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The Hydrogen Bond between Water and Aromatic Bases of Biological Interest: Rotational
Spectrum of Pyridazine—Water
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The free jet millimeter wave spectra of the 1:1 complex between pyridazine and three isotopomers of water
(H20, D,O, and H!*®0) have been assigned. The derived moments of inertia are consistent with a 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 étgegerto the ring. Information on the motions of water with respect

to the ring is obtained.

Introduction ! /o\H
The study of the intermolecular interactions that drive the

solvation of six-membered nitrogenated aromatic rings is of

particular importance since they are known to constitute key

building blocks of proteins and nucleotides. The investigation C
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of the 1:1 adduct of these molecules with water will be the first
step in the understanding of such interactions. Spectroscopic
studies of weakly bound intermolecular complexes at conditions
of supersonic expansibhave provided a wealth of information O
on the solvation of aromatic molecuteand represent a starting < N/N
point for detailed understanding of macroscopic phenomena. "
The most direct experimental approach to structure and dynam- a liib
ics 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 C\ ____________ K D H
with an aromatic molecule is benzeneater. The rotational <>N/N o N >0
spectra of the 1:1 complgx of_benzene W[th severa] isotopomers llic Iid
of W:?lter have been obtained in supersonic expansibrhese Figure 1. The six plausible conformers for the PRivater adduct.
studies show tha_t the water molecule is Io_cat_ed above theSpeciedIIa is the observed one.
benzene plane, with both hydrogen atoms pointing toward the
7 cloud (O—H-++x hydrogen bond) and undergoing nearly free  In the pyridazine ring (PRD) two nitrogen atoms are in
internal rotation. Owing to the complexity of its internal adjacent positions. This provides a further possibility for the
dynamics, the geometry of benzengater is only convincingly conformation of its adduct with water, with respect to those of
explained at a high level of ab initio theory in terms of a Pyrazine-water and pyrimidinewater: water linked with a

guantum mechanical probabilistic structdre. double hydrogen bond to the two ring nitrogens, forming a five-
The nitrogenated aromatic molecules we are interested inmMembered ring. All plausible configurations of the complex
possess two different proton-acceptor sites: the ringoud are shown in Figure 1. While adducts of PRD with methane

and the lone pairs on the heteroatoms. Recently, we investigated@nd ammonia have been observed in a supersonic molecular
the pyrazine-watef and the pyrimidine-watef systems with  J€t expansion by two-color time-of-flight mass spectroscbpy,
the free jet absorption microwave technique. In both cases thethis technique did not work for the adduct with water. The
rotational spectra of the 1:1 complex showed a planar structureWeak interactions of PRD with rare gas atoms have been
with a bent G-H-+N hydrogen bond. The higher symmetry characterized by_the ro;atlon_al spectra of its (_:omplex with
inherent in pyrazinewater generated perturbations in the argon® The centrifugal distortion parameters derived from the
rotational spectrum which supplied information on the potential rotational spectrum contain information on the dynamics and
Available theoretical calculations were not satisfactory both for By using an appropriate model that inverts directly the spectrum
the conformational minimum and for the shape of the hydrogen t0 the potential energy parameters.

bond® For example, in the case of pyrimidinevater the In this work we report the first experimental observation of
minimum resulted in a nonplanar conformer, in contrast with the 1:1 complex between pyridazine and water (PRD)
the experimental evidende. through the analysis of its rotational spectra in a supersonic
expansion. The aim of this study is to establish experimentally
* Corresponding author. E-mail caminati@ciam.unibo.it; Fe89-51- the structure of the isolated complex and to arrive at an
259456; phonet-39-51-259480. understanding of the intermolecular interactions governing the
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association process which can be regarded as a prototype foiTABLE 1. Measured Transition Frequencies (MHz) in the
the solvation of heterocyclic aromatic rings containing nitrogen. Millimeter-Wave Rotational Spectrum of PRD—Water

