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Ab initio calculation of hydrogen bonds in liquids: A sequential
Monte Carlo quantum mechanics study of pyridine in water
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A systematic procedure based on the sequential Monte Carlo quantum mechanics~S-MC/QM!
methodology has been used to obtain hydrogen bond strength and structures in liquids. The system
considered is pyridine in water. The structures are generated byNVT Monte Carlo simulation, of
one pyridine molecule and 400 water molecules. The hydrogen bonds are obtained using a
geometric and energetic procedure. Detailed analysis shows that 62% of the configurations have one
hydrogen bond. In the average, pyridine in liquid water makes 1.1 hydrogen bonds. The sampling
of the structures for the quantum mechanical calculations is made using the interval of statistical
correlation obtained by the autocorrelation function of the energy. A detailed statistical analysis is
presented and converged results are obtained. The QM calculations are performed at theab initio
MP2/6-311G~d! level and the results are compared with the optimized 1:1 cluster. Our results using
QM calculations on 155 structures making one hydrogen bond gives an average binding energy of
3.7 kcal/mol, after correcting for basis set superposition error, indicating that in the liquid the
binding energy is about 2/3 of the corresponding binding in the optimized cluster. ©2002
American Institute of Physics.@DOI: 10.1063/1.1485963#
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I. INTRODUCTION

Hydrogen bond continues to be a topic of increased
terest in physics, chemistry, and biology.1–6 It is fundamental
to understand a series of biological phenomena that
known to occur only in water, including proteins, DNA an
enzymatic reactions. Recent progress in cluster phys
chemistry5,7,8 with laser vaporization and jet-cooling tech
niques, have produced a rich variety of hydrogen-bon
complexes. These lead to an increasing interest in the t
retical and experimental investigation of both structure a
spectroscopy of hydrogen-bonded systems.9–28 However, the
situation found in a cluster is, of course, not the same as
in a liquid and understanding the nature of hydrogen bo
in solution is crucial for several solvation and biomolecu
processes. It has been recognized that extrapolating hy
gen bond energies from gas phase to aqueous is particu
risky.6 Recent efforts have considered the solvent effect
the hydrogen bonds.19,28 These studies have been concern
with the influence of the solvent environment.19 Thus there
are theoretical studies of the solvent~S! effects on a particu-
lar hydrogen-bonded systemA¯B. The (A¯B)1S is stud-
ied using continuum theories. Lischka and co-workers19 have
studied hydrogen-bonded interactions in the acetic a
dimer and in complexes formed by acetic acid in differe
solvents using the polarized continuum model29–37 for the
description of the solvent. In this investigation we are int

