two-dimensional anharmonic frequencies
stretching vibration does decrease, there is little change in theincrease, but the difference between them decreases with
computed two-dimensional anharmonic proton-stretching fre- increasing field strength. This again suggests that coupling
quencies which decrease by about 100 tas the external field ~ between proton and dimer motions is less important as the
strength increases from 0.0005 to 0.0025 au. It is important to complex approaches a hydrogen-bonded ion pair and thelCl
note that although there are two minima on the surface that aredistance increases.
separated by a small barrier at a field strength of 0.0010 au, the In contrast to CIH:NH and BrH:NH;, imposing even a small
existence of a double minimum is inconsequential in view of external electric field leads to an increase in the proton-stretching
vibrational averaging in a two-dimensional anharmonic treat- frequency of CIH:N(CH)s. This suggests that at zero field, this
ment. complex lies either at, or on the ion-pair side of, the idealized

The two-dimensional proton-stretching frequency attains its quasisymmetric hydrogen-bonded complex. Examination of the
minimum value of 809 cmt! at a field strength of 0.0025 au, a  potential surface along the proton-stretching normal mode
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Figure 5. Square of the ground-state vibrational wave functions for BrH;Nitperimposed on the potential surfaces at field strengths of (from
left to right) 0.0005, 0.0010, 0.0025, 0.0040, 0.0080, and 0.0120 au.
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Figure 6. Square of the wave functions for the ground state (top) ard1 state of the proton-stretching vibration (bottom) for CIH:NEH
superimposed on the potential surface at fields of (a) 0.0000, (b) 0.0010, and (c) 0.0040 au.

confirms that the zero-field structure is just on the ion-pair side is apparent that at a slightly higher field, the proton-stretching
of quasisymmetric. Imposing an external field of any strength frequency would increase, and become comparable to the
simply increases the ion-pair character. As a consequence, at drequency of 1615 cm' measured in an Nmatrix3°

field of 0.0040 au, the computed anharmonic frequency for the  (d) BrH:N(CH 3)s. As noted above, the equilibrium structure
proton-stretching vibration is 1478 ¢ and in good agreement  of BrH:N(CHz)s at zero field approaches that of a hydrogen-
with the experimental Ar matrix frequency of 1486 thi® It bonded ion pair. The surface shows a single minimum with the
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Figure 7. Square of the wave functions for the ground state (top) amdl state of the proton-stretching vibration (bottom) for BrH:N@EH
superimposed on the potential surface at fields of (a) 0.0000, (b) 0.0010, and (c) 0.0040 au.

minimum moving toward longer BfH and Br—N distances field-induced dipole effect. Their work lends further support to
with increasing field strength, as evident from Table 3. The the use of an external electric field to model the structural (and
square of the wave functions for the ground anditkel states spectroscopic) effects induced by a matrix.

of the proton-stretching vibrations is shown in Figure 7. The  Generalizations for the CH—N Hydrogen Bond. The
characteristics of these plots are quite similar to those for CIH: pjots shown in Figures 4 and 6 for CIH:Nnd CIH:N(CH)3
N(CHjz)s, except that the degree of proton transfer at a given demonstrate that external electric fields preferentially stabilize
field is greater in BrH:N(CH)s. the proton-shared region of the potential energy surface relative

At zero field the harmonic frequency for the dimer stretch to the region of the traditional hydrogen bond. This effect is
obtained from the full dimensional calculation of the vibrational most apparent in CIH:Ngi since this complex has a traditional
spectrum is slightly lower than the pseudotriatomic harmonic hydrogen-bonded structure at zero field, and moves to a proton-
frequency of 232 cm!. The latter frequency is in good  shared structure and then an ion-pair structure as the field
agreement with the corresponding anharmonic one- and two-strength increases. When the traditional and proton-shared
dimensional frequencies, which also agree with each other, atregions are relatively close in energy on the zero-field surface,
all field strengths. The harmonic proton-stretching frequencies changes induced by an external field can have significant
obtained from the full dimensional and the pseudotriatomic structural and spectroscopic consequences. At this point it is
calculations are similar, but always too high. The one- and two- gppropriate to generalize these effects, and to connect some of
dimensional anharmonic frequencies for the proton-stretching the observations made in this study to results of a previous
vibration are similar, Suggesting that there is little COUpling investigation of selected C|H:4_R_pyridine Comp|e*é§2_
between these motions. The two-dimensional proton stretching Figure 8 presents one-dimensional normal coordinate dis-
frequencies for BrH:N(Ch)s are also higher than those for CIH:
N(CHz); at equal field strengths, indicating that the ionic
character of the NH*---X~ hydrogen bond is greater in BrH:
N(CHj3)s.

