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Abstract: The supersonic molecular beam (absorption millimeter wave and microwave Fourier transform)
spectra of the 1:1 complex between pyrimidine and four isotopomers of waté;, DO, D,O, and H0)

have been assigned. The derived moments of inertia are consistent with a planar (or nearly planar) structure
of the adduct in which one hydrogen of the water molecule is bound to the nitrogen of the aromatic ring, and
the “free” water hydrogen igntgegerto the ring. Only high level ab initio calculations (6-31G¥MP2-

BSSE) account for the coplanarity of the water with the ring molecule. The hydrogen bond stretching force
constant and the dissociation energy have been derivedkte=b&3.8 NnTt andAE = 21.4 kJ/mol, respectively.

Introduction studies show that the water molecule is located above the
benzene plane, with both hydrogen atoms pointing toward the
7 cloud (O—H---r hydrogen bond) and undergoing nearly free
internal rotation. Owing to the complexity of its internal
dynamics the geometry of benzengater is only convincingly
explained at a high level of ab initio theory in terms of a
quantum mechanical probabilistic structfire.

Pyrrole-water represents another example of a hydrated
aromatic molecule. The study of its molecular beam Fourier
transform microwave (MBFTMW) spectrum revealed that the
monomer molecules are connected through arHN-O
hydrogen bond.

The larger, six-membered, nitrogenated aromatic rings are
of particular importance since they are known to constitute key

uilding blocks of proteins and nucleotides. This type of
aromatic ring possesses two different proetacceptor sites: the
ring z cloud and the lone pairs on the heteroatoms. Evidence
for hydrogen bond formation between a nitrogen lone pair and
the water hydrogen has been obtained spectroscopically by
observation of the electronic spectrum of pyrazine in solétion
and in an argon matriX. Extensive efforts to observe the
formation of clusters of pyrazine and pyrimidine with water in
a supersonic expansion were unsucces$8fuRecently we

Intermolecular interactions and, in particular, hydrogen bonds
are of fundamental importance in various processes of chemistry
and biology! Spectroscopic studies of weakly bound intermo-
lecular complexes at conditions of supersonic expansion have
provided a wealth of information on the structures and dynamics
of such specie$,and define a starting point for detailed
understanding of macroscopic phenomena.

An important area in the study of intermolecular interactions
is solvation of aromatic molecules. The application of spec-
troscopy in such studies has recently been the subject of a
thorough review?. It is clear that there are a vast number of
systems that can be studied and a variety of experimental
techniques that can be used. It is important, therefore, to selec
systems which can serve as useful prototypes of important and
unique properties. The most direct experimental approach to
structure and dynamics in such systems is probably through
study of spectra with fully resolved rotational structure.

The prototype system for the study of the interaction of water
with an aromatic molecule is benzeneater. The rotational
spectra of the 1:1 complex of benzene with several isotopomers
of water have been obtained in supersonic expandidriEhese
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. Egﬂ?ﬁ'ﬁ: dz‘;?;e(;sscﬁ’e”r:‘é‘;f'dad de Valladolid. absorption microwave technigé&.The rotational spectrum of
(1) Pimentel, G. C.; McClellan, A. CThe hydrogen boncPauling, L., the 1:1 complex was assigned and the structure was determined

Ed.; Freeman: San Francisco, 1960. Vinogradov, S. N.; Linnell, R. H. to be planar with an ©H---N hydrogen bond. The observed
Hydrogen bondingvan Nostrand Reinhold Co.: New York, 1971. Jeffrey,

