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Combined Metropolis Monte Carlo computer simulation and first-principles quantum mechanical calcula-
tions of pyridine in water are performed to analyze the role of thermal disorder in the electronic properties of
hydrogen bonds in an aqueous environment. The simulation usébfiensemble and includes one pyridine
and 400 water molecules. Using a very efficient geometric-energetic criterion, the hydrogen bonds between
pyridine and water €HsN---H,O are identified and separated for subsequent quantum mechanical calculations
of the electronic and spectroscopic properties. Statistically uncorrelated configurations composed of one pyri-
dine and one water molecule are used to represent the configuration space of the hydrogen bonds in the liquid.
The quantum mechanical calculations on these structures are performed at the correlated second-order pertur-
bation theory level and all results are corrected for basis-set superposition error. The results are compared with
the equivalent electronic properties of the hydrogen bond in the minimum-energy configuration. Charge trans-
fer, dipole moment, and dipole polarizabilities are calculated for the thermally disordered and minimum-energy
structures. In addition, using the mean and anisotropic polarizabilities, the Rayleigh depolarizations are ob-
tained. All properties obtained for the thermally disordered structures are represented by a statistical distribu-
tion and a convergence of the average values is obtained. The results indicate that the charge transfer, dipole
moment, and average depolarization ratios are systematically decreased in the liquid compared to the optimized
cluster. This study quantifies, usidp initio quantum mechanics and statistical analysis, the important aspect
of the thermal disorder of the hydrogen bond in a liquid system.
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I. INTRODUCTION several solvation and biomolecular processkeY. Whereas
in a cluster the hydrogen-bond structure is fixed by a
Water is the most important liquid and the natural biologi-minimum-energy condition, in the aqueous environment
cal solvent[1]. Most of the several anomalous behaviors ofthere are several configurations governed by the temperature
water are derived from its great ability to form hydrogenand the related natural disorder of the liquid. Therefore, the
bonds and this is fundamental for the existence of[&g]. proton-acceptor site of a solute molecule in an aqueous en-
The study of hydrogen bonds has been a central topic imironment experiences a great local thermal disorder. The
chemistry and biology4—6] for quite some time and it is theoretical description of this disorder is a great challenge
now attracting considerable interest also in phygits9].  and it is necessary for the understanding of the important
Hydrogen bond is indeed a fundamental interaction to undertocal electronic effects. The hydrogen bonds lead to a local
stand the thermodynamics of protic liquids and a series o€hange in the electronic environment and thus also in the
biological phenomena that can only occur in water, includingatomic charges, dipole moment, and dipole polarizability. In-
proteins, DNA, and enzymatic reactions. Hydrogen bondstead of a single value the electronic properties, such as di-
between biomolecules are perhaps the most significant prggole moment and polarizabilities, are more properly de-
cess regulating functions in living systems. Most of our un-scribed by a statistical distribution of possible values within
derstanding of the electronic structure of hydrogen bondsa certain width. The fluctuation in the electronic anisotropy
and the associated properties and spectra, has been derivgfda single molecule leads to gas phase depolarization of the
from studies in clusters where laser vaporization and jetlight scattered 15]. The dipole anisotropy in the liquid is
cooling techniques have produced a large variety ofalso responsible for the depolarization of the elastic light
hydrogen-bonded complex¢40—-13. However, the situa- scattered 15-17, but the depolarization ratio is now like-
tion found in a cluster is not the same as that in a liquid.wise given by a distribution of values. This distribution is a
Understanding the nature of hydrogen bonds formed betweameasure of the manifestation of the local electronic change
a solute organic molecule and water is crucial for describinglue to the hydrogen bonds formed in the liquid situation,
compared to the cluster optimized. The Rayleigh depolariza-
tion is one of the important properties that are derived from
*Corresponding author. FAX+55.11.3091-6831; email address: the polarizabilities, and can serve as an additional useful
canuto@if.usp.br spectroscopic distinction of hydrogen bonds in clusters and
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in liquids. In this paper, we thus analyze in great detail the 12— 71—
local change of the electronic structure calculating charges,
dipole moment, and polarizabilities, and from these the Ray- Lo}
leigh light scattering15-18 in a hydrogen-bonded cluster
and in the liquid case. This is used as a quantitative charac- 08
terization of the influence of the thermal disorder. g 06l
Motivated by the strong interest involved in six-member o
nitrogenated aromatic rings, as the building block of proteins 04
and nucleotideg14], the system considered here is the
pyridine-water GHsN---H,O system. In this case, the nitro- 02}
gen atom of the pyridine molecule is the proton acceptor that
makes a hydrogen bond with the hydrogen proton donor of 0.%'0 >0 a0 60 80 100