_ _ J(KK')—T"(K"K" ) H.0 D:0 H,1%0
Experimental Details 6(6)-5(5) 67727.98  67271.33  67635.95
The Stark and pulse modulated free jet absorption millimeter- ~ 7(5)—6(4y 6108324 6039291  60680.91
wave spectrometer used in this study has already been described 7(6)-6(5F 70439.33  69830.98  70190.55
elsewheré>12 |t works in the range 5378 GHz with the gg%:;gg); 73149.01 671%31%9?%9 72744.00
following detection scheme: (a) first phase detection at 33kHz  g(g)—g(5p 75856.29  74945.61  75295.26
using a time constant sufficiently low to allow the detection of 9(7)-9(6) 60757.18 61302.29 61768.36
the effect of pulsing; (b) final phase detection at the pulse 10(4,7)-9(3,6) 59513.79
frequency and suitable time constant in relation to the frequency ~ 10(4,6)-9(3,7) 59932.24
scanning speed. 10(5,6)—9(4,5) 69174.00 68038.90
The sample of PRD was purchased from Aldrich and used 0(5:5)9(4.6) 69188.44 68047.89
) p PRD pu 10(6)-9(5) 77499.03  77843.77
without further purifications. Since PRD does not have enough 10(7)-10(6) 61283.30 61749.45
vapor pressure at room temperature (bp 2@ for our 11(4,8)-10(3,7) 61955.16 60735.89 60946.58
experiments, the sample needed to be heated, as described 11(4,7)-10(3,8) 6272514 6128278  61473.51
below. 11(5,7)-10(4,6) 71844.73 70567.79 70837.45
The conditions were optimized for the 1:1 adduct formation. ﬂgﬁ)l—ll(%%‘);n 71878.92 61259 13 6710782557-2301
Argon at a pressure of 0.4 bar was flowed over water at room  17(g}-11(7y 70722.68
temperature and then through the furnace containing PRD at  12(4,9-11(3,8) 64257.82 62990.69 63205.44
60°C. The mixture was then expanded to abowt 503 mbar 12(4,8)-11(3,9) 65583.93  63936.84  64117.89
through a pulsed nozzle (repetition rate 5 Hz) with a diameter ~ 12(5,8)-11(4,7) 74491.19  73079.23
of 0.35 mm, reaching an estimated “rotational” temperature of 12(5'7)—11(4’8) 74564.00 73125.10 7338879
, (7)-12(6} 60666.18  61228.51  61695.31
about 10 K. The high speed of the scans (10 GHz/day) and  15(g)-12(7 70700.43
the preserved natural intensity of lines allow rapid acquisition 13(4,10%-12(3,9) 66383.92 65108.84 65331.46
of spectra and simplify their assignment. 13(4,9)-12(3,10) 68541.94 66658.46 66827.00
13(5,9)-12(4,8) 77101.93  75565.40  75828.61
Assignment and Characteristics of the Spectra 13(5,8)-12(4,9) 77246.81  75656.50  75915.14
13(7)-13(6y¢ 60618.86 61190.45 61657.75
Three different kinds of H bonds are plausible for PRI, 14(4,11)-13(3,10) 68299.70 67059.21 67293.74
as shown in Figure 1. Inthes-cloud acts as a proton acceptor, 14(4,10)-13(3,11) 71640.89  69477.89  69629.65
while in Il (bifurcated H bond) andll the nitrogen lone ij(g’éoiésfig) ;ggég-gg 78277.34
pair(s) do so. Due to theyn (S or anti (A) position of the 14§75—)3T4(6()'°" ) 61143.57 6161161
second ring nitrogen () with respect to the water oxygen and 15(4,12)-14(3,11) 69982.25
to the zusammen(2) or entgegen(E) configuration of the 15(4,11%14(3,12) 74931.77 72431.99
hydrogen bond and the nonbonded water hydrogen, four possible  15(7)-15(6} 60490.66

planar conformations may be anticipated for foth of the 2 Doubly overlapped transitions due to the near prolate degeneracy
complex (lla, lllb, llic, andllid ; see Figure 1). The first  of the involved levels: only, is given.