a!Author to whom correspondence should be addressed. Electronic
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ested in the situation where the hydrogen bond is form
directly with the solvent,A¯S. This specific interaction is
analyzed with the solvent as a dynamic, statistical, liquid a
certain temperature. The difficulty in the theoretical study
hydrogen bonds in liquids is associated to the fact that i
liquid there is not one, or even a few, but a very large nu
ber of different structures at a certain temperature. Althou
there has been some effort to estimate theoretically the
drogen bond strength in liquids,20 using results from system
atic cluster calculations, it still lacks the statistical nature t
is intrinsic in a liquid system. Monte Carlo or molecula
dynamics computer simulation can give the essential asp
of the structure of a liquid and this type of treatment h
indeed been successfully used in obtaining the solvent eff
in the absorption UV/visible spectrum.38–46 In our case a
sequential treatment of the QM/MM~quantum mechanics
molecular mechanics! type is used. The structure of the liq
uid is generated by Monte Carlo computer simulation a
quantum mechanical calculations are performed next in th
super-molecular structures. In this sequential~S-MC/QM!
treatment all molecules are treated by quantum mechanic
this present paper this methodology is extended to ob
hydrogen bond strength in liquids. To the best of our know
edge, this is the firstab initio theoretical calculation of the
specific interaction hydrogen bond between the solute
the solvent that explicitly considers the statistical avera
that characterizes the liquid. The calculated final result r
resents an average of structures obtained for the liquid in
thermodynamic equilibrium. The system considered here
the pyridine–water system. The selection of pyridine is m
il:
2 © 2002 American Institute of Physics
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tivated by the strong interest involved in six-membered
trogenated aromatic rings as the building block of prote
and nucleotides. Theoretical studies of the 1:1 complex
pyridine-water have been performed previously21–24 aiming
at understanding the cluster situation. As we shall see, in
case of pyridine in liquid water more than one hydrog
bond can be formed and this type of statistic is of intere
Monte Carlo simulation is performed for one pyridine mo
ecule in water at room temperature. Then hydrogen-bon
structures in the liquid are identified and separated. Th
structures are submitted to single-pointab initio second-
order perturbation theory~MP2! calculations and the binding
energies are then obtained and averaged. Another aspec
has to be considered in the theoretical calculations is
effect of basis set superposition error~BSSE!.47 All results
presented here are fully corrected for BSSE using the co
terpoise correction.47,48 Thus several quantum mechanic
calculations are performed on the structures generated
the Monte Carlo simulation and all results are corrected
BSSE. The binding energy is thus obtained using configu
tional averages of several hydrogen bonded structures
tained from Monte Carlo simulation atT525 °C. The num-
ber of structures used is obtained sampling the MC struct
after analysis of the interval of statistical correlation.38,39

Estimating the difference between the hydrogen bond
gas and in liquid is important also in the context of class
cation of the amount of covalence involved.6 In a liquid it is
expected that the hydrogen bond is weaker compared to
same binding in a cluster.3,6,19,49This paper describes anab
initio attempt to estimate this difference in hydrogen bo
strength.

II. MONTE CARLO SIMULATION

Monte Carlo~MC! statistical mechanics simulations a
carried out employing standard procedures,50 including the
Metropolis sampling technique51 and periodic boundary con
ditions using the minimum image method in a cubic bo
The simulations are performed in the canonical (NVT) en-
semble. The system consists of one pyridine molecule p
400 water molecules. The volume of the cubic box is de
mined by the experimental52 density of water, which atT
5298.15 K is 0.9966 g/cm3. The intermolecular interaction
are described by the standard Lennard-Jones plus Cou
potential with three parameters for each atomi ~e i , s i , and
qi!. The atomic parameters are combined by geometric a
age to generate the pair parameterse i j 5(e ie j )

1/2 and s i j

5(s is j )
1/2. For the water molecules we use the SPC pot

tial developed by van Gunsterenet al.53 For pyridine, we use
two models of OPLS potential, the 6-site54 and 11-site.55

Most of the quantum mechanical calculations are made
the structures obtained by the MC simulation using the
site model. However, comparison with the 6-site model in
cates the possible dependence of the results on the parti
choice of the classical potential. The set of intermolecu
potential parameters employed in the simulations are sh
in Table I. The intermolecular interactions are spherica
truncated within a center of mass separation smaller than
cutoff radius,r C , of 11.5 Å. Long range corrections wer
calculated beyond this cutoff distance.50 The Lennard-Jones
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potential contribution is estimated assuming an uniform d
tribution G(r )'1 after the cutoff radius and the electrosta
potential contribution is estimated with the reaction fie
method of the dipolar interaction. In the simulation the m
ecules are kept with rigid geometries. During the classi
simulation the water molecules are kept in theirC2v structure
with r OH51.000 Å andu~HÔH!5109.47°. The quantum me
chanical calculations, however, have a relaxed geometry
the water. The pyridine molecule is also held rigid in
structure, optimized at the cluster~1:1! with MP2/6-31
1G(d) level of theory. These geometries are discussed
the next section when we present the quantum mecha
methodology.

