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Abstract

An efficient implementation of a quantum mechanical/molecular mechanics (QM/MM) Monte Carlo (MC) simu-
lation of liquid water is presented. The auto-correlation function of the energy is used to reduce the number of QM
calculations during the simulation. The effects of the liquid structure on the dipole moment of the quantum water
molecule is considered. Using only 80 QM calculations at the Hartree-Fock/6-31++G(d,p) level but on statistically
nearly uncorrelated structures, we find an average dipole moment for the liquid water of 2.734+0.13 D. This corre-
sponds to an induced dipole moment of 0.44+0.13 D on going from the gas phase to the liquid phase, in excellent
agreement with previous, more extensive computational procedures. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Computer simulation has allowed the under-
standing of the intermolecular interactions and the
behavior of organic molecules and biological
macromolecules in solution. Statistical mechanics
techniques such as Monte Carlo (MC) [1] and
molecular dynamics (MD) [1] have been widely
used to study the structure and thermodynamical
properties of pure liquids, solvation phenomena
and the solvent effects on structural, thermody-
namical and spectroscopic properties of molecules
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in solution. The most commonly used potentials in
such methods are of the molecular mechanics
(MM) type which, by their nature, do not allow
the study of processes in which a quantum me-
chanical (QM) treatment is needed such as, for
example, excited states, bond breaking and bond
making.

In the last few years, the hybrid quantum me-
chanical/molecular mechanics (QM/MM) ap-
proach has been emerging as a powerful method
for studying processes in condensed phase [2-13].
In such a procedure, the solute molecule (or the
portion of the system that needs a QM descrip-
tion) is treated quantum mechanically, while the
remainder of the system (solvent molecules) is
represented by classical force fields. These two
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subsystems communicate through electrostatic
and van der Waals interactions terms. In this
approach, electronic structure calculations are
carried out during the simulation and energy as
well as energy derivatives of the quantum sub-
system are obtained. This QM/MM approach has
been implemented in both MC [8] and MD [3]
methods.

In normal MC sampling procedures, the
number of steps required to obtain the averages is
about 10°. Then, the number of QM calculations
required in a hybrid QM/MM simulation is too
high, since in every step an energy evaluation of
the system is needed when an electronic structure
calculation is performed. So, a great computa-
tional effort is necessary to carry out this kind of
simulation. Aiming at reducing the computational
demand, previous implementations of this method
have utilized more inexpensive electronic struc-
ture calculations on the quantum part as, for
example, valence-bond [2,14] and semi-empirical
molecular orbital methods [3-5]. However, for
some classes of compounds, for example transi-
tion metal compounds, in which we are interested
[15], these approximate molecular orbital methods
are not appropriate due to the lack of parameters.
To extend the applicability of the QM/MM hy-
brid simulations for more general systems, a
consistent scheme to reduce the number of QM
calculations during the simulation is relevant. A
step in this direction has recently been given by
Truong et al. [12,13] in their ab initio perturbative
approach implementation and Tunén et al. [16] in
their DFT implementation of the QM/MM
method.

In this work we present an implementation of
the QM/MM method in an MC NVT simulation
of a quantum water molecule in a box of clas-
sical water molecules. The auto-correlation
function of the energy is introduced to reduce the
number of ab initio QM calculations during the
simulation without compromising the numerical
accuracy of the average properties. As a test
example we calculate the dipole moment of liquid
water. This seems to be an appropriate test as
several previous procedures have been employed
before [4,16-20] with varying computational
complexities.

2. Computational details and methodology

In the QM/MM approach, the entire system
under investigation is partitioned into regions,
which are treated differently in the course of the
simulation. The molecular system is divided into a
QM region, an MM region, and a boundary re-
gion. Detailed descriptions of the development and
applications of the QM/MM approach have been
given in recent reviews [8,11].