J. A.; Saenger, WHydrogen bonding in biological structureSpringer- (6) Kim, K. S.; Lee, J. Y.; Choi, H. S.; Kim, J.; Jang, J. Bhem. Phys.
Verlag: Berlin, 1991. Jeffrey, J. Aintroduction to hydrogen bonding Lett. 1997 266, 497.
University Press: Oxford, 1997. (7) Tubergen, M. J.; Andrews, A. M.; Kuczkowski, R.L.Phys. Chem.
(2) Hobza, P.; Zahradnik, Rintermolecular ComplexgesAcademia: 1993 97, 7451-7457.
Prague, 1988. (8) Marzzacco, CJ. Am. Chem. Sod973 95, 1774.
(3) Zwier, T. S.Annu. Re. Phys. Chem1996 47, 205-241. (9) Rossetti, R.; Brus, L. E]l. Chem. Phys1979 70, 4730.
(4) Suzuki, S.; Green, P. G.; Bumgarner, R. E.; Dasgupta, S.; Goddard, (10) Wanna, J.; Menapace J. A.; Bernstein, EJRChem. Phys1986
W. A., Ill; Blake, G. A. Sciencel992 257, 942—944. 85, 1795.
(5) Gutowsky, H. S.; Emilsson, T.; Arungg. J. Chem. Phys1993 99, (11) Caminati, W.; Favero, L. B.; Favero, P. G.; Maris A.; Melandri, S.
4883-4893. Angew. Chem., Int. Ed. Engl998 37, 792-795.

10.1021/ja982192s CCC: $15.00 © 1998 American Chemical Society
Published on Web 10/21/1998



The Hydrogen Bond between Water and Aromatic Bases J. Am. Chem. Soc., Vol. 120, No. 44,15938

perturbations in the rotational spectrum were interpreted in terms
of large-amplitude motions of the water moiety.

The pyrimidine ring (PRM) provides an even closer ap- - ,@Nl..._g\_o N _________ 'f)
. . . . | 4 I**e H™
proximation than pyrazine to structural features found in a NJ " Dt 4
variety of important biological molecules. It is, in particular, ’ g
the main constituent of nucleotides. The weak interactions of LSZ L. A-Z

this molecule with rare gas atoms have been characterized by

the electroni¢>13 and rotational specttaof its complex with

Argon. From the electronic spectfd3the mechanism of the f

dissociation process has been revealed and the van der Waals Nl_-_'_,'_H_\ — Nl v O

bond energy has been estimated. The inertial parameters derived N;J Nx—;/ "

from the rotational spectruth contain information on the 5 '

structure and the vibrational van der Waals modes that was L S-E IV A-E

extracted by using an appropriate model which takes into rjg,re 1. The four possible conformers for the PRMWater adduct

account also vibrationrotation Coriolis interactions. Such  predicted on the basis of the structure observed for pyrazirmer.

detailed analysis is not available for the interactions between SpeciesAE is the observed one.

PRM and water, although matrix isolation FT-IR studies and

ab initio calculations suggest the presence ofN—O H bonds through a nozzle with an orifice of 0.35 mm, into the microwave cavity

in the pyridine-water and pyrimidinewater (PRM-W) com- of a spectrometer, giving rise to spectra with an estimated rotational

plexes!® temperature of 1 K. The spectrometer operates over the frequency range

In this work we report the observation and analysis of 2185 GHz and has been described in detail previotisty.

rotational spectra of the 1:1 complex between pyrimidine and

water (PRM-W) together with results of ab initio and modeling

calculations which give insight into the intermolecular potential A first estimate of the rotational constants was obtained by

energy surface. The aim of this study is to establish experi- assuming that the water molecule is bound to the nitrogen atom

mentally the structure of the isolated complex and to arrive at (N;) of PRM in a way similar to that in pyrazirevater!!i.e.,

an understanding of the intermolecular interactions governing to result in a planar complex with a bent-®l--:N hydrogen

the association process that can be regarded as a prototype fobond (JNHO = 152° andry..y = 1.94 A, see Figure 1). The

the solvation of heterocyclic aromatic rings containing nitrogen. geometries of PRE} and watet? were assumed to remain
unaltered in the complex. Due to the syn or anti position of

Experimental Strategies the second ring nitrogen @gNwith respect to the oxygen, and

The simple, yet versatile technique of supersonic expatfstas to thezusammenr entgegertonfiguration of the hydrogen bond
been used to generate molecular clusters, at conditions optimized forand the nonbonded water hydrogen, four possible planar
1:1 cluster formation. Two different experimental setups have been conformations may be anticipated for the complex. These
used: a millimeter-wave free jet absorption spectrometer (Bologna), configurations are drawn in Figure 1, where the abbreviations
and a molecular beam Fourier transform microwave spectrometer S, A, Z, E are used forSyn Anti, Zusammenand Entgegen
(Warsaw), which provided complementary results. respectively. The spectrum was predicted to be that of a near-