The initial configurations are generated randomly, co
sidering the position and orientation of each molecule. O
MC step is performed after one water molecule random
attempts to translate in the Cartesian directions and also
tempts to rotate around a randomly chosen axis. The m
mum allowed displacement of the molecules is self-adjus
after 50 configurations to give an acceptance ratio of n
configurations around 50%. The maximum rotation an
was fixed during the simulation indu5615°. The simula-
tions consisted of a thermalization phase of 2.03106 MC
steps, followed by an averaging stage of 80.03106 MC
steps, where the thermodynamical properties are evalu
and the configurations are generated.

As quantum mechanical calculations will be perform
on the configurations generated by the MC simulation it
important to optimize the statistics. Successive configu
tions, that are statistically highly correlated, will not giv
important additional information. Therefore we calculate t
interval of statistical correlation using the autocorrelati
function of the energy.56–58 Essentially, it gives the interva
of MC steps that statistically uncorrelated configuration c
be sampled. For the simulations presented here, we ob
that configurations separated by 3203103 MC steps are sta-

TABLE I. Potential parameters used in the Monte Carlo simulations~q in
elementary charge unit,e in kcal/mol ands in Å!.

System q e s

Pyridine 6-sitea

N1 20.49 0.170 3.250
C2H7 , C6H11 0.23 0.110 3.750
C3H8 , C5H10 20.03 0.110 3.750
C4H9 0.09 0.110 3.750

Pyridine 11-siteb

N1 20.678 0.170 3.250
C2 , C6 0.473 0.070 3.550
C3 , C5 20.447 0.070 3.550
C4 0.227 0.070 3.550
H7 , H11 0.012 0.030 2.420
H8 , H10 0.155 0.030 2.420
H9 0.065 0.030 2.420

Water SPCc

O 20.820 0.155 3.165
H 0.410 0.000 0.000

aReference 54.
bReference 55.
cReference 53.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tistically uncorrelated. Then, the total of 803106 successive
configurations generated in the simulation can be drastic
reduced to 250 uncorrelated configurations whitout loss
statistical information.41,57 Thus, after each simulation 25
uncorrelated configurations were sampled to be used in
ther quantum mechanical supermolecular calculations. A
tailed discussion on this procedure of sampling configu
tions is given below in Sec. V.

All simulation are performed with the DICE59 Monte
Carlo statistical mechanics program. DICE is a general p
gram for MC simulation with a graphical interface that ca
culates thermodynamic properties and generates struc
for using in most conventional quantum chemistry progra

III. STATISTICAL ANALYSIS

A. Hydrogen bonds from Monte Carlo simulation

An important point in this study is the identification o
the hydrogen bonds obtained in the Monte Carlo simulati
We first analyze the radial distribution function because i
the conventional and well known procedure to give the
ordination number. Figure 1 shows the radial distributi
function, G(r ), between the nitrogen of pyridine and th
oxygen of water,GN–O(r ) for the 11-site potential mode
used to simulate the pyridine. The hydrogen bonds are
tained from the analysis of thisGN–O(r ), that has a well-
defined first peak, indicating a hydrogen-bond structure.
first peak in theGN–O(r ) distribution function starts at 2.45
Å and ends at 3.35 Å, with a maximum at 2.94 Å. T
spherical integration of this first peak in theGN–O(r ) over
the corresponding interval, gives 1.76 water molecules
nearest neighbors. The uncertainty associated with this
cedure is that it can not be assured that all nearest-neig
structures involved with a distance N–O smaller than
minimum of GN–O(r ) ~3.25 Å in this case! are indeed asso
ciated with hydrogen bonds. Associating this in combinat
with the N–H distribution gives better results but structu
that cannot be associated to hydrogen bond still persis
more efficient and correct way to extract the hydroge
bonded structures can be used. Stilinger and Rahman60–62

and Mezei and Beveridge63 have discussed the direction

FIG. 1. The calculated radial distribution function between the nitrog
atom of the pyridine and oxygen atom of the water molecules,GN–O(r ).
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and energetic aspects of hydrogen bonds and its usefulne
identifying hydrogen bonds in computer simulation of li
uids.