water. We study the local changes in the atomic charges,
dipole moment, and dipole polarizabilities of hydrogen-
bond_ed pyrldlne-w_ater using f|r&_‘,t-prln_c|ples quantum me- FIG. 1. The radial distribution function between the nitrogen
chanical methods in both situations, i.e., the cluster Opt"atom of the pyridine and oxygen atom of the water molecules
mized and the disordered liquid. The different results are '
used for a comparison between the hydrogen bond in the
cluster and in the liquid, hence giving a theoretical quantita-< 10° MC steps are statistically relevafiess than 10% sta-
tive information about the influence of the local disorder. tistically correlatedd Then, the number of configurations is
The major difficulties in studying hydrogen bonds in lig- reduced to 250 uncorrelated configurations without loss of
uids are related to a very large number of possible structuresiatistical informatior{26—28. Thus, after the entire simu-
at a given temperature, the nontrivial identification of thesdation, 250 uncorrelated configurations separated by 320
bonds in a liquid, and the difficulty in obtaining statistically < 10> MC steps were sampled. An important point now is
converged results. All these points are, in fact, related to &he identification of the hydrogen bonds in the structures
correct and realistic representation of the configuration spacgenerated in the Monte Carlo simulation. Hydrogen bonds
occupied by the hydrogen-bonded structures. These poingfe€ normally extracted from computer simulation using the
are considered and Successfu”y handled here, and we ap@irwise radial distribution function. This gives the coordi-
then able to give aab initio quantitative study of the influ- nation of water molecules around the solute, but it cannot be
ence of the local thermally driven disorder in the spectro-assured that all near-neighbor water molecules are indeed
scopic changes that arise because of hydrogen-bond formBydrogen bondef28—32. This point has been the subject of
tion between a molecule and its aqueous environment. ~ great concern and the definition of a hydrogen bond in a
liquid is not unanimously free from ambiguity. Furthermore,
lying close to the solute molecule is not a sufficient condition
Il. THEORETICAL METHODOLOGY for a hydrogen-bonded structure as this can be a mere con-
sequence of packing. A very efficient procedure can be ob-

Monte Carlo (MC) computer simulation, using theice tained using in addition to a geometric, also an energetic

Monte Carlo statistical mechanics prograt®]. The simu- criterion [24,26,28-3]1 We g:on3|der here a hydrogen-
lations are performed in the canonical{'T) ensemble with Ponded structure when the distariRg.o=<3.5 A, the angle
one pyridine molecule plus 400 water molecules using thé(NOH)<30°, and the binding energy is larger than 2.0
experimental density of water, which dt=298.15K is kcal/mol. These geometric conditions are obtained from the
0.9966 g/cm. The intermolecular interactions are describedradial and the angular distribution function. For the energetic
by the standard Lennard-Jones plus Coulomb potential. Fdiiterion, it is important to look at the pairwise energy dis-
the water molecules we use the SPC pote[ﬁﬂ@!l and for tribution. First, Flg 1 shows the pairwise radial distribution
pyridine we use the 11-site OPLS potenfial]. In the cal-  function between the N atom of pyridine and O atom of
culation of the pairwise energy, each molecule interacts withvater. The first peak in th&y.o(r) distribution function