The computed zero-field proton stretching frequency is 1595
cm~1, which is lower than the experimental values of 1660 and
the doublet at 1890 and 1872 chin Ar and N, respectively?>
Not surprisingly, applying an external electric field of 0.0010
au increases the proton-stretching frequency to 1683'ce
value close to the Ar matrix value. Further increasing the field
to 0.0040 au yields a proton-stretching frequency of 1933'cm

placement curves for the proton stretch obtained from the CIH:
NH3 two-dimensional surfaces at each field strength. The
highest-energy curve (solid curve) is the zero-field curve. The
curves become displaced toward lower energy as the strength
of the external field increases. The curves have been drawn so
that the equilibrium structure on each curve is found at zero
displacement along the normal coordinate axis. At zero field,
the equilibrium structure of CIH:Nghas a traditional hydrogen
bond, with the proton-shared structure lying at higher energy
in the region corresponding to the shoulder on the curve. As
) : ] X the field is turned on and increases from 0.0010 to 0.0025 and
slightly greater than the experimental frequency in amidtrix. 01 19 0.0040 au, the energy difference between the minimum
At this point it should be noted that our modeling of matrix  gng the shoulder decreases as the structure assumes greater

effects, in terms of a dipole induced reaction field, is comple- proton-shared character. At a field of 0.0055 au, the curve
mentary to very recent work by Sugarman et’dh their study exhibits a broad, flat minimum, which suggests that it corre-
moIepuIar dynamics simulations were used to investigate Ar sponds to a quasisymmetric hydrogen-bonded complex. That
matrix effects on the geometry of CaFhey concluded that g 4t this field strength the forces on the proton from Cl and N
changes in the structure of Gakere attributable to a reaction 5. approximately equal. The lowest-energy curve in Figure 8