Hydrogen bonds are better obtained using the geome
and energetic criteria.38,60–64We consider a hydrogen bon
formation when the distanceRN–O<3.5 Å the angle
u~NÔH!<30° and the binding energy is positive. In doing s
in the 250 MC configurations we find 223 and 269 hydrog
bonds formed in the nitrogen atom of pyridine in the 6- a
11-site potentials. This gives an average of 0.9 and 1.1
drogen bonds, for the 6-site and 11-site potentials, resp
tively. Note that these are averages for the liquid. Pyrid
can form up to three hydrogen bonds with the surround
liquid water molecules and Table II gives the complete s
tistics obtained for the hydrogen bonds formed. Note
detailed information that can be obtained with this proced
and it cannot be done in a simple fashion using only
G(r ) distribution function. There is a clear predominance
the structures with one hydrogen bond and this result is
very much dependent on the potential. In the 6-site model
find that 63% of the configurations form one hydrogen bo
This is to be compared with the result of 62% for the 11-s
potential. We find that, for instance in the 11-site potential
17% of the configurations the pyridine does not form a
hydrogen bonds, in 62% it forms one, and in 20% forms t
and in only 1% it forms three hydrogen bonds. The avera
quantum mechanical values computed for the hydrog
bonding energies in the liquid are obtained using these st
tures. There is a total of 155 configurations making one
drogen bond. All these 155 structures composed of
pyridine and one water will be submitted to quantum m
chanical calculations of the binding energies.

As the appropriate Boltzmann weights are included
the Metropolis Monte Carlo sampling technique50 the aver-
age value of the binding energy, or any other property cal
lated from the MC data, is given as a simple average ove
chain of sizeL of energy values:

^E&5
1

L (
i

L

Ei . ~1!

It is known that independent, oruncorrelated, values ofEi

generate a normal distribution with a standard deviation~s!
given by

s5A L

~L21!
~^E2&2^E&2! ~2!

n

TABLE II. Statistics of the hydrogen bonds formed between pyridine~6-
and 11-site! and water. Uncertainties are the standard deviation.

6-site 11-site

Percentage of configurations
0 hydrogen bonds 24% 17%
1 hydrogen bonds 63% 62%
2 hydrogen bonds 13% 20%
3 hydrogen bonds 0% 1%

^RN–O& (Å) 3.0460.21 2.9460.16
^u~NÔH!& ~degree! 1767 1467
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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1695J. Chem. Phys., Vol. 117, No. 4, 22 July 2002 Hydrogen bonds in liquids
and a statistical error of the average~s! given simply by

s5
s

A~L21!
. ~3!

Note that for largeL the standard deviation converges to
constant value and the statistical error tends to zero. T
the final value represented by^E&6s shows the two infor-
mations that describe the normal distribution and compr
68% of the data.

B. Sampling configurations

The question of sampling configurations from statisti
simulations has been recognized to be a very important is
and it is crucial for the efficiency of QM/MM methods. In
stead of performing a quantum mechanical calculation
every configuration generated by the MC simulation, we
the interval of statistical correlation and the statistical ine
ciency, to select the configuration that gives relevant stat
cal information.39,43,56–58We have shown numerically tha
performing average over thousands of successive config
tions generated in the MC simulation, gives the same re
as averaging over only a few statistically uncorrela
configurations.43,57 This is a very efficient way to sampl
configurations. It is statistically sound and, as we shall
below it gives statistically converged results. In doing so,
subsequent quantum mechanical calculations are perfor
only on some uncorrelated structures. This is one of the
vantages of the sequential procedure of the S-MC/QM
that all the important MC statistical informations are ava
able before running into the QM calculations. As in previo
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works38–43,58we calculate the autocorrelation function of th
energy,C(n), to obtain the interval of statistical correlation
using the definition

C~n!5
^dEiEi 1n&

^dE2&
5

( i~Ei2^E&!~Ei 1n2^E&!