2.1. MC simulation

The MC simulation is performed using stan-
dard procedures for the Metropolis sampling
technique in the canonical NVT ensemble,
where the number of molecules N, the volume
V and the temperature 7 are fixed. As usual,
periodic boundary conditions in a cubic box [1]
are used. The system consisted of 216 TIP3P
[21] water molecules in a cubic cell with a side
length of 18.627 A. The volume of the cube was
determined by the density of the liquid water
(p =0.996 g/cm?) and the temperature was fixed
at 298 K. Periodic boundary conditions and a
cutoff distance of 9.314 A have been applied for
all classical-classical and classical-quantum in-
teractions and the long-range corrections of the
Lennard-Jones potential were calculated beyond
this cutoff distance. Metropolis sampling was
supplemented by preferential sampling, using the
Owicki-Scheraga procedure [22], with a solva-
tion radius of 7.451 A, which is 80% of the
cutoff radius, producing a probability factor of
0.34 to be used in the preferential sampling.
The simulation consisted of a thermalization
stage of 1.08 x 10° MC steps, followed by an
additional 10.7 x 10° MC steps, in which the
QM/MM was turned on. A new configuration is
generated after 215 MC steps, i.e. after all sol-
vent molecules attempt to translate and rotate
around a randomly chosen axis. This generates
48000 MC configurations. The maximum dis-
placement of the molecules is self-adjusted after
50 configurations, to give an acceptance ratio
around 50%.

The geometry and the Lennard-Jones parame-
ters of the water molecules were those of the
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TIP3P water monomer. The quantum water mol-
ecule was treated at the Hartree—Fock (HF) level
of theory, using the 6-31++G(d,p) basis set, which
includes polarization and diffuse functions on the
oxygen and hydrogen atoms.

2.2. Statistical correlation

As the appropriate Boltzmann weights are in-
cluded in the Metropolis MC sampling technique
[1], the average value of a property such as the
energy is given as a simple average over a chain of
size L of instantaneous values:

) =1 B (1

Since L is large enough, the average value of the
property converges and the error caused by the
finite size of the simulation is given by

(B%), — (E);
_1

o((E),) = \| A

(2)

if the instantaneous values, E;, are statistically in-
dependent or uncorrelated. Of course, successive
configurations are usually not independent, be-
cause each molecule was attempted to move only
once. Therefore, it is necessary to calculate the
interval of uncorrelated configurations to have a
statistical efficiency in the calculation of average
properties and to calculate the statistical error
properly [23].

There are two independent methods of calcu-
lating the interval of uncorrelated configurations.
One method uses the auto-correlation function of
the energy to obtain the correlation step 7 [24] and
the other uses the statistical inefficiency s [25].
The auto-correlation function, C(n) = (0E;0E;,,)/
(0E?), gives information on the statistical correla-
tion of successive configurations. It is known that
for Markovian process, C(n) has an exponential
decay [24] with [C(n) =exp(—n/1)] or [C(n) =
>.;ciexp(—n/t;)], and the interval between
uncorrelated configurations, the so-called correla-
tion step t, is calculated as an integration from
zero to infinity of the C(n). Of course, for an ex-
ponential decay, truly uncorrelated configurations

will require an infinite separation, i.e. C(n) =0,
only in infinity. In practical terms, configurations
separated by 27, or larger, are considered uncor-
related.

The statistical inefficiency, s = lim,_, (n(6E?),/
(0E?)), is based on the mean-square deviations of
averages taken over blocks of a chain of configu-
rations and the limiting value s signifies that the
block size n has become so large that there is no
correlation from block to block. Therefore in
practice, the configurations separated by interval
larger than s are uncorrelated.

Even though these two methods of calculating
the interval of uncorrelated configurations are in-
dependent, they can be related by s =27 [1]. In
practice, for a Markovian process, an interval of
successive configurations greater than 2t gives
uncorrelated configurations.