(a) Free Jet Absorption Millimeter Wave Spectroscopy. The symmetric prolate rotor with two components of the dipole
Stark and puls_e mc_)dulated free jet absorption miIIi_meter—wave sPec- moment along the and b inertial axes. The search for the
trometer used in this study has already been described elselfiere. | iational spectrum was carried out with the mm-wave spec-
The adducts were formed by flowing argon, at room temperature and trometer in Bologna. At the rotational temperature achieved

at a pressure ofa. 0.7 bar, over a solution of PRM and water at a . . L.
molecular ratio of 2/1. The mixture was then expanded to about 5 with the free jet the strongest transitions were expected to be

10 mbar through a pulsed nozzle (repetition rate 5 Hz) with a diameter R-branchus-type, withJ ranging from 6 to 14. These were, in
of 0.35 mm, reaching an estimated “rotational” temperature of about fact, the first transitions to be assigned, and the assignment was
10 K. The high speed of the scans (10 GHz/day) and the near- confirmed by subsequent observation of several highgg-
Boltzmanian intensity of lines allow rapid acquisition of spectra and type transitions. Rotational spectra of isotopomers of PRM
simplify their assignment. water with DO, HDO, and H'®O were then recorded. No

(b) MB-FTMW Spectroscopy. The sample was prepared by hyperfine structure due to the presence of the ¥donuclear
expanding a gas mixture obtained by combining two streams of Argon quadrupoles, or to large-amplitude water motions, was observed.
carrier.gas, each flown over a container.vyith one of the monomers, at such motions are often associated with a double-minimum
a backing pressure of 0:%.7 bar. To minimize the consumption of o ntia) and to ascertain if the associated splitting was present,

pyrimidine the flow over the water sample was set to be consideranyW investioated in detail th trum of the normal i t
larger, and the water was chilled to°C so that its partial pressure e investigate etail the spectrum ot the normal species a

would not exceed 2%. The gas mixture was pulsed at a rate of 2 Hz, high_er resolution and lower rotational t_emperature, with the
centimeter-wave, FTMW spectrometer in Warsaw. Only the

Assignment and Characteristics of the Spectra

Ph(12i$8b§ég-£ganagh Y.; Ichijo, M.; Mikami, N.; Ito, MJ. Chem. hyperfine structure arising from the twidN nuclei could be

yS. X . . . s
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(15) Destexhe, A.; Smets, J.; Adamowicz, L.; MaesJGPhys. Chem.

1994 98, 1506. (19) Kisiel, Z.; Kosarzewski, J.; Pszczolkowski, Acta Phys. Pol. A
(16) Anderson, J. B.; Andres, R. P.; Fenn, J. BAtlvances in Chemical 1997, 92, 507.
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Table 1. Rotational and Centrifugal Distortion Constants and Inertial Defects for Four Different Isotopomers of-PIEM

PRM:-+-HOH PRM--H$OH PRM--DOH PRM--DOD
AMHz 6201.229(3) 6200.64(3) 6187.63(3) 6160.06(3)
BIMHz 1490.7754(6) 1397.10(1) 1464.15(2) 1400.635(9)
CIMHz 1202.4455(6) 1140.72(2) 1184.67(2) 1142.284(9)
Dy/kHz 0.482(5) 0.50(2) 0.49(1) 0.409(7)
Dix/kHz 12.05(5) 11.18(7) 11.61(7) 10.79(4)
DykHz —10.9(1) —10.6(5) —10.8(4) —9.3(4)
dy —0.094(9) —0.13(2) —0.06(3) —0.097(7)
do —0.061(5) —0.040 (6) —0.03(1) —0.036(4)
A= le— (la+ I)/uA2 —0.209 —0.194 —0.240 —0.427
b 54 29 37 43
Jmax 23 16 24 25
o°IMHz 0.11 0.08 0.11 0.09

aThe quantity in parentheses is the standard error in units of the last®digie number of fitted transition§.Standard deviation of the fit.