(44) Sugarman, R.; Wilson, M.; Madden, P.@hem. Phys. Lett.999 corresponds to a field of 0.0100 au and shows that the
308 509. equilibrium structure lies on the ion-pair side of quasisymmetric,
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Figure 8. One-dimensional potential curves along the normal coor- vibrational state and the proton-stretching frequency in CIH:NH
dinate for the proton-stretching mode obtained from the two- complexes as a function of field strength.
dimensional surfaces as a function of field strength. The curve at highest
energy (solid) is the zero-field curve. The remaining curves are obtained A. The expectation values of the HCI distance in CIHNH
from surfaces with external fields of 0.0010, 0.0025, 0.0040, 0.0055, complexes at fields of 0.0010, 0.0025, and 0.0040 au are 1.411,
and 0.0100 au. The minima on these curves occur at lower energy as1.448, and 1.495 A, respectively. The valueRa§{(HCI) for a
the field strength increases. quasisymmetric GFH—N hydrogen bond in CIH:pyridine was
reported as 1.555 A which is similar to the expectation value
with the higher energy shoulder in the region of the traditional of the HCI distance of 1.546 A for the curve in Figure 8 at a
hydrogen-bonded complex. At very high fields the traditional field strength of 0.0055 au. The curve at a field strength of
hydrogen-bonded complex would lie significantly higher in  0.0100 au corresponds to a structure on the ion-pair side of
energy relative to an equilibrium hydrogen-bonded ion pair.  quasisymmetric, and has a computed expectation value of the
Curves similar to the ones shown in Figure 8 can be found HCI distance of 1.692 A. Curves at intermediate strength
for CIH:pyridine in ref 39. In that work, three curves for the between 0.0055 and 0.0100 au would be expected to have
proton-stretching mode were presented. The first was the curveexpectation values of the HCI distance intermediate between
obtained from the normal coordinate displacement vector 1.555 and 1.692 A. The value dRo{(HCI) for the one-
obtained from the computed harmonic spectrum. This curve dimensional CIH:pryidine curve that lies on the ion-pair side
exhibits a minimum corresponding to a traditional hydrogen- of quasisymmetric is 1.60 A.
bonded structure, with a shoulder corresponding to a proton- Some stuctural and spectroscopic consequences of the ap-
shared structure. The energy difference between the traditionalplication of external electric fields on the CIH:NHomplex
and proton-shared regions of the CIH:pyridine surface is less can be seen in Figure 9, which shows plots of the proton-
than it is for CIH:NHs. The second curve is a one-dimensional stretching frequency and the expectation value of theNCl
curve that was constructed to reproduce the experimental proton-distance versus the strength of the external electric field. A
stetching frequency for CIH:pyridine in an Ar matrix. The strong correlation between intermolecular distance and the
minimum on the curve is on the traditional side of quasisym- proton-stretching frequency is evident from this figure. Both
metric, and the energy gap between the minimum and the the proton-stretching frequency and the expectation value of
shoulder is reduced. In ref 39 a “correlated HCI distance” the C-N distance decrease to a minimum at a field strength
[Reo{HCI)] was defined, which is the value of the HCl distance of approximately 0.0055 au, and then increase subsequently as
that correlates with the experimental proton-stretching frequency. the field strength increases. This behavior is consistent with the
The value ofR;,{HCI) that corresponds to the second curve is correlation found between computed equilibrium—@l dis-
1.48 A. This second CIH:pyridine curve is similar to the curves tances and harmonic proton-stretching frequencies in a series
for CIH:NH3 at external fields weaker than 0.0055 au in Figure of complexes formed between HCI and 4-substituted py-
8. The third one-dimensional CIH:pyridine curve was con- ridines!!12In this series, as the base strength of the substituted
structed to reproduce the proton-stretching frequency of CIH: pyridine increases, the proton-stretching frequency and the
pyridine in an N matrix. This curve has a minimum that lies intermolecular distance decrease, reaching a minimum for two
on the ion-pair side of quasisymmetric, wig,{HCI) equal to complexes with proton-shared hydrogen bonds. These com-
1.60 A. This curve resembles the CIH:Nldurve in Figure 8 plexes have computed equilibrium intermolecular distanRgs (
that corresponds to a field of 0.0100 au. This comparison is of 2.83 and 2.91 A. The expectation valu&g)(of the CHN
not intended to imply what field strengths correspond to Ar or distance in CIH:NH at fields of 0.0040, 0.0055, and 0.0100 au
N2 matrices, but to show that the application of an external are 2.975, 2.832, and 2.896 A, respectively. Further increasing
electric field is a useful and relatively simple way to mimic the the base strength through substitution at the 4 position in
effects of the environment on hydrogen-bonded complexes. pyridine leads to hydrogen-bonded ion pairs, with longer
Although obtained by a dramatically different, semiempirical intermolecular distances and increased proton stretching fre-
approach, the “correlated HCI distance” from ref 39 appears to quencies which are perturbed stretches. Thus, there is a
be related to the computed expectation values of the HCI correspondence between the changes in proton-stretching fre-
distance in CIH:NH complexes in the ground vibrational state quencies and intermolecular distances in CIHzé$ulting from
as a function of field strength. These expectation values arethe application of external electric fields and changes induced
reported in Table 3. As noted above, the one-dimensional curveinternally in CIH:4-R-pyridine complexes by altering the basicity
from ref 39 for CIH:pyridine in Ar has.o{HCI) equal to 1.48 at the nitrogen through changing the substituent in the 4-position.
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The observations made in this work and the similarities to changes in the intermolecular-©N distance parallel changes
findings in ref 39 are striking, particularly when it is noted that in the proton-stretching frequency, first decreasing to a minimum
these two studies were performed not just at different levels of in the quasisymmetric hydrogen-bonded complex, and then
theory, but using different methods. In this work we have used increasing. The experimental proton-stretching frequencies of
variational methods whereas ref 39 followed a semiempirical CIH:NH3 are 1371 and 720 cm, respectively, in Ar and N
approach. Despite these differences, both works strongly suggesOur calculations suggest that the equilibrium complex is on the
that an HCI distance of approximately 1.55 A is indicative of a traditional side of quasisymmetric in Ar and close to quasi-
quasisymmetric hydrogen bond, independent of the nature of symmetric in N.
the atom hydrogen bonded to CI. This value of the HCI distance  (b) For the BrH:NH complex, the computed gas-phase
is also consistent with computed equilibrium HCI distances of proton-stretching frequency is 908 cfn As the field strength

1.550 and 1.564 A in the symmetric ion CIHCland 1.557 increases, the proton-stretching frequency decreases to a mini-
and 1.572 Ain GH3", obtained at MP2/6-3tG(d,p) and MP2/  mum of 809 cm? at a field of 0.0025 au for a structure in
aug-cc-pVDZ, respectively. which the hydrogen bond is close to quasisymmetric, and then
) subsequently increases. The experimental Ar matrix proton-
Conclusions stretching freqeuency is 729 ¢ while the value in an N

matrix is 1386 cm?. Our calculations suggest that in an Ar
matrix, the equilibrium structure is close to quasisymmetric,

