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Abstract: Both vibrational infrared and NMR spectroscopy are probes of the hydrogen bond. The ab initio
calculations reported in this paper demonstrate that relationships exist among Yhdistance in an XH—-Y
hydrogen bond, the anharmonic proton-stretching frequencyHiNMR chemical shift, and the XY spin—

spin coupling constant. Structural information related to the type of hydrogen bond present may be inferred
from these data.

Introduction bonded complexes, and show that these properties are correlated

Infrared spectroscopy has traditionally been the spectroscopic\k’)v:)t::dand dependent upon the structural type of the hydrogen

tool most frequently used to investigate the hydrogen Bond.
More recently, NMR has become a second spectroscopic probeS
of hydrogen bonding, particularly in biochemical systérBath
provide diagnostic signatures for the formation of a hydrogen
bond. The infrared spectrum of a hydrogen-bonded complex
with an X—H-+-Y bond typically shows a very intense band
due to the proton-stretching motion, which is shifted to lower
frequency relative to the XH band in the corresponding
monomer. There are a number of NMR observables that also
provide indirect evidence for the formation of a hydrogen bond,
perhaps the most characteristic being a large downfield chemical
shift of the hydrogen-bonded proton relative to the monomer.
Recent experimental” and theoreticdlwork has shown that
heavy atom coupling constants across the hydrogen Bdng) (

are also diagnostic of hydrogen bond formation. The “type” of
hydrogen bond formed, however, is also an important factor in
determining the spectroscopic properties of hydrogen-bonded
complexe$10 |t has been postulated that particularly short,
strong hydrogen bonds may play an important role in many
enzyme-catalyzed reactiobs.In this paper we relate the
vibrational and NMR spectroscopic properties of hydrogen-

Hydrogen bonds may be classified as traditional, proton-
hared, or ion-pair. A traditional XH---Y hydrogen bond has
a normal (as opposed to short) intermolecular¥Xdistance,
an X—H distance slightly elongated relative to the-M distance
in the monomer, and a-¥H distance that is much longer than
a covalent Y-H distance. lon-pair ¥-H*---X~ hydrogen bonds
are formed after proton transfer from X to Y. These haveYX
distances that are comparable te-X distances in traditional
hydrogen bonds, long XH distances, and ¥H distances
slightly elongated relative to the -YH distance in the corre-
sponding cation. Intermediate between these two is the proton-
shared X--H---Y hydrogen bond. This type is characterized by
a short X-Y distance, and XH and Y—H distances that are
longer than the X-H distance in a traditional hydrogen bond,
and the ¥-H distance in a hydrogen-bonded ion-pair. We define
a quasisymmetric hydrogen bond as a special type of proton-
shared hydrogen bond in which the proton is shared equally by
X and Y, that is, the forces on H from X and Y are eqtfaf?
Our definition makes no a priori assumption about the relative
X—H and Y—H distances in the quasisymmetric structure. Other
workers have characterized hydrogen bond type in such systems
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with CI-H—N and CH—CI hydrogen bonds, while the second bation theory [MBPT(2)= MP2]*~*" by using Dunning’s correlation-
included complexes with NH—N, N—H—-0, and G-H-0O consistent valence double-split basis set augmented with diffuse
hydrogen bonds. Although the linear relationship between functions on Cland N (aug'-cc-pVDZ}.?° A model two-dimensional

binding energy and proton chemical shift does not hold across nuclear Schidinger equation was solved to obtain anharmonic wave
: P ] functions and dimer- and proton-stretching frequencies on each surface.
the two series, complexes stabilized by proton-shared hydrogenDetaiIs are reported in ref 10. Proton chemical shifts and heavy-atom

bonds were found to have similar cher_nlcal shifts of abqut .20 spin—spin coupling constants were not computed in a field, but rather
ppm for the hydrogen-bonded proton, independent of binding the geometries used were those corresponding to the equilibritiid Cl

energy. and N-H distances obtained from the two-dimensional surfaces at

A subsequent papereported the computed-XY spin—spin various field strengths. Thus, we assume that the NMR properties are
coupling constants across the-KI—Y hydrogen bond (X, Y dominated by structural changes, and that any additional polarization
= N, 0), and found that the total coupling constatii{) is effects on the wave function are relatively minor.

dominated by the Fermi-contact term. Both the Fermi-contact  The proton chemical shifts were computed at MP2 using the gauge-
term and the total coupling constant are distance dependent/nvariant atomic orbital (GIAO) methoth, and spin-spin coupling

increasing with decreasingXY distance. Since complexes with constants were obtained from equation-of-motion coupled cluster singles

- and doubles (EOM-CCSD) calculations using the configuration interac-
proton-shared X-H---Y hydrogen bonds have short intermo- (Cl-like) approximatior?? a level of theory that gives quantitatively

lecular distances and low electron densities on the hydrogen-accyrate coupling constants when compared with experimentally

bonded proton, these complexes have largefYXspin—spin  measured valugs2 All NMR properties were evaluated using
coupling constants relative to complexes stablized by traditional Alhrich’s (qzp, qz2p) basis sét.The ab initio data points needed to
X—H:-+-Y hydrogen bonds. construct the surfaces were obtained using Gaussian \®Bile the

The equilibrium structures and proton-stretching frequencies NMR properties were computed using ACESiThese calculations
of four hydrogen-bonded complexes formed between hydrogenWere performed on the Cray T94 and SGI-Origin computers at the
halides (HCI and HBr) and ammonia (NJand trimethylamine Oh_lo SL_Jpercomputer Center, and on the computing facilities at the

. . . University of Sydney.