Table 2. Comparison of the Experimental Substitution Table 3.  The Nuclear Quadrupole Coupling Constants for the
Coordinates (A) of the Normal Species with Values Calculated for ~ Two N Nuclei in PRM--H,O, Compared with Those for the
the Four Possible Conformérs Pyrimidine Monomer
calcd PRM—W (N,) PRM—W (Np) PRM?
exptl A-E S-E A-Z S-Z Xad MHZ —3.7709(29) —1.8872(34) —3.1007(8)

lal (0) 3.40 341 340 342 341 Hob e ;3'23(3;7(54) ;3'22?367(58) ;g'%(lfé)le’)

|b| (O) 0.09 0.07 0.06 0.03 0.04 Xab ’ : :

Ic| (O) 0.06 0.0 0.0 0.0 0.0 Xzz —4.67(26) —4.31(37) —4.81(8)

lal (H") 2.48 2.52 2.52 2.52 2.52 A 1.59(26) 0.97(37) 1.45(8)

|bl (H") 0.41 0.28 0.33 0.36 0.41 Ty =cd) 3.072(4) 3.331(4) 3.3558(7)

lcl (H") 0.13 0.0 0.0 0.0 0.0

lal (H) 3.99 3.08 3.99 3.32 3.28 0:ddeg 22.2(24) 42.6(3) 31.5¢4)

Ib| (H) 0.54 0.70 0.70 0.92 0.90 olkHz 19

b

ol (H) 0.3t 0.0 0.0 0.0 0.0 aFrom ref 21.° The values of rotational and centrifugal distortion

aThe primed hydrogen participates in the hydrogen bé@btained constants, except me, were allowed to deviate in this fit from those
from the coordinates of H in the PRMD'OH principal system by in Table 1 to account more precisely for the center frequencies of the

rotational transitionst The angle between tHeCNC bisector and the

adding the model differences between of il the PRM-H,O and 10T A\
a-axis is 31.4 from the structure in ref 21.

PRM—D'OH principal axis systems.

geometrical parameters taken from pyrazimeatef! (0 = 152
andry...n = 1.94 A). This comparison allows theZ andS-Z
conformers to be ruled out on the basis of large discrepancies
between experimental and calculated values|afand |b|
coordinates of the nonbonded water hydrogen, but it cannot

Supporting Information. They have been fitted with Watson’s
Sreduced Hamiltonia# in representatiofi. The rotational and
centrifugal distortion constants determined for all isotopomers
are listed in Table 1. The values for the normal species are
more precise due to inclusion of hyperfine corrected central ="~ ="' .

: : discriminate between th&-E and S-E species.
frequencies measured with the FTMW spectrometer (see the (b) Evidence from the Hyperfine Structure due to the Two

next section). 12N Nuclei. The spectrum of the normal isotopomer of the
Geometry of PRM—Water adduct, when_invgstigated at sub-Doppler res_olution at the ca.
1 K effective kinetic temperature of the sample in the supersonic
(a) Evidence from the Rotational Spectrum. The small of the FTMW spectrometer, revealed only the hyperfine
values of the ground-state inertia defégt= —0.21, —0.43, structure arising from the presence of tifd quadrupolar nuclei
—0.24, and—0.19 u/, for the normal, RO, HDO, and H'®0 in the pyrimidine subunit. The measured frequencies of the
species, respectively, suggest planar or near-planar geometryyuadrupole splitting components are available as Supporting
of the complex. This is reflected by the values of the |nformation, and the quadrupole coupling constants, which result
substitutiony, coordinates, obtained by applying Kraitthmann’s  from fitting these data by using the= I(N,) + I(Ny), F = J +
equation¥* to the rotational constants of the four isotopomers. | coupling scheme of angular momenta and the program SPFIT
The small nonzero values of the coordinates are interpretable  written by H. M. Picket£® are given in Table 3. Nonzero values
as due to the large-amplitude motions of the water moiety with of only two off-diagonal quadrupole tensor components;
respect to PRM (see, for example, ref 14), and therefore (N,) andyan(Np), could be fitted and confirm that the complex
compatible with zero equilibrium values. Althoughcoordi- is planar or near-planar. The angligbetween the principal
nates are likely to be affected by these large-amplitude motions, axis and thez directions of the quadrupole tensors atavd N,
and by the shrinkage of the-©N distance upon deuteration in the complex are 22.2(25and 42.6(4), respectively. It is
(Ubbelohde effeé?), we believe that they are sufficiently expected that the directions of the field gradient axes at the
reliable for conformational assignment. They are compared in nitrogen nuclei of pyrimidine are not affected by complexation
Table 2 with the values calculated for the four conformers of s that the comparison with., in free pyrimidine is indicative
Figure 1 by assuming an -€H--N hydrogen bond with  of ca. 10 rotation of thea-axis of the pyrimidine unit (which
(23) Watson, J. K. G. IVibrational Spectra and Structurdurig, J. is parallel to the N-N axis) away from thea'aXIS_ of the .
R., Ed.; Elsevier: New York/Amsterdam, 1977; Vol. 6, p 1. complex. The angles from the quadrupolar analysis were built