Both methods were already used to improve the
calculation of some thermodynamic properties
such as pressure, chemical potential [26] and
equilibrium constant [27]. In early works [28-30],
we have used them to reduce the number of con-
figurations used in the calculation of the solvato-
chromic shifts of some solutes in solvents.

Here, we use the auto-correlation function of
the energy to reduce the number of electronic
structure calculations during the simulation using
only the uncorrelated configurations. In Fig. 1, we
show the calculated auto-correlation function and
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Fig. 1. Calculated auto-correlation function of the energy for
water in liquid water and best exponential fit.
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it best fits as a sum of two exponential decay,
C(n) = 0.6 exp(—n/405) + 0.4 exp(—n/18). Inte-
grating the best fit, we obtain 7 ~ 280 and s = 560.
It means that from the 48 000 MC configurations
generated during the simulation, we selected 80
uncorrelated configurations separated by an in-
terval of 560 configurations. In [28], we show that
the final average of the solvatochromic shift of
benzene in water is not compromised with the re-
duction in the number of configurations consid-
ered. Using 20000 correlated MC configurations
or 25 uncorrelated MC configurations gave the
same result. Here we will also show a numerical
demonstration of the convergence of the calculat-
ed dipole moment.

The correlation function of the energy is
therefore an important parameter in selecting and
reducing the number of configurations to be used
in QM calculations. We have recently obtained the
correlation step for some common solvents [30].
The HF ab initio calculations were carried out in
intervals of 560 MC configurations. This yielded
80 QM calculations on nearly uncorrelated con-
figurations in which the dipole moment was aver-
aged out. Each configuration is composed of 215
TIP3P classical water molecules and the reference
quantum mechanical water.

Our implementation involved a modification of
the GAMESS QM code [31] which was interfaced
with our DICE [32] MC statistical mechanics
program.

3. Results and discussion
3.1. Dipole moment of water

Our interest here is not to obtain an improved
dipole moment of liquid water. Instead, we are
interested in examining the feasibility of reducing
the total number of QM calculations without af-
fecting the average property of interest. In this
direction, the dipole moment of water in aqueous
solution is appropriate as there are several theo-
retical results to compare with [4,16-20]. The in-
duced dipole moment, i.e. the difference between
the dipole moment in the liquid and in the gas, is
of interest here. Perusal of the different theoretical
models used before [4,16-20] have suggested that
this induced dipole moment varies between 0.35
and 0.65 D with the experimental value [33,34]
being estimated as 0.75 D. Results using HF or
DFT with double-zeta basis [17,20] indicate that at
this level the induced dipole moment is 0.45 D.
This is the estimated value we should obtain using
our HF/MM with the 6-31++G(d,p) basis.

The calculated and experimental dipole mo-
ment for the water molecule in gas phase and in
solution are given in Table 1. The calculated gas
phase dipole moment for the water monomer is
usually overestimated compared with the experi-
mental value. The use of a triple-zeta basis with
field-induced polarization functions (TZPV+) in
the density function theory using the local density

Table 1

Calculated and experimental dipole moment (in Debye) for the water molecule in the gas phase and in solution*
Method Reference Potential Gas phase Liquid phase (Ap)
Semi-empirical AM1/MM 4 SPC and TIP3P 1.86 2.15 0.29 £+ 0.05
DFT-LDA-DZVP/MM 17 SPC and TIP3P 2.28 2.71 0.43 +0.04
DFT-LDA-TZVP+/MM 17 SPC and TIP3P 1.88 2.54 0.66 +0.05
DFT-Perdew—DZVP/MM 17 SPC and TIP3P 2.17 2.62 0.45+0.04
DFT-Perdew-TZVP+/MM 17 SPC and TIP3P 1.81 2.47 0.66 +0.05
DFT-VWN-Becke-Perdew/ MM 16 TIP3P 2.28 2.89 0.61 £0.05
Car—Parrinello MD 19 Ab initio - 2.95 -
Polarizable water potential 18 SPC 1.85 2.81 1.00 £+ 0.25
HF/6-311G(d,p) QM/MM 20 Dimer optimized 2.14 2.49 0.35+0.13
HF/6-311G(d,p) QM/MM 20 TIP3P 2.14 2.79 0.65+0.16
HF/6-31++G(d,p) QM/MM Present TIP3P 2.29 2.73 0.44+0.13
Experiment 33, 34 1.85 2.60 0.75