( i~Ei2^E&!2 , ~6!

whereEi is the energy of a configurationi and Ei 1n is the
energy of the configuration generatedn MC step later. For
Markovian processes, it is known thatC(n) follows an ex-
ponential decay65 C(n)5exp(2n/t) and represents the sta
tistical correlation between configurations separated bn
MC steps. Thus,C(n)51 means that configurations sep
rated byn MC steps are 100% statistically correlated and
not contribute with new statistical information to the ave
age. Analyzing the exponential decay is easy to see that
with an infinite separation the configurations will be statis
cally uncorrelated,C(n5`)50. However, in practice the
configurations are considered statistically uncorrelated
an intervaln'2t whereC(n)>0.13, i.e., less that 13% o
statistical correlation. In the simulations of molecular liqui
performed by us, theC(n) was best described by th
sum of two exponential functions,C(n)5c1 exp(2n/t1)

FIG. 2. The structure of pyridine–water complex. Atomic numbering
used to define the geometrical parameters.
TABLE III. The optimized geometry of the pyridine–water cluster~1:1! in comparison with the isolated
moieties using the MP2/6-311G(d) level. Also shown are the experimental data for isolated pyridine~Ref. 70!
and water~Ref. 71!. Atomic indices are defined in Fig. 2.

Distance~Å! Isolated Cluster~1:1! Experiment

N1C2 and N1C6 1.347 1.347 1.338
C2C3 and C5C6 1.398 1.396 1.394
C4C3 and C4C5 1.396 1.396 1.392
C2H7 and C6H11 1.088 1.088 1.086
C3H8 and C5H10 1.087 1.087 1.082
C4H9 1.088 1.088 1.081
N1H13 1.964
N1O12 2.947
O12H13 0.971 0.984 0.957
O12H14 0.971 0.970 0.957

Angle ~degree!
C2N1C6 116.8 117.6 116.9
N1C2C3 and N1C6C5 123.7 123.2 123.8
C2C3C4 and C6C5C4 118.6 118.7 118.5
C3C4C5 118.4 118.6 118.4
N1O12H13 0.7
H13O12H14 105.5 105.2 104.5

Dihedral ~degree!
H13N1C2C3 171.6
H13N1C2H7 28.3
H14O12N1C2 96.2
H14O12N1C6 292.8
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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1696 J. Chem. Phys., Vol. 117, No. 4, 22 July 2002 Malaspina, Coutinho, and Canuto
1c2 exp(2n/t2), wheret1@t2 . In this case,t is calculated
by integrating C(n) from zero to infinite, thent5c1t1

1c2t2>c1t1 . The same behavior of the autocorrelati
function was found also by other authors66–68 in simulations
of spin models in a lattice.

For pyridine in water we obtain here that configuratio
separated by 3203103 MC steps are statistically uncorre
lated. Using configurations separated by less than this
waste because it includes configurations that do not con
ute to the average. Further, if the simulation is not lo
enough it will give statistically unconverged results in sp
of the large computational effort. Therefore, we select o
configuration in each 3203103 MC steps and use them t
perform QM calculations. This assures that the structu
used in the quantum mechanical calculations are statistic
relevant and converged values are obtained, as it will
demonstrated below. As the total number of MC steps in
simulation was 803106, the averages, including the qua
tum mechanical calculations, are then taken over 250 un
related configurations (2505803106/3203103).