all other molecules within a center of mass separation that i§tarts at 2.45 A and ends at 3.5 A, with a maximum at 2.94
smaller than the cutoff radius,=11.9 A. For separations A. Hydrogen bonds can be located then for the distance
larger thanr., we use the long range correction of the po-Rn.o< 3-5:&- A similar analysis gives the criterion for the
tential energy{22]. The simulations consisted of a thermali- angle #(NOH)<30°. Figure 2 identifies the hydrogen bonds
zation stage of 2.8 10° MC steps followed by a long aver- for pairwise pyridine-water interaction energy less theh0
aging stage of 800 10° MC steps, where the configurations kcal/mol. Using these criteria, in the 250 MC configurations
are generated. Successive configurations generated in the find 269 hydrogen bonds formed in the nitrogen atom of
MC simulation, which are statistically highly correlated, will pyridine. More specifically, we find that in 17% of the con-
not give important additional information. Therefore, we cal-figurations the pyridine does not form any hydrogen bonds,
culate the interval of statistical correlation using the autocorin 62% it forms one, in 20% it forms two, and in only 1% it
relation function of the energh23-25. For the simulations forms three hydrogen bonds. This gives an average of 1.1
presented here, after the calculation of the autocorrelation dfydrogen bonds. There is a total of 155 configurations mak-
the energy, we obtain that configurations separated by 32ihig one hydrogen bond. All these 155 structures composed of

Distance (A)

The structure of the liquid is first generated by Metropolis
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400 F - R=1.964 A
] N T -
H4
300 | 1 0
3t
g FIG. 4. The structure of the optimized pyridine-water cluster.
e
3 200 1 i a change in the anisotropy, it should lead to a corresponding
é’ change in the light depolarization. In the case of the elastic
100 L | Rayleigh scattering, the degree of depolarizati@nand in-
tensity of the light scattere@?) at right angles to the direc-
tion of incidence for natural and plane-polarized light are
0 A given by[15,18
-8.0 -6.0 -4.0 -2.0 0.0 2.0 6(Aa)? , )
Energy (kcal/mol) I 5@ 2+ 7(Aa)?’ Rp=45a)*+13Aa)?, (1)
FIG. 2. Histogram of the pairwise energy interaction between 3(Aa)2

pyridine and water. = = 2 2
Op A5 @)+ 4(Aa)?’ Rp=45a)*+7(Aa)”. (2

one pyridine and one water will be submitted to the quantu . . . o
mechanical calculations. Figure 3 shows, in a single picturr;;he.mear(a?[ an?tﬁnlsotlropl¢%{)l{1d[[pole polagzabllltl_es ars
the superposition of all thegé:1) 155 hydrogen-bond struc- € Invariants ot the polarizability tensor and are given by
tures in the liquid. It clearly shows the efficiency of the iden- a= 1yt ayt ay,) 3)
tification and the sampling procedure for obtaining hydrogen Shee Ty e

bonds formed between pyridine and water. Indeed, it can bgnd

seen how well the configuration space is filled with all water

molecules being indeed hydrogen bonded to the nitrogen site (A a)?=3[(axx— ayy)*+ (ayy— a;2)?+ (e, ax)?]

of pyridine. Figure 4 gives the calculated fully optimized

structure for the single(1:1) cluster. The calculated 3 (axy)*+ (@) *+ (ey2)]. )
hydrogen-bond distance N---H in the cluster is 1.964 A, cor

. ) X "The maximum values of in the Rayleigh scattering corre-
responding to a distance N-O of 2.947 A. For comparison yielg g

the liquid thi dist . lculated ’Z'géégonds to the most anisotropic case, corresponding to the
e quid case, This average distance 1S calctlaled as <-Sgytreme whereda=3a. In this case o T=1/2 and o™

iO.;LG A. . . o =1/3. It is also of interest to obtain the depolarization for
Light scattering cross section and depolarization are re-

lated to the anisotropy of the electronic polarization of acwcularly polarized light. The light circularly polarized scat-

molecular system. As the hydrogen-bond formation leads t(%%r? th;]aeclév(\a/g:g: g}a?éc:rvszlai : %T/Z?]ngg] of circular polariza-

oc=0o,/(1—0ay). 5)

It is easy to see that in this casd'®is 1.

The dipole moment and dipole polarizabilities are calcu-
lated individually for each of the 1568L:1) structures sepa-
rated from the MC simulation of the liquid and for the opti-
mized (1:1) cluster using the second-order many-body
perturbation theory33] with the Mgller-Plesset partitioning
[34], using the MP2/6-31G(d) theoretical model, using
GAUSSIAN98[35].