# Au is the difference between the dipole moment in gas and in water. See text.
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approximation (LDA) or Perdew non-local po-
tential [17] gives a good value for the gas phase
dipole moment. When the quantum water mole-
cule is placed into the classical liquid, the elec-
tronic density is substantially polarized, which will
affect the dipole moment. As can be seen in
Table 1, our average dipole moment obtained at
the end of the simulation is () = 2.73 D, which
gives an average induced dipole moment of 0.44 D
on going from the gas phase to the liquid phase.
The precise value of the water dipole moment in
the liquid phase is still an open question. The usual
value taken for parameterization of potential en-
ergy functions is (u) =2.6 D [33]. Using an iso-
tropic polarizable water model, Bernardo et al.
[18], have obtained a value of (u) = 2.81 D for the
liquid water with the large value for the induced
dipole moment of 1.00 D. Tunén et al. [16] have
obtained an average value of (1) = 2.89 D, and an
induced dipole moment of 0.61 D, in their DFT/
MM hybrid simulation of liquid water. They used
the Vosko—Wilk—Nusair functional with Becke—
Perdew corrections [16]. Silvestrelli and Parrinelo
[19] obtained directly the liquid dipole moment
with an average value of (u) = 2.95 D using ab
initio molecular dynamics calculation on a cluster
of 64 water molecules. For such a large compu-
tational effort, they used an average of only 12
molecular dynamics configurations. Recently, Tu
and Laaksonen [20] obtained a very good induced
dipole moment value of 0.65 D in their QM/MM
molecular dynamics study of liquid water, treating
the quantum molecule at the HF/6-311G(d,p) level
and using the TIP3P potential to describe the in-
teractions within the MM region. Our HF/6-
31++G(d,p) QM/MM MC simulation gave an
average value of the water dipole moment which is
essentially the same obtained using the similar HF/
6-311G(d,p) QM/MM molecular dynamics [20], in
which a much greater number of QM calculations
was performed during the simulation. However,
[20] obtains an improved induced dipole moment.
The calculations of Wei and Salahub [17] using a
basis set of the same quality as ours gave an in-
duced dipole moment of 0.43 D within the LDA
approximation and 0.45 D using the Perdew po-
tential. This result is indeed very close to our result
of 0.44 D. They [17] have used around 1000 QM

calculations. With a better basis set they obtained
0.66 D both in LDA and Perdew approximations.
These facts are indicative that our approach to
reduce the number of electronic structure calcula-
tions during the QM/MM simulation produces
very satisfactory results, with a much lower com-
putational cost. Fig. 2 shows the histogram of the
calculated dipole moment of the quantum water
molecule.

At this stage it may be convenient to analyze the
dependence of our calculated average value of the
dipole moment of water on the set of L values used
in the calculation. As discussed before, configura-
tions separated by 2t may be considered uncorre-
lated and therefore the average value is converged
and should be independent of the particular choice
of the set of MC configurations selected for the
QM calculations. The error, however, depends on
the total number of configurations used to calcu-
lated the average, that is on the total size of the
simulation. Table 2 shows the calculated average
dipole moment for different sizes L of the simula-
tion but with the same correlation step, or statis-
tical inefficiency. The results of Table 2 clearly
demonstrate that the average value has converged
but the error ¢ decreases with increasing L. In our
numerical test this amounts to a factor of nearly
three for L =10 and L = 80. Similarly, using
configurations separated by 3z, gives the value of
2.75 £ 0.15 D. As it can be noted, this is essentially
the same converged value of 2.73 +£0.13 D but it
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Fig. 2. Histogram and Gaussian distribution of the calculated
dipole moment of water in liquid water.
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Table 2
Convergence of the calculated average dipole moment of water
(u) with the number L of instantaneous values (see Eq. (1))*