(24) Kraitchman, JAm. J. Phys1953 21, 17-25. in as an additional constraint in a least-squares fit of the ground
(25) Ubbelohde, A. R.; Gallagher, K. Acta Crystallogr 1955 8, 71—
3

8 (26) Pickett, H. M.J. Mol. Spectroscl1991, 148 371.
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Figure 2. Thero geometries of PRMwater compatible with orienta-
tions of zaxes of the principal nuclear quadrupole tensors on the two
nitrogen nuclei in PRM-water. Specie#\E is the observed one.

state structure of the complex. Internal coordinates were fitted
directly to moments of inert?d of all four isotopomers
simultaneously. Unchangeggeometries for pyrimidiré and
water? and collinearity of quadrupolaraxes with the JCNC
bisector have been assumed. It was quickly found that only
the A-E andS-Especies gave rise to convergent solutions. Two
sets of fits were possible, depending on the identification of
the nitrogen nuclei i Ny from the quadrupolar analysis with
physical nuclei N, N3 (see Figure 1). The two solutions for
Na = N3, Np = N; were readily excluded on grounds of giving
rise to unphysical proximity between a water and a pyrimidine
hydrogen, of 1.37 and 1.05 A fok-E and S-E respectively.
The two remainingo, geometries resulting from fits &-E and

S-E structures for the identification N= N1, N, = N3 are
reproduced in Figure 2. The two fits are of identical quality

J. Am. Chem. Soc., Vol. 120, No. 44,15998

Table 4. The Calculated Dimerization Energies and Relative
Energies of Structures of PRMH,0 Obtained fromab Initio
Calculations and from the Electrostatic Model

—AE?2 AElcm™t
kJ @ =0° @ =180
mol~* cm™* (A—E) nonplana¥ (S-B
3-21G* 438 3665 338 0y=81) 689
6-31G** 22.1 1846 129 0¢ =75) 336
6-31G** 209 1750 4 0@ =16) 183
electrostatic model 17.8 1488 71 QETT) 165
6-31G*—BSSE 18.6 1552 0 764=75) 182
6-31G**+MP2— 21.4 1790 0 117¢ =75) 198

BSSE

a2The dimerization energyAE = E(PRM—H,0) — E(PRM) —
E(H20). For the electrostatic model the quantityEed2 is tabulated
from approximation to a Lennard-Jones potential in which the energy
at minimum equals half the attractive teahThe energy relative to
the global minimum for this calculatiod.The anglep defining the
nonplanar configuration is the angle subtended inbihmertial plane
between the nonbonded HO bond ofHand the plane of pyrimidine.

investigate this in more detail. The range of possible geometries
can be characterized by a rotation angléescribing the rotation

of the HO unit relative to the plane of pyrimidine (see Table
4). The planaA-E structure is defined to correspond ¢o=