distances, and on proton- and dimer-stretching frequencies inWhile in. N the equilibrium structure lies on the ion-pair side
complexes with X-H—N hydrogen bonds, for X Cl and Br. of quasisymmetric.
These calculations were carried out at MP2/azgpVDZ for (c) The zero-field equilibrium structure of CIH:N(GH has
hydrogen-bonded complexes of HCI with Kldnd N(CH)s, a proton-shared hydrogen bond, while that of BrH:NgzH
and at MP2/6-31G(d,p) for the corresponding complexes with ~ approaches a hydrogen-bonded ion pair. The application of even
HBr. Anharmonic two-dimensional wave functions and proton- Weak electric fields on these two complexes increases\Cl
and dimer-stretching frequencies were computed from ab initio and Br—N distances, and computed anharmonic proton-stretch-
potential surfaces generated without and with external fields of ing frequencies. For CIH:N(C#k the zero-field proton-stretch-
varying strengths. The following conclusions are supported by ing frequency of 1135 cnt increases to 1222 and 1476 th
the results of these calculations. at field Strengths of 0.0010 and 0.00400 au, respectively. The
1. At zero-field, the HCI and HBr complexes with NiHave later value is close to the experimental proton-stretching
equilibrium structures stabilized by traditional hydrogen bonds. frequency in Ar. Itis anticipated that a further increase in field
The complex CIH:N(CH)s has an equilibrium structure stabi-  Strength would produce an even greater proton-stretching
lized by a proton-shared hydrogen bond, while the equilibrium frequency comparable to the frequency of 1615 tobserved

structure of BrH:N(CH)s approaches that of a hydrogen-bonded in Na. For BrH:N(Chy)s, the zero-field proton-stretching
ion pair. frequency is 1593 crii, while at field strengths of 0.0010 and

2. External electric fields preferentially stabilize more polar 0-0040 au the computed frequencies increase to 1681 and 1930
structures, so that as the field strength increases, the equilibriumt™ - The experimental proton-stretching frequency in Ar is
structure of a complex changes in the direction traditional, to 0Pserved at 1660 cm, while in N, a doublet is observed at
proton-shared, to hydrogen-bonded ion pair. A quasisymmetric 1890 and 1872 crt.

Ab initio calculations have been carried out to examine the
effects of external electric fields on->H and X—N equilibrium

hydrogen bond is a special case of a proton-sharetHAB 5. The field effects observed in this study provide insight
hydrogen bond for which the forces on H exerted by A and B into the influence that Ar and Nmatrices have in determining
are equal. the proton-stretching frequencies in hydrogen-bonded com-

3. The potential surfaces of these complexes are very plexes. If the equilibrium structure at zero field corresponds to
anharmonic, either being broad and relatively flat around the @ traditional hydrogen-bonded complex, or to a proton-shared
g|0ba| minimum or having a second region Separated from the structure that lies on the traditional side of qUaSisymmetriC,
g|oba| minimum that can be accessed in eitheritle O or 1 application of an external field will first decrease the prOton-
state of the proton-stretching mode. An anharmonic treatment stretching frequency, and then subsequently increase it as the
of the proton-stretching vibration is necessary to describe this Structure moves to the ion-pair side of quasisymmetric. How-
vibration. A one-dimensional harmonic fit for the proton- e€Ver, if the zero-field structure is quasisymmetric or on the ion-
stretching motion cannot describe the intricacies of these Pair side of quasisymmetric, then application of an external field
potential surfaces, so agreement between computed harmoni@®f any strength will lead to an increase in the proton-stretching
frequencies and experimental gas-phase or matrix frequenciedrequency. Thus, the apparently opposing effects of Ar apd N
should be viewed as fortuitous. matrices on related complexes such as ClH;Ndthd CIH:

4. The computed zero-field anharmonic proton-stretching N(CHs)s can be understood.
frequency should be compared with an experimental gas-phase 6. For complexes with GtH—B hydrogen bonds, it appears
frequency. However, the vibrational spectra of these complexesthat a quasisymmetric hydrogen bond has a CIH distance of
have been obtained only in low-temperature Ar andndtrices. about 1.55 A, independent of the nature of B.

Owing to the nature of the potential surfaces in these complexes, 7. The use of zero-point vibrational energy corrections based
matrix effects may induce significant changes in equilibrium on harmonic proton-stretching frequencies can lead to relatively
structures and vibrational frequencies, as summarized below.large errors in binding enthalpies in some complexes, as found

(@) For the CIH:NH complex, the computed gas-phase for BrH:NH3 and CIH:N(CH)s. The former complex with a
proton-stretching frequency is 1567 thAs the field strength traditional hydrogen bond can access the proton-shared region
increases, the proton-stretching frequency decreases to a miniof the surface in thee = 0 state, while the latter complex is
mum of 936 cm?! at a field of 0.0055 au for a structure in  found in a broad and relatively flat region of the surface
which the hydrogen bond is close to quasisymmetric, and then associated with a proton-shared hydrogen bond. In both cases,
subsequently increases with increasing field strength. The the harmonic zero-point vibrational energy is too high.
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