[N(CHz3)3] have been recently investigated as a function of the
strength of external electric fields imposed along the hydrogen- Results and Discussion
bonding X-H—N direction!® Because of the anharmonicity
inherent in the potential energy surfaces of these complexes
an anharmonic two-dimensional treatment of vibration was

employed. The changes that occurred irX distances and - ) .
anharmonic proton-stretching frequencies as a function of field fﬁfggg;b-r;?_lﬁolngf do I?gtlgr?erZI;?:/;\lt'\gRH éreamngggh'gﬁf
strength were shown to be dependent on the strength of the yarog . P e

spin—spin coupling constanfJcy, at the minimum energy

field, and the nature of the equilibrium structure of the complex geometry calculated at each field strength. These data are shown

at zero field. It was observed that equilibrium-Xl distances : P . . .
are short and proton-stretching frequencies low in complexes(-]’r"ﬁ'[)h'cz’lIIy in Figure 1, and the obvious correlations evident

with proton-shared hydrogen bonds. The shortest distances ancgic,)5 ?;;Ez’sf'gﬁéik‘]’\g” ?gtgrlﬁggrse?sﬂ r? elf?gv‘ug;]i;gur'gbgze d :Einl Table
lowest frequencies are found in complexes in which the P gireq P
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: ; (21) Gauss, JChem. Phys. Lettl992 191, 614.
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Table 1 presents the equilibrium-€N distance Rs) obtained
'from the two-dimensional surfaces and the anharmonic two-
dimensional proton-stretching frequency obtained at each field

ab initio calculations. 98; Gaussian, Inc.: Pittsburgh, PA, 1998.
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Table 1. Equilibrium CI—-N Distances R, A), Two-Dimensional
Proton-Stretching Frequenciesykwon ¢M 1), Proton Chemical Shifts
(0[6(ppm)]), and Spir-Spin coupling constantgJen, Hz) for
CIH:NHj; as Explicit and Implicit Functions of External Field
Strength (au)

field R(CI—N) Vpoon  OLO(PME 2Jen®
0.0000 3.080 1567 10.0 5.7
0.0010 3.056 1415 10.8 6.1
0.0025 3.019 1219 12.0 6.9
0.0040 2.975 1067 13.6 8.0
0.0055 2.832 936 20.9 11.8
0.0100 2.896 1137 19.1 9.1
0.0150 3.004 1781 16.4 6.7

aThe chemical shift is given relative to the proton chemical shift
for HCI. ® Absolute value ofJq; all coupling constants predicted here
are negative.
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Figure 1. Vibrational and NMR properties of the CIH:NHomplex

as a function of the strength of an external electric field imposed along
the CHH—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 Table 1. The upper plot shows the proton chemical shift
(solid line) and the C+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 ICldistance
(solid line) as explicit functions of field strength.

It was observed in ref 10 that the effect of applying electric
fields of progressively increasing strengths on the CIH;NH

complex is to change the structure and therefore the hydrogen

bond type from a traditional €IH---N hydrogen bond at zero
field, to a proton-shared €tH---N hydrogen bond at interme-
diate fields, to an ion-pair NH*---CI~ hydrogen bond at higher

Del Bene and Jordan

Table 2. Paramagnetic SpinOrbit (PSO), Diamagnetic
Spin—Orbit (DSO), Fermi-Contact (FC), and Spin-Dipole (SD)
Contributions to the Total SpinSpin Coupling Constantdcn) for
CIH:NHj3 as Implicit Functions of Field Strength

field PSO DSO FC SD 2\]CIN
0.0000 0.4 0.0 —-5.9 —-0.2 —5.7
0.0010 0.4 0.0 —6.3 —-0.2 —6.1
0.0025 0.5 0.0 7.1 -0.3 —6.9
0.0040 0.5 0.0 —8.2 —-0.3 —8.0
0.0055 0.7 0.0 —-12.2 —-0.3 —-11.8
0.0100 0.6 0.0 —-9.5 —-0.2 —-9.1
0.0150 0.5 0.0 —-7.0 —-0.2 —6.7

a 2)oy and components dflen in Hz; field strength in au.

in the CHN distance as the complex assumes greater ion-pair
character. The proton-stretching frequencies reflect these struc-
tural changes. At zero field the proton stretch is a perturbed
Cl—H stretch. As the field increases, the proton-stretching
frequency decreases to its minimum value for the quasisym-
metric hydrogen-bonded structure at a field strength of 0.0055
au. Further increasing the external field pushes the proton closer
to the nitrogen as the complex assumes increasing ion-pair
character. At fields of 0.0100 and 0.0150 au, the proton-
stretching frequency is better described as a perturbeti N
stretching vibration. The correlation between the-Bldistance

and the proton-stretching frequency is apparent from Figure 1.