IV. QUANTUM MECHANICAL CALCULATIONS

A. The optimized 1:1 cluster

All quantum mechanical calculations are performed
ing GAUSSIAN 9869 at theab initio second-order perturbatio
theory, MP2, level thus including electron correlation effe
in all results. As a very large number of calculations have
be performed~nearly 1000! to keep the computational effor
within a reasonable limit it is necessary to make some an
sis of the influence of the basis set. The basis set emplo
here is the double-zeta plus diffuse and polarization, 6
1G~d!. In a recent investigation Dkhissi, Adamowicz, an
Maes24 presented a comparative study of several differ
theoretical methods for the 1:1 pyridine–water complex. O
result for the binding energy of the optimized 1:1 clus
with MP2/6-311G(d) is 6.24 kcal/mol after correcting fo
BSSE. This is in very good agreement with their equival
result of 6.29 kcal/mol.24 Frequency calculation is also pe
formed to assure that the geometry obtained is indeed a
minimum of the energy. The optimized cluster is shown
Fig. 2. This is the same structure as obtained previously,21,24

with the hydrogen atom of water binding to the nitrog
atom of pyridine. The other hydrogen atom of water poi
perpendicular to the aromatic plane of pyridine. In the e
perimental studies of the hydrogen bonded clusters form
between diazines and water, Caminati and co-workers17,18

obtained the water located parallel to the aromatic ring. H
in the pyridine case, this possible energy-minimum struct
was not found. Similar to previous studies21,24 the plane
formed by water and pyridine are nearly perpendicular. T
dihedral angle H14O12N1C2 ~see Fig. 2! is calculated as 96°
In Table III, the optimized geometry of the 1:1 cluster
shown in comparison with the isolated moieties and the
perimental data of the monomers.70,71 The hydrogen bond
distance N1– H13 and N1– O12 are calculated as 1.964 an
2.947 Å, respectively. These are typical distances of a
dium strength hydrogen bond. In the MC simulation t
maximum ofGN–O is located at 2.94 Å~Fig. 1!. Comparing
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the cluster situation with the liquid it can be noted that the
are no marked differences in the average N–O distance. W
the 11-site potential the average value is 2.94 Å~Table II!,
compared to the optimized cluster value of 2.95 Å. The 6-s
potential gives a slightly longer distance, which is possibl
consequence of the smaller classical charge on the N a
However, note that the standard deviation is also larger
the 6-site potential. In any case the N–O distance calcula
for the 1:1 cluster is within the statistical result for the liqu
2.9460.16 or 3.0460.21 Å. To give a clear picture of the
spread Fig. 3 shows the histogram of the N–O distance.
histogram is asymmetric and reflects the asymmetry of
interatomic potential. The potential is more repulsive f
lower distances than it is for larger distances. Figure 4 sho
some of the structures derived from the simulation@Figs.
4~b!, 4~c!, and 4~d!#, in comparison with the optimized 1:1
cluster@Fig. 4~a!#.

The largest geometrical relaxation upon complexat
occurs in the water molecule. As it can be seen in Table
the water O–H distance involved in the hydrogen bo
OH¯N is increased by 0.013 Å. Again, this stretch, is
good agreement with the previousab initio MP2 results.21,24

In the pyridine moiety one can note a slight increase in
C2N1C6 angle. This lengthening of the O12H13 distance is
responsible for the redshift of the OH stretching vibration
The hydrogen bond also leads to a blueshift of the bend

FIG. 3. Histogram of hydrogen bond distances obtained from the
simulation.

FIG. 4. Illustration of some hydrogen bonded structures generated in
MC simulation and comparison with the optimized cluster shown in~a!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 29 Ju
TABLE IV. The rotational constants and the dipole moment of the optimized geometry of the pyridine-
cluster~1:1! in comparison with the isolated moieties using MP2/6-311G(d) level. Calculated average dipol
moment for the liquid structures is 4.72 D.

Property Present
Isolated
Ref. 24 Expt.~Ref. 70!

Cluster~1:1!
Present

Rotational constants~MHz! 6005.9 6015.5 6039.2 5902.2
5772.3 5777.7 5804.9 1405.9
2943.4 2947.1 2959.2 1141.3

Dipole ~Debye! 2.51 2.46 2.15 5.07
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vibrational mode. This is very well described here. The sy
metric and asymmetric stretching modes are calculated t
redshifted by 185 cm21 and 54 cm21, whereas the bending
mode is calculated to blue shift by 47 cm21. In Table IV we
compare the calculated rotational constants and dipole
ment with experiment and previous theoretical results. T
MP2/6-311G~d! dipole moment calculated for the 1:1 opt
mized cluster is 5.07 D, compared to the average dipole
ment of 4.72 D for the pyridine–water using the structures
the liquid.