Ill. RESULTS AND DISCUSSIONS

We first discuss the local atomic charges as they play a
central role in the physical model of the hydrogen bond
[4,5,13. The dominant view adopts the idea that electrostatic
interaction is the major contributor toward a realistic model
of hydrogen bond$13,36—39. There has also been some
debate on the charge transf&9-42 and covalent effects

FIG. 3. (Color onling Superposition of configurations of the [43—45. Some recent studies argue that charge transfer can-
hydrogen bond formed by pyridine in an aqueous solution. not be ignored and may give a significant contribution to
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60 T — - — T - [ the result of the charge transfer for the configurations of the
: liquid. In this case, we obtain a statistical distribution of
50 F : N values. As it can be seen, all configurations present a domi-
: | nant charge transfeinegative resuljsto the water. In the
40 - /\ i average, the pyridine transfers to the water molecule
Y . —0.036:0.015 elementary charge. Whether this charge
(9] 0 . . .
s /; transfer plays a significant role in the strength of the hydro-
= 30 X ] gen bond is a subject of debate. However, we find a system-
3 I / ; T atic transfer in both cases, with magnitude comparable to
8 20+ / : . that obtained by Vaart and Mef49]. Also, as it can be seen,
- : the hydrogen-bond donofthe water molecule in the
10 b [/ 4 minimum-energy configuration of the complex is only
] : \\ | slightly more negative. Hence, the role played by charge
o = : — transfer will be essentially the same in the cluster-optimized
-008 -006 -004 -0.02 0.00 and the thermally disordered structures.

The dipole moments of the cluster-optimized structure
and the average value for the disordered pyridine-water lig-

FIG. 5. Charge transfeiin elementary charge upifrom pyri- uid structure are given Iin Table I. All thgse results are again
dine to water and comparison with the cluster vaertical dotted ~ COITeCted against basis-set superposition error, using the
line). counterpoise correctiofb0]. The calculated dipole moment

for the optimized pyridine-water cluster is 5.07 D, reason-

stabilize hydrogen bondp41,42,46—48 The criticism of  ably larger than the calculated average dipole moment for the
computational artifact related to charge transfer has beelquid, 4.71+=0.68 D. The conclusion is that the disorder
considered in a recent and detailed theoretical s{uy®]. leads to a decrease of the combined dipole moment. In a
Vaart and Mer449] contend that charge transfer occurs evenvector model, the dipole moment of the complex is obtained
in the total absence of basis-set superposition €B&SE. by a simple vector addition of the dipole moment of the
They find that charge is transferred from the hydrogen-bondeparate parts and this gives the value of 4.18IDstey and
acceptor to the hydrogen-bond donor by an amount betweeh54+0.68 D. The disordered structures lead to a smaller
0.01 and 0.05 electrons per hydrogen bond. This is a point aipole moment, reducing its value by 5—10 %. Of course, the
great importance, which will be used here to give a possibl@lecrease in the dipole moment leads to a decreased dipole
distinction between the hydrogen-bond interaction betweeinteraction and hence a smaller binding of the hydrogen bond
pyridine and water in the minimum-energy and thermallyin the liquid compared to the hydrogen bond in the
disordered structures. Although atomic charges are not trusminimum-energy pyridine-water configuration. If now we
physical observables and theoretical values are not uniquepnsider the difference between the vector sum approxima-
the calculated trend can still be useful. Here, we use théion and the explicitly calculated result as an induction effect
Mulliken population analysis and the counterpoise correctio5,13,51, we can see that induction contributes to less than
[50] to BSSE. So all calculations are made with the full basis10% both in the cluster and in the thermally disordered struc-
set of both pyridine and water. We find here that in thetures. Figure 6 shows the distribution of the calculated dipole
minimum-energy configuration, there is a charge transfemoment values using the disordered pyridine-water struc-
from the pyridine to the water molecule of0.03%; i.e., the  tures and the normal distribution witfu)=4.54 D ands
water is more negative upon hydrogen bonding. This result=0.10 D.
corrected for BSSE, is in line with the findings of Vaart and  Dipole polarizability is an important electronic property
Merz [49]. They also made the observation that this result ighat has been very much used in cluster characterizgg@n
not very dependent on the quality of the basis set after cors4], including hydrogen-bonded systdiiB,55. The interest
recting for BSSE. However, the Mulliken population resultshere is to analyze the changes in dipole polarizabilities com-
that we obtained here are more systematic. Figure 5 showag from thermal disorder of the solute-water system and the

Charge transfer

TABLE I. Calculated dipole moment and polarizabilities of hydrogen-bonded pyridine and water. Results
shown for the liquid are average values and the standard deviations are also shown. Vector model assumes a
simple vector addition of the dipole moments of the separate molecules.