0°. We have carried out three sets of optimizations: for an
unconstraine; geometry and for tw&s geometriesA-E and
S-Eof Figure 1. Full geometry optimizations were carried out
at the SCF level with three basis sets ranging from 3-21G*
through 6-31G**, to 6-31G"™* of ref 15, by using the package

and, for the assumption of a planar geometry, the moments of GAMESS?® The results are summarized in Table 4. The

inertia are fitted to an average deviation of 0.172wth only

two adjustable structural parameters, the-®l distance and
OONHO. The experimental data also provide some evidence in
favor of a small degree of nonplanarity since the inertial defect
for PRM—D0 is twice the value for PRMH,0. If nonpla-
narity is allowed then a somewhat better fit to the data is
obtained by 15 rotation of the water unit about the hydrogen

3-21G* basis is known to yield poor energies, but serves to
illustrate how the calculation prefers a near-perpendicular
pyrimidine—H,0 orientation, up to and inclusive of the 6-31G**
basis. Yet on extending the basis up to the 6-31'G level

the predicted global minimum is near planarget 16°. The
SCF results are also compared with a geometry optimization
carried out with the electrostatic model of Buckingham and

bond, so that the nonbonded hydrogen is ca. 0.2 A above theFowler?® This model has been found to accurately reproduce

pyrimidine plane.

Although the two geometries in Figure 2 are equally
consistent with the observed rotational constants it is now
possible to discriminate between them on steric grounds. In
the SE geometry the distance between the pyrimidine hydrogen
Hs and the hydrogen bond hydrogen is 1.89 A, which is too
low. Although the sum of Pauling’s van der Waals radii for
two hydrogens is 2.4 A, HH distances down to ca. 2.1 A might
be acceptable, but not below. In theE geometryd(HeH) =
2.28 A, which is reasonable. The hydrogen bone-N
distances are 1.98 A f&-E and 2.09 A forS-E, and the former
is much closer to 1.94 A determined for pyrazirté,O. In
addition, as found below, the binding energy for this complex
is not particularly low, and on this basis t#eE geometry,
which has a smaller bend in the hydrogen bond, would again
be preferred.

(c) Evidence from ab Initio Calculations. Although ab
initio calculations for PRM-W have been reported, their

angular geometries of many hydrogen bonded clusters and uses
distributed multipole (DMA) parametrization of the ab initio
electron distribution of the monomer molecules and minimizes
the electrostatic interaction of the two molecules counterbal-
anced by a hard core repulsive term. Since the electrostatic
term is the major contributor to the hydrogen bond energy, the
electrostatic model yields, at a much lower computational cost,
results which are comparable with supermolecule calculations.
This is confirmed for PRMW: the electrostatic results obtained
from DMA’s for water and pyrimidine evaluated also at the
6-31G** level and taken up to the octopole level are very similar
to those of the 6-31G** supermolecule calculation. In all
calculations, theS-E geometry is found to be the least stable.
Nevertheless, since at the higher levels of calculation the relative
stabilities between two lowest energy, #d and the nonplanar,
geometries are at the 1 kJ mblevel, they are sufficiently small

to be sensitive to the several known corrections that have to be
applied to make the results more precise. The first such

emphasis was on vibrational frequencies and details of the correction concerns the basis set superposition error (BSSE) that

structure have not been published, except that anHO
bonded A-E type configuration was determined. Spectroscopic

is due to a larger number of basis functions being available in
a supermolecule calculation to define monomer energies than

results above suggest that relative orientation of the molecular

planes of water and of pyrimidine is a key coordinate in defining
the equilibrium geometry of PRMW, and we have decided to

(27) Schwendeman, R. H. I€ritical Evaluation of Chemical and
Physical Structural InformatignPaul, M. A., Ed.; National Academy of
Sciences: Washington, DC, 1974.

(28) Dupuis, M.; Spangler D.; Wendoloski, JRfogram QGO01National
Resource for Computational Chemistry Software Catalog, University of
California, 1980. Schmidt M. W.; Baldridge, K. K.; Boatz, J. A.; Jensen, J.
H.; Koseki S.; Gordon M. S.; Nguyen, K. A.; Windus, T. L.; Elbert, S. T.
QCPE Bull 1990 10, 52—54.