estimate of the rotational constants was obtained by assuming _ _ S

the water molecu'e to be bound to the nitrogen ator[l) m TABLE 2: Rotatlonal and Centnfugal D|St0rt|0n.constant5

PRD in a way similar to that in pyraziravatef and pyrimi- (‘}%ggdl\ﬁ'?n and I" Representation) and Inertial Defects
: ; . o —Water

dine—water/ i.e., formllla (AE, planar) with a bent ©H---N

hydrogen bond [[NHO = 152 and ry..y = 1.94 A). The normal Do H.'%0
geometries of PRE and watet* were assumed to remain A/MHz 6033.91(%) 5999.346(9) 6032.72(2)
unaltered in the complex. The spectrum was predicted to be B 1505.74(1) 1414.53(1) 1411.17(1)
that of a near symmetric prolate rotor with two components of 1205.02(2) 1145.03(1) 1143.60(1)
the dipole moment along tha and b inertial axes. At the D/kHz 0.52(2) 0.46(2) 0.50(2)

- . . o Dk 17.30(4) 15.33(4) 15.90(4)
rotational temperature achieved with the free jet the strongest p, —16.3(4) -13.3(2) -13.9(3)
transitions were expected to be R-brapgtype, withJ ranging d; —0.16(2) —0.14(3) —0.20(3)
from 6 to 15 in our frequency range; they were in fact assigned. dzb —0.08(1) —0.05(1) —0.051(8)
Rotational spectra of isotopomers of PR@ater with DO and g (MH2) (2)907 %307 %605
H,180 were then recorded. No hyperfine structure due to the Ace (U A 0.01 0414 0.02

presence of the twd“N nuclear quadrupoles or to large-
amplitude water motions was observed.

The absence of any vibrational splitting suggests that the
water unit is quite “rigid” in this complex. The measured respectively, suggest planar or near-planar geometry of the
frequencies of millimeter-wave rotational transitions are reported ¢omplex. The overall planarity is in accord also with the
in Table 1. They have been fitted with Watsoi®seduced — gpservation ofu, but nouc-type transitions. Forms and i
Hamiltoniart® in representatiori.l The rotational and centrifugal ¢ Figure 1 are ruled out because the first is not planar, and the
distortion constants determined for the three isotopomers areégacond one would have only-type transitions. The changes
listed in Table 2. in (B + C) in going from the normal to the D species allow
the AZ and SZ conformers l{lb andllld of Figure 1) to be
ruled out. Itis more difficult, just on the basis of the available
rotational constants, to discriminate betweenABsandSE(llla
and llic of Figure 1) species. Nevertheless, the ab initio

aErrors in parentheses are expressed in units of the last digit.
b Number of transitions in the fit.

The Geometry of PRD-Water

The small values of the ground-state inertia defect 0.01,
—0.14, and 0.02 u Afor the normal, RO, and H'80 species,
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Figure 2. Comparison among the H bond geometries for the observed,
planar, conformersAE) of the complexes of diazines with water.

TABLE 3: ro H Bond Parameters (H Participates in the
Hydrogen Bond) Obtained Fixing the Geometries of Water
and PRD to the Values of the Isolated Moleculées

(1) ro Hydrogen Bond Parameters (A and deg, See Figifre 1)
r'n-o = 2.966(3) ONNO = 153.8(3) ONOH =10(2) Rd=4.08

(2) rsCoordinates of the O Atom (A)

|al [s] Icl
exptl calé exptl calé exptl calé
3.385(1) 3.399 0.12(3) 0.09 0.06(6) 0.0
(3) Rotation Constants
normal DO %0
(MHz)  exptl calé¢ exptl calé exptl calé¢
A 6033.9 6033.8 5999.3 6000.0 6032.7 6032.7
B 1505.7 1506.5 14145 14145 1411.2 14111
C 1205.0 1205.5 1145.0 1144.7 1143.6 1143.6

2The experimental substitution coordinates of the O atom and
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classified as two intermolecular bends and three internal
rotations or torsions of the water moiety.