Figure 1 also shows that two NMR properties, theNMR
chemical shift of the hydrogen-bonded proton relative to HCI
and the®*CI—15N spin—spin coupling constant, vary implicitly
with field strength in a way analogous to the variations observed
in CI—N distances and proton-stretching frequencies. The proton
chemical shift increases as the equilibrium geometry changes
in response to increasing field strength, attaining a maximum
value of 20.9 ppm for the complex stabilized by a quasisym-
metric hydrogen bond at a field of 0.0055 au. This result is in
agreement with ref 9, which also found tAbet NMR chemical
shifts in proton-shared hydrogen bonds have a maximum value
of about 20 ppm relative to the monomer. In this type of
hydrogen bond the proton is deshielded, that is, the electron
density at the proton is decreased relative to traditional and ion-
pair hydrogen bonds. Table 2 shows that $@l—1°N spin—
spin coupling constant across the-&—N hydrogen bond is
dominated by the Fermi-contact term, also in agreement with
ref 8. Again, the absolute value of the coupling constant for
the hydrogen-bonded Cl and N atoms increases as the equilib-
rium geometry changes in response to increasing field strength,
attains its maximum value in the structure with a quasisymmetric
hydrogen bond at a field of 0.0055 au, and then subsequently
decreases at higher field strengths. Since the Fermi-contact term
has been shown to be distance-depentithe,coupling between
Cl and N is most effective when the €N distance is shortest,
as itis in the quasisymmetric hydrogen-bonded structure. Similar
relationships among-+ distance, proton chemical shift, and
2Jer have also been observed experimentally in small fluorine-
containing cluster$,and the coupling constants have been
reproduced by EOM-CCSD calculatioffs.

It should be noted that the NMR properties presented in this
work have been calculated in the absence of a field, but at
geometries determined from multidimensional surface calcula-
tions in the presence of electric fields imposed along the

fields. The structural changes are evident from the decrease inhydrogen-bonding directiol. In this way, field effects have

the equilibrium C+N distance, which has its minimum value

been included implicitly in the NMR calculations. How would

at a field strength of 0.0055 au. At this field strength, the the presence of a field change the computed NMR properties?
Cl---H---N hydrogen bond is essentially quasisymmetric. Further Over and above any change in geometry, the applied field will
increasing the strength of the external field leads to an increasepolarize the wave function and shift electron density from the
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N and the ammonia hydrogens, through the hydrogen bondand may be envisaged to improve the correlation between the
toward CIl. This will increase the electron density on the NMR propertiesRo, and the proton-stretching frequency.
hydrogen-bonded proton, and may be expected to decrease the .
relative chemical shift by increasing proton shielding, and also C°ncluding Remarks
reduceZJcn. These effects will become larger as the field It has been demonstrated previously that the environment
increases. We expect, however, that because the distancemfluences the vibrational spectroscopic properties of hydrogen-
involved are large, the effects will be relatively minor when bonded complexes. The correlation between vibrational and
compared to gross changes in equilibrium geometry. Explicit NMR spectroscopic properties observed in this work demon-
investigations of field effects on NMR properties will be the Strates that the environment should also influence experimental
subject of future work. NMR proton chemical shifts for hydrogen-bonded protons, and
. . . . . heavy-atom spifrspin coupling constants across hydrogen
The relationships evident from Figure 1 are dramatic. AS the 55 |y turn, these properties provide information about the
structure of the hydrogen-bonded complex changes, so do thegircture of the hydrogen-bonded complex in terms of the type
proton-stretching frequencies, the hydrogen-bonded proton of hydrogen bond present, and the intermolecular distance. As
chemical shift, and the heavy-atom spipin coupling constant ~ NMR is often the only method available to study hydrogen
across the hydrogen bond. These changes are intimately relatedhonds in biochemical systems, an understanding of how
It should be noted that an even better correlation of vibrational hydrogen bond type influences observed spectroscopic properties
frequency with intermolecular €IN distance is observed when  will enable NMR to become a far more useful structural tool
the expectation value of the €N distance R) in the ground for studying hydrogen-bonded systems.
vibrational state is used instead of the equilibrium distance
(Ro).1° However, sinceR, values are much more difficult to
calculate tharR. values and are generally not availati® has
been used here as an indication of intermolecular distance. It

s, in_principle, possible FO calcula_te S_hielding constants or would like to thank the School of Chemistry at the University
coupling constants for particular ro-vibrational states by averag- of Sydney for hospitality during a Visiting Professorship and

ing these over the ro-vibrational wave function. Indeed, the professors Jeff Smiley and Rodney Bartlett for stimulating
difference between a shielding constant calculated at the giscussions.

equilibrium geometry and one averaged over nuclear motion
may be significant? Given that the CIH:NH complex is known
to behave anharmonical¥),such corrections may be important, (29) Jameson, C. J. Chem. Physl198Q 73, 6013.
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