(29) Buckingham, A. D.; Fowler, P. Wi. Chem. Phys1983 79, 6426.
Buckingham, A. D.; Fowler, P. WCan. J. Chem1985 63, 2018.
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a a dispersive interaction between pyrimidine and water. This type
of behavior, in which interaction peripheral to the hydrogen bond
N N~ plays a role in determining the geometry of the adduct, has been
4(3 Y Y observed for several adducts and has been discussed in the
31
s QN/\ L QN results for methylenecyclopropandiCl.
1 H 1 H .
2154 | 1.98A | Internal Motions
a4 )67
S e FETEY The three translational and the three rotational degrees of
Y y freedom of the isolated water molecule are replaced by six low
9] D o .
/ . / . energy vibrational modes upon formation of the complex. One
H | Row300m H | Ro29188 of these motions is the stretching motion between the two
o constituent molecules, while the remaining modes can be
ab initio exptl., ro classified as two intermolecular bends and three internal
Figure 3. Comparison of the ab initio and experimental geometries rotations or torsions of the water moiety.
for the observed conformeAE) of PRM—water. The pyrimidine and The intermolecular stretch is sufficiently well isolated from

the water G-H bond that participates in the hydrogen bond are coplanar, the other low-frequency motions so that meaningful hydrogen
?r:tiZOL:g:;he nonbonded hydrogen ofdimay be up to 0.4 Aabove 1,4 stretching constants are obtained by approximating the
pane. complex to a diatomic. Enhanced formulas of this type have

in a monomer calculation at the same basis. We have used thebeen developed by Millen for linear and symmetric top
counterpoise method of Boys and Bernétdind decided to complexe%” and by Read et & for asymmetric top complexes

correct the results from the better known 6-31G** basis. This in which the stretching coordinate is near-parallel to the inertial

. ; . . - a-axis. This condition is satisfied for PRV, so that the
basis contains considerably fewer diffuse functions than equation
6-31GH**, so that Egsseis expected to be smaller in magnitude
and more reliable. It can be seen from Table 4 that the BSSE 4 5 4 4 5
correction exchanges the relative energies of the plafaand ke= 167" (upRep) 4By +4C," — (By — C)(Ba +
the near-perpendicular geometries almost exactly. The next step CA)Z]/(hDJ) 1)
is to estimate the magnitude of the dispersive contribution to
the interaction energy, which has been made by calculating the
second-order MollerPlesset (MP2) correlation correction, at
the level of the BSSE correction. Addition of the MP2 energy
has the effect of stabilizing th&E geometry further in relation
to the near-perpendicular form. In all cases 8i&geometry
is the least stable, which provides support for previous prefer-
ence ofA-E out of the pair ofA-E, S-E Thus the corrected
6-31G** and the uncorrected 6-31G** results support the
experimental conclusion that the geometry of PRW is of
A-E symmetry with the possibility of effective near-planar
geometry due to a flattened potential surface, or even a small
barrier nearp = 0°. In light of the above, the electrostatic
model meets with only partial success since it correctly predicts

the type of hydrogen bond and its energy, but has not beento our best value of 21.4 ki/mol for PRMV.

able to deal successfully with fine details of the energetics The low-freauency bendina and torsional motions present too
arising on rotation of KO relative to the plane of pyrimidine. . a y g . 1ons p
many internal coordinates for a unique determination. Never-

The present study has also revealed that computational deter- . . . e
mination of reliable intermolecular potential for PRIV along theless, it is known that if such modes are associated with highly

the ¢ coordinate will require a dedicated ab initio study at a anharmonic po_tentials_then_this Is reflecte(_j in an_omalously high
substantially higher level of accuracy than 1 kJ ntol \[/)a;:(ugﬁg E)E%?trgﬁ%aégg;or:g?g;sgzﬁgi’ér:hpeagfsuﬁgrhgze,\,,for
Both experimental and computational evidence leads to the W, and teét calculations have also shown that the observed
conclusion that PRMW has planar or nearly plan#-E type values of all five quartic constants are readily reproduced by a
geometry from Figure 1. The experimentalgeometry and  parmonic force field based on reasonable assumptions. This
the 6-31G™ ab initio geometries are compared in Figure 3. e of calculation is useful in identifying the magnitude of
Although there still remains some uncertainty concerning \ipration—rotation contributions to measured moments of inertia
whether the nonbonded hydrogen of(His in the pyrimidine 54 the corrected, average moments of inetja8 are a more
plane or not, the values of the parameters shown in Figure 3 500 rate representation of the equilibrium geometry of the