The intermolecular stretch is sufficiently well isolated from
the other low-frequency motions so that meaningful hydrogen
bond stretching constants are obtained by approximating the
complex to a diatomic. Enhanced formulas of this type have
been developed by Millen for linear and symmetric top
complexe¥’ and by Read et &F for asymmetric top complexes
in which the stretching coordinate is near-parallel to the inertial
a-axis. This condition is satisfied for PRD-W, so that the
equation

k= 16774(‘“D RCM)2[4BD4 + 4004 - (Bp— CD)Z(BD +
Cp)’1/(hDy) (1)

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

the pseudodiatomic reduced maRsy is the distance between
the centers of mass of the monomers (4.13 A for PR,
andD; is the centrifugal distortion constant. For PRIV ks

= 13.1 N nt! and corresponds to a stretching frequency of
123 cntl. This is comparable tks = 13.8 N n1! for
pyrimidine—water; so that the dimerization energy should be
close to the value oAE = 21.4 kJ/mol for that complex. The
ks comparison with pyrazineH,O cannot be made reliably since
its value ofD; is perturbed by large-amplitude motions.

Comparison among the Diazine-Water Complexes and
Conclusions

The present work concludes the investigations of the rotational
spectra of the 1:1 complexes of diazines with water. In contrast
to the benzenewater complex, where water lies above the ring

rotational constants are compared to the values calculated with this pjane with ar---H—0O H bond45 all three diazines form planar

refined geometry? The alternative set, shown in Figure 2 rig.n =
2.04, ONNH’ 149.2(3y, and ONH'O = 165.5. ¢Errors (in
parentheses) are expressed in units of the last diBiistance between
the centers of mass of the monomer€alculated with the, structure
(see top of the table and text).

calculationg and the favorable dipotedipole interaction energy
(the dipole moments of the two subunits tend to be antiparallel)
of the AE (Illa’) form strongly indicate this one to be the most
favorite one, similarly to the case of pyrimidirevater?

Therg structures of the H bond parameters, obtained fitting
the O-N distance and the NNHand NOH angles of Figure
2(H' participates in the H bond) while keeping the geometries
of the two subunits fixed, are reported in Table 3, together with

the experimental and calculated values of the rotational con-

stants. The same comparison is also reported for rthe
coordinates of the oxygen atom, obtained by applying Kraitch-
mann’s equation¥ They confirm the conformational inter-
pretation given above but cannot rule out conformatibo,

for which a similar agreement can be obtained.

complexes characterized by arrNM—0O H bond. Nevertheless,
the three rotational spectra show important differences: for
example, the symmetry properties of pyrazine are somehow
preserved in pyrazinewatef and produce a systematic doubling
of lines which supplies information for the determination of
the barrier to internal rotation of the water subunit. PRI

and pyrimidine-water are rather similar to each other: in both
cases the dipole moments of the water and of the diazine part
tend to adopt an antiparallel orientation in order to have a
favorable dipole-dipole interaction energy. As a result, a strong
distortion of the %N;---H (X = C or N) angle is observed (see
Figure 2 and Table 3). Since this antiparallelism is more
difficult to be achieved in the case of PRIV, a higher
distortion, and then a lower dissociation energy, is required in
this case.

The experimental moments of inertia of the three isotopomers
of PRD—water indicate that the ground state is located either
in the single global minimum wittAE configuration or well
above a small barrier between two possible nearby nonplanar

The main H bond structural parameters of the complexes of minima. The remaining\Z, SE,and SZ configurations could

the three diazines with water are shown in Figure 2. In the
cases of PRBW and pyrimidine-water the NNj---H and
CoNj---H angles are much larger than 22@ reach a nearly
antiparallel orientation of the dipole moments of the two
moieties.

Internal Motions

correspond to local minima; in this case they would easily relax
to the AE global minimum during the supersonic expansion, as
shown by Godfrey et al. for small interconversion barriérs.
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The three translational and the three rotational degrees Offlnanmal support.

freedom of the isolated water molecule are replaced by six low-
energy vibrational modes upon formation of the complex. One
of these motions is the stretching motion between the two
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