Pyridine Clusten(1:1) Liquid (1:2)

Dipole moment(D) 251 5.07 4.7+ 0.68

Vector model 4.73 4.540.10
Dipole polarizability(a.u)

Mean 60.00 68.16 68.370.24

Anisotropy 35.11 39.29 37.362.07
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FIG. 6. Distribution of calculated dipole moment values and the o {{ } { {
normal distribution with{ )=4.54 D ands=0.10 D. 1= { {
E 370 -
consequence of this change in the Rayleigh properties. The g
calculated polarizabilities for the minimum-energy and ther- & 36.51 y
mally disordered systems are summarized in Table Il. The <
mean polarizability of the pyridine-water system is essen- -2 36.0| 1
tially additive, but the anisotropy is more sensitive to the %
binding. This additivity is not surprising and has beennoted &~ 35sb— 1 o 1+ v 1+ 1 o L0 o
before[18,55,56 for geometry-optimized clusters. In the lig- 0 20 40 60 80 100 120 140 160
uid, this additivity is more peculiar because the polarizability Number of configurations in the average

becomes a statistical distribution. The mean dipole polariz-
ability is slightly larger due to the distribution of the thermal A . . - .
disorder. The standard deviatisrfor the liquid reflects the dipole polarizabilities(in atomic unitg. The statistical error is
L . - - shown.
large variation seen in the liquid case. Thus, the final valué
represented by«)=+s shows the two information that de- with the average value being decreased with respect to the
scribe the normal distribution and comprises 68% of thevalue obtained for the cluster optimized. In the liquid case,
data. Figure 7 shows the convergence of the calculated medhese are always smaller than in the cluster-optimized case. A
and anisotropic polarizabilities when the number of configu-clear distinction between the two cases can be made and it is
rationsL increases up to the maximulm= 155, used here. quite interesting for all polarizations that the reduction in the
The results clearly demonstrate that the average value comatios, going from the optimized to the liquid case, is the
verges after around 100 quantum-mechanical polarizabilitgame 10%. In general terms, the average result of the depo-
calculations. The hydrogen bonds sampled from the MQarization ratios differ by only 10% from the cluster-
simulation, and shown previously in Fig. 3, are indeed ableoptimized case. The thermal motion, however, implies a
to represent the configuration space necessary to give statis-
tically converged results. .

FIG. 7. Convergence of the calculated mean and anisotropic

The inhomogeneity in the electronic distribution leads to 6o} | R |
depolarization of the light elastically scattered and this Ray-  _ | _f 1 / ’X :
leigh depolarization is obtained from the local dipole polar- K

izabilities. Upon hydrogen-bond formation in the aqueous

environment, the depolarization ratios become a distribution sl

Occurrence
&
o
P

TABLE II. Calculated Rayleigh depolarization ratio (1%) of 20} / : |
hydrogen-bonded pyridine and water. The results shown for the g
liquid are average values and the standard deviation in also given. o] \ : \
0 . 1 e Y N . . Jdoil
Depolarization Pyridine Clustdd.:1) Liquid (1:1) Lo 1I-)5 . f;o 25 z5 ;-0 13_-5t_ 40 45 50
epolarization Gp €polarization Un

op 221 2.15 1.940.20

o, 4.33 421 3.8%0.38 FIG. 8. Histogram showing the distribution of depolarization

o 453 4.40 3.960.41 (dimensionlesksin the liquid and comparison with the cluster value