are insensitive to this. It can be seen that there is agreement,,jjecule. The average inertial defect calculated for PRM
between experiment and calculation concerning several key

features of the geometry of the adduct. It is clear that the N (31) Kisiel, Z.; Fowler, P. W.; Legon, A. CI. Chem. Phys1994 101,
-*H—0 hydrogen bond has an appreciable bend from linearity (32) Millen, D. J.Can. J. Chem1985 63, 1477-1479.

can be used to derive the hydrogen bond stretching force
constantks. The subscript A denotes a adduct quantity,is

the pseudodiatomic reduced maBgy is the distance between
the centers of mass of the monomers (4.16 A for PRM),
andD; is the centrifugal distortion constant. For PRIW ks

= 13.8 NnT! and corresponds to a stretching frequency of 126
cm~L. This is slightly higher tharks = 12.5 Nn1 for H,O--
‘HCI,%* and is consistent with somewhat lower dimerization
energyAE = 20 kJ mot! calculated for that dime®® Theks
comparison with pyrazineH,O and also with (HO), cannot

be made reliably since in both cases the valuBgs perturbed

by large-amplitude motions. Nevertheless, the calculated
dimerization energy for (kD). of 21.1 kJ/mat® is very close

and that the N-H axis is bent 23-25° away from thedJCNC (33) Read, W. G.; Campbell, E. J.; HendersonJGChem. Phys1983
bisector. Both of these distortions serve to bring the nuclei in 78, 3501-3508. _
the bonded HO bond into van der Waals proximity witk ¢ (34) Legon, A. C.; Willoughby, L. CChem. Phys. Let1983 95, 449.

L . . (35) Latajka, Z.; Scheiner, S. Chem. Physl987, 87, 5928. Hannachi,
the pyrimidine nucleus, and allow an increase in the energy of y -"sii B Bouteiller, Y. J. Chem. Phys1991 94, 2915.

(36) Mas, E. M.; Szalewicz, KJ. Chem. Phys1996 104, 7606.
(30) Boys, S. F.; Bernardi, iMol. Phys.197Q 4, 553-566. (37) Neshitt, D. JJ. Chem. Phys1989 91, 3801.
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is Ai* = A® — 0.35 u &, and this result is rather insensitive to  arrangements are foundr---H—0 in benzenewater, N-H-
details of the assumed force field. The magnitude of the --O in pyrrole-water, and N--H—O in pyrazine-water and
correction is consistent with previous observations that the PRM—water. Furthermore, the two last cases differ consider-
ground-state inertia defect carries a positive vibratiostation ably in their spectroscopic manifestations of large-amplitude
contribution relative toAi*, which ranges frmn 3 u A? for motions of water relative to the ring and therefore in shapes of
adducts with Ar to several tenths of ? for hydrogen bonded  their potential energy surfaces near the minimum. The double-
adducts’® Inclusion of this correction in the structural fit leads minimum potential in pyrazinewater generates a vibrational
to a further improvement in the quality of the fit and rotation splitting of the ground state, witla,-type interstate transitions,

of the HO by ca. 30 out of the pyrimidine plane, so that the while in PRM—water the ground state is located either in the
nonbonded hydrogen is ca. 0.4 A above this plane. However, single global minimum or well above a small barrier between
the implication of a double-minimum potential with minima at two possible nonplanar minima. These differences must have
@ = £30° has to be confronted with expectation if there is an played a role in inducing nature to choose a pyrimidine type
appreciable central barrier, then two states should be observedunit for a common base in biological systems. We believe that
as in pyrazine-H,O. The present observation of only a single the kind of interaction we have studied is one of the most
state indicates that the central barrier, if present, is small andcommon in biology and that our results can provide a firm
well below the vibrational ground state of the complex. The experimental starting model for the interpretation of similar
most economical conclusion from both experiment and calcula- linkages in more complicated systems occurring in nature.
tion is that the molecular potential for rotation ob® about
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