MC steps L (W) £ o

(In 10%)

1.20 10 2.75+0.36
2.41 20 2.67+0.30
3.61 30 2.68 £0.22
4.82 40 2.71+£0.19
6.02 50 2.73+0.16
7.22 60 2.73+£0.15
8.43 70 2.73+£0.14
9.63 80 2.734+0.13

# All configurations used in the average are separated by s = 2t

)i

(see text). ¢ is the statistical error: o({u),) =

slightly affects the error ¢ because this decreases
the size L of instantaneous values used for the
average.

3.2. Radial pair distribution function

The radial distribution function (RDF) reflects
in a complementary way the ability of the present
approach in representing the liquid structure and
potential. Fig. 3 shows the computed RDF ob-
tained for the quantum water molecule. The nu-
merical values for the main peak positions are
shown in Table 3. Fig. 3 and Table 2 also show the
experimental neutron diffraction results obtained
for the liquid water at 25°C [35].

Hydrogen bonding interactions are apparent
from the first sharp and strong peak in the Goy (7)
(Fig. 3a). Our calculated Gop(r) are in good
agreement with the experimental findings in both
peak positions (see Table 3) and relative intensi-
ties. Integration of the first peak gives an average
number of hydrogen bonds for the quantum water
molecule of 3.06, which is in reasonable agreement

Table 3

r [Angstrom]

Fig. 3. Calculated and experimental [35] radial distribution
functions. (a) Quantum oxygen-TIP3P hydrogen (normal line)
and experimental (dotted line). (b) Quantum oxygen-TIP3P
oxygen (normal line) and experimental (dotted line).

with the experimental result of 3.58 [35]. Despite
the fact that the intensities of the peaks obtained in
the Gou(r) (Fig. 3a) are slightly underestimated
compared with the experimental result, the relative
intensities are in good agreement with the experi-
ment. Similar results were obtained recently by Tu
and Laaksonen [20]. The previous DFT/MM study
[16] has obtained a good representation of the peak
positions but with inverted relative intensities.

Experimental and calculated peak positions in the radial distribution function for the liquid water

Experiment [35]

QM/MM HF/6-311G(d,p)

QM/MM HF/6-31++G(d,p)

Ref. [20] Present results
RDF first peak
goo(r) 2.88 2.66 2.85
gou(r) 1.85 1.74 1.85
RDF second peak
goo(r) 4.50 5.00 5.00
gou(r) 3.25 3.15 3.25
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The Goo(r) has the correct structure, compared
with the experimental results, showing two clearly
distinct peaks. As it can be seen from Table 2, the
first peak occurs at 2.85 A, which is in good accord
with the experimental value of 2.88 A. The second
peak at 5.00 A, appears at a slightly larger distance
than the experimental value of 4.50 A. There is a
general agreement between our calculated QM/
MM structural results for the liquid water and
those obtained experimentally.

4. Conclusions

In this work we have presented an implemen-
tation of a QM/MM Monte Carlo NVT simula-
tion of a quantum water molecule in a box of
classical water molecule. The auto-correlation
function of the energy was applied in this imple-
mentation of the QM/MM, to reduce the number
of QM calculations during the simulation. The
quantum water molecule was treated at the HF/6-
31++G(d,p) level of theory, surrounded by clas-
sical water molecules described by the TIP3P
potential. We have found an average dipole mo-
ment for the liquid water of 2.73 £ 0.13 D, which
gave an averaged induced dipole moment of 0.44
D on going from the gas phase to the liquid phase.
These results strongly suggest that the analysis of
the auto-correlation function is a promising pro-
cedure to optimize the statistics of the simulation
and reduce considerably the computational effort
in QM/MM studies.
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