(vertical dotted ling
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broadening of the results. Figure 8 shows a comparison bealipole moment, dipole polarizabilities, and depolarization ra-
tween the distribution of depolarization ratios for the disor-tios calculated for the hydrogen-bonded pyridine and water
dered liquid structures and the same depolarization for thare statistically converged values incorporating the inherent
cluster-optimized case. The calculated values of the depoladisorder nature of the liquid. Since dipole polarizabilities are
ization ratios for the minimum-energy case lie outside therelated to intermolecular forces, the results presented here
half-width of the distribution for the liquid; i.e., they are can also be used for rationalizing the interaction of
superior to 85% of the data points of the normal statisticahydrogen-bonded systems with the outer environment. Simi-
distribution. Although this is a single-case study, it should bdarly, the dipole moment results show that the disorder af-
mentioned that similar results have been obtained for otheflects the local dipole moment. In the liquid environment, the
systems, with the depolarization calculated for clusterthermal disorder leads to an average dipole moment for the
optimized hydrogen bond giving values that are higher thartomplex that is inferior to that for the cluster optimized.
those obtained by taking into consideration the thermal disHowever, in the case studied here, the differences are impor-
tribution of structures. Of course, this could also be extendetant but not sizable. The charge transfer from the hydrogen-
beyond polarization calculations. As dipole polarizabilitiesbond acceptofpyridine) to the hydrogen-bond donéwaten

are related to intermolecular forces, the results presenteldas also been computed. It is found that, on an average,
here can also be used for rationalizing the interaction 0D.03& is transferred to water. This result is only slightly
hydrogen-bonded systems with the outer environment. Ismaller than that obtained for the minimum-energy cluster
this case, the solvent effect in the polarizability has to bg0.03%). This is indicative that insofar as charge transfer
properly addresse[b7,58. A similar analysis can be made may have a role in the hydrogen bond, in this particular case
for nuclear-magnetic-resonance chemical sh[f#®] and this role is essentially the same and is not much affected by
quadrupole coupling constanit60], and, indeed, these can the thermal disorder. A direct spectroscopic consequence of
be obtained by using the same theoretical approach. Thite dipole polarizability and its anisotropy is the effect of
study is devoted to obtaining quantum mechanical results dRayleigh depolarization. Again, the depolarization ratios are

liquid systems using statistically converged results. given by a distribution, and in the pyridine-water case con-
sidered here the standard deviation is about 10% of the av-
IV. SUMMARY AND CONCLUSIONS erage value. Our results indicate that the average depolariza-

) i , tion ratios are systematically decreased in the liquid
_ Hydrogen bonds are becoming a topic of central interesgompared to the optimized cluster for all three polarization
in chemistry, physics, and biology. Several studies have beefhses considered here. The calculated Rayleigh intensities
performed in recent years, which consider different theoretiz e essentially the same. The depolarization ratios are, how-
cal and experimental aspects. On the theoretical side, mogyer, different for the normal, planar, and circular polarized
studies have been performed in clusters and this is indeed ¢ ht: but in all these cases we find a reduction of 10% in
great importance to understand gas phase and even so{ifianging from the optimized to the average thermal distribu-
state properties. For liquids, however, this is not the propefion of the liquid (1:1) hydrogen bond. Reductions of 20%
circumstance, since a liquid has several configurations anfgave peen obtained in other systems under studies in our
cannot be treated by a single structure. Especially, it 5h°U|§roup_ The standard deviation in the present case is also
not be treated by cluster-optimized structures that represent@cylated as-10% of the average value. This signifies that
minimum-energy configuration, which is artificial for a liq- in the case considered here, the calculated value for the
uid at room temperature. One of the most important Structluster-optimized structure lies in the boundésge Fig. 8
tural aspects of the liquid derives from the thermal disordeg (o) +s. The values lying belowo) + s of the distribution
that gives the statistical essence of a liquid. In this paper, Wt thermal disordered structures, comprising 85% of the cal-
have focused on the influence of the thermal disorder in thated data for the liquid, are smaller than the calculated
hydrogen-bond structures that are obtained for the pyridingingle value for the cluster-optimized structure. This study
molecule in an aqueous environment. We chose the dipolg aniifies, usingb initio quantum mechanics and statistical

moment and dipole polarizability as the probe electronicypa|ysis, the important aspect of the thermal disorder of the
property, including the anisotropic component of the polanz-hydrogen bond in a liquid system.

ability that is responsible for the light depolarization. Tdie

initio quantum mechanical calculations were performed only

on the pyridine and the hydrogen-bonded water and the in- ACKNOWLEDGMENTS

fluence of the outer solvent molecules were not considered.
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