B. 1:1 cluster in liquid

The major interest of this paper is the calculation of t
binding energy of pyridine in liquid water and a comparis
with the result obtained for the optimized 1:1 cluster. A
binding energies are obtained using counterpoise correc
to BSSE, i.e.,

DEA–B
CP 5EA–B2EA~B!2EB~A! , ~4!

DEA–B5EA–B2EA2EB , ~5!

where, as usual,EA–B is the energy of the complex,EA(B) is
the energy of the monomerA obtained with the entire basi
set, including the basis set of monomerB, andEB(A) is the
equivalent for the monomerB. EA andEB are the energies o
the monomersA and B. Thus the difference betweenDECP

andDE gives the basis set superposition error. It is intere
ing to compare this error in the cluster and in the liquid.
discussed before 250 configurations were extracted from
Monte Carlo simulation. In these we separate the 155 c
figurations~62%! with one hydrogen bond using the stru
ture obtained by the MC simulation. Thus we calculate
binding energies of one hydrogen bond, with and without
counterpoise corrections, using Eqs.~4! and ~5! 155 times,
leading to a total of 775 QM calculations of the MP2/6-
1G(d) level.
l 2002 to 143.107.133.142. Redistribution subject to A
-
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The calculated binding energies are summarized in Ta
V. There are several things worth noting on these resu
First, it can be noted that the counterpoise correction
BSSE is similar in the cluster and in the liquid, both amou
ing to 2.1 kcal/mol. There is no reason why one should
pect a priori that these numbers are the same, if we rec
that in the liquid the pyridine-water shows a large variety
conformations with several N–O distances and relative
entations. However, on the average, for this case, the co
terpoise correction is the same as in the 1:1 cluster.
magnitude of the binding energy is expected to decreas
the liquid compared to the optimized cluster. After the cou
terpoise correction to the BSSE the cluster binding energ
calculated as 6.24 kcal/mol, in good agreement with a rec
ab initio study.24 In the liquid, we obtain the average bindin
energy using the structures generated and separated b
MC simulation as 3.70 kcal/mol, around 2.5 kcal/mol weak
than the same binding in the cluster. Now we can go sligh
beyond and analyze the contribution of the structures w
two hydrogen bonds. This relates to the well-known coo
erative effect.3,16,72–74To have an indication of this hydroge
bond magnitude we have considered the cases of the
figurations with two hydrogen bonds that correspond to 2
of the configurations generated in the MC simulation.
similar analysis~51 structures with two hydrogen bond!
shows that due to the second water the binding energy is
kcal/mol higher, in the average. We thus find here that
binding energy in the liquid is about 2/3 of the binding ca
culated in the optimized cluster.

V. CONVERGENCE OF THE RESULTS

As the calculated value obtained for the liquid case
derived from several quantum mechanical MP2 calculati
using the structures of the simulation, it is important now
discuss the convergence of the final result. It is also con
nient to show the statistical efficiency obtained with the a
6-31
nd the
TABLE V. Calculated binding energy of hydrogen bond of pyridine and water obtained with MP2/
1G(d) including counterpoise correction to BSSE. Results shown for the liquid are average values a
statistical errors are also shown. The standard deviation is given in parentheses.

Binding energy
~kcal/mol!

Present results
MP2/6-311G(d)

Ref. 24
MP2/6-3111G(d,p)

Present results
MP2/6-311G(d)

Cluster~1:1! Cluster~1:1! Liquid
DE 8.36 7.89 5.8460.10 ~1.20!
DECP 6.24 6.29 3.7060.10 ~1.24!
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tocorrelation function of the energy. Figure 5 shows t
snapshots of the calculated values for all the 155 config
tions used. This spread of values is a characteristic of
liquid and cannot be described by a single cluster. Figur
in complement, shows the histograms of these same ca
lated values. Note that 68% of the calculated energies
within the range of 2.46 kcal/mol and 4.94 kcal/mol, corr
sponding to the limits of̂ E&6s; and 95% are within the
limits of ^E&62s. At this stage it may be convenient t
analyze the dependence of our calculated average valu
the hydrogen binding energy on the set ofL values used in
the calculation. As discussed before the configurations s
rated from the MC simulation are statistically uncorrelat
and therefore the average value should converge fast
systematically and should be independent of the partic
choice of the set of MC configurations selected for the Q
calculations. The statistical error of the average, howe
depends on the total number of uncorrelated configurat
~L! used to calculate the average; i.e., on the total size of
simulation. Figure 7 shows the calculated average bind
energy for differentL. The results clearly demonstrate th
the average value has converged after around 80 QM bin

FIG. 5. Distribution of the individual quantum mechanical MP2 values
the hydrogen binding energies of pyridine and water obtained using
structures generated by the MC simulation.

FIG. 6. Histogram of calculated quantum mechanical binding energie
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energy calculations. This is again a demonstration of the
ficiency of the use of the autocorrelation function in that on
L'80 instantaneous values give statistically converged
sults. Increasing further the number of calculations does
change the average binding energy but, of course, the st
tical errors decreases with increasingL, as it can be seen in
Eq. ~3!; the standard deviations, instead goes to a constan
value. In complement, it can be seen that using less than
QM calculations leads to nonconverged results. That wo
correspond to a simulation with less than 403106 MC steps.
Thus the use of the interval of the statistical correlation~2t!
obtained using the autocorrelation function of the energy
very effective way to assure statistically converged res
with a relatively small number of calculations, because o
statistically uncorrelated configurations are included. O
present results for the hydrogen bond between pyridine
water is a converged value incorporating the inherent sta
tical nature of the liquid. Our best result indicates that t
binding energy for the pyridine in liquid water is 2/3 of th
corresponding binding in the cluster. To our knowledge t
is the firstab initio statistical analysis of the binding energ
of a hydrogen bond in a liquid system.

VI. SUMMARY AND CONCLUSIONS

A very systematic procedure based on the sequen
Monte Carlo quantum mechanics~S-MC/QM! methodology
has been used to obtain hydrogen bond strength and s
tures in liquids. Using the structures generated by Mo
Carlo simulation, QM calculations are performed at theab
initio MP2/6-311G(d) level and the results are compare
with the equivalent binding in the optimized 1:1 cluster. T
hydrogen bond structures are obtained using a geomet
and energetic procedure that is a more general definition
the procedure using the coordination number generate
the radial distribution function. Detailed analysis shows th
there are structures that make no hydrogen bonds and a
others that make two hydrogen bonds. 62% of the confi
rations have one hydrogen bond. In the average, pyridin
liquid water makes 1.1 hydrogen bonds. The sampling of
structures for the quantum mechanical calculations is m
using the interval of statistical correlation obtained by t
autocorrelation function of the energy. Converged results

f
e

FIG. 7. Convergence of the calculated average binding energy.
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obtained using a little more than 80 structures. Our res
using QM calculation on 155 structures making one hyd
gen bond gives an average binding energy of 3.7 kcal/m
after correcting for basis set superposition error, indicat
that in the liquid the binding energy is about 2/3 of the c
responding binding in the optimized cluster. This sugge
that the use of optimized cluster to mimic situations of t
liquid in specific interaction between solute and solvent
not recommended. The methodology presented here ca
course be used in estimating other situations and systems
the present application demonstrates the feasibility of
approach. The S-MC/QM methodology treats all molecu
solute and solvent, by quantum mechanics. In addition, r
ning first the MC simulation gives important statistical info
mation that is advantageously used in the subsequent
calculations.
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