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limited to one and three-fourths journal pages as described in the Announcement in the 1 July 2002 issue.
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We recently developed a potential model for water t
includes many-body effects by using molecular dynam
simulation techniques.1 Our model provides good descrip
tions of the optimized structural and energetic properties
water clusters and for the thermodynamic and the struct
properties of liquid water at ambient conditions. In this Le
ter to the Editor, as a part of our long-term interest in t
development of potential models for water, which are able
describe the interactions in widely varying environments,
evaluate the coexistence properties of this water mode
using Gibbs ensemble Monte Carlo simulation techniqu2

Toward this end, we computed the liquid/vapor coexiste
density, the vapor pressure, and the heat of vaporizatio
water and compared our results to the experimental data3 and
previous computational studies of coexistence properties
ing different water models.4

The Gibbs ensemble Monte Carlo simulation techniq
was employed to determine the vapor/liquid coexistence
equilibrium properties of our water model.1 The theoretical
basis and detailed procedures for calculation of thermo
namic and phase coexistence properties have been desc
elsewhere.5 This method has been used successfully in c
culating thermodynamic properties for water and wa
mixtures.4 The simulations were carried out by using a set
modified programs originally written by Errington an
Panagiotopoulos.2 For our system, which consists of 216 w
ter molecules, an Ewald summation technique was use
evaluate the long-range charge–charge, charge–dipole,
dipole–dipole interactions.6 We note here that the Lennard
Jones parameters have been slightly modified from our o
nal water model to compensate for the differences betw
the Ewald summation and the molecule–molecule trunca
approaches used in calculating liquid densities and ener
of the liquid water.1 The final parameters for the modifie
version of the water model are presented in Table I.

The calculated densities of coexistence phase, the v
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pressure, and the heat of vaporization as a function of t
perature for our model are shown in Figs. 1–3. Overall, o
model predicted these properties quite well for the tempe
ture ranges between 300 and 450 K, but a significant de
tion from the experimental data was observed above 450
This deviation was expected, however, because our pote
model was developed to reproduce the experimental liq
water properties at ambient conditions~i.e., at 300 K and 1
atm!. We estimated the approximate values of the criti
temperature and density by fitting the simulation results
the law of rectilinear diameters and a scaling law, assum
that the models obey the Ising exponent~b50.325!. The es-
timated critical temperature is 565 K, and the critical dens
is 0.28 g/cm3. These results can be compared to the cor
sponding experimental7 critical temperature and density o
647 K and 0.32 g/cm3. It has been recognized in our previou
work that our simulation results near the critical region a
associated with non-negligible uncertainties. Therefore,
simulated numerical values of the critical properties sho
be taken with care.4 During the Monte Carlo simulations, th
average total dipole moments of the water molecules al
the coexistence curve were also evaluated. We found the
ues ofm decrease from 2.75 to 2.35 D in the liquid phase a
m increase from 1.85 to 2.05 D in the vapor phase as
temperatures increased.

In addition to Gibbs ensemble Monte Carlo simulation
we also carried out molecular dynamics simulations at ro
temperature using the new version of the potential para

TABLE I. The optimized potential parameters for water–water interactio
used in the molecular dynamics simulation.s and« are the Lennard-Jones
parameters,q is atomic charge, anda is the molecular polarizability.

Atom type s ~Å! « ~kcal/mol! q(e) a ~Å3!

O 3.2215 0.1825 0.0000 0.0000
H 0.0000 0.0000 0.5190 0.0000
M 0.0000 0.0000 21.0380 1.4440
2 © 2002 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



ns
l
ta

pe
8

or

e
u
To
ap
.
a

or
an
en

e

ar
p-

s of
m-

ient
at

ther
rib-

u-

n
.S.
er
r
ro-
ci-
he

-

on,

d-

ib

on
i-

ibbs

3523J. Chem. Phys., Vol. 117, No. 7, 15 August 2002 Coexistence properties of a polarizable water model
eters. We found the computed radial distribution functio
goo , goh , andghh slightly improved over the original mode
when compared to the corresponding experimental da8

The computed dielectric constant is about 100620 and the
computed self-diffusion constant is 1.860.231025 cm/s2.
These results can be compared to the corresponding ex
mental dielectric constant and self-diffusion constant of
and 2.331025 cm/s2.9

It is well known that the length scale describing the c
relation of the macroscopic system~correlation length! be-
gins to diverge as the critical point is approached. Becaus
the constraint of finite simulation size, the molecular sim
lations may have difficulties in capturing this divergence.
this end, finite size scaling method has been used to extr
late critical properties from finite system simulations4

Therefore, in the present work, the evaluation of critical p
rameters from a single simulation may be subject to err
In addition, it has been pointed out by Panagiotopolous
co-workers that the critical properties of water are very s
sitive to small changes in the potential parameters.2 Since
our potential model was developed to reproduce the exp
mental liquid water properties at ambient conditions~i.e., at

FIG. 1. Comparison between computed coexistence density using G
Monte Carlo simulation techniques~closed circles! and the corresponding
experimental result~solid lines!.

FIG. 2. Comparison between computed vapor pressure using Gibbs M
Carlo simulation techniques~closed circles! and the corresponding exper
mental result~open circles!.
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300 K and 1 atm!, this model may not be suitable at the ne
critical conditions. Many efforts have been devoted to re
arametrize water potentials to give accurate description
both vapor–liquid coexistence properties over a wide te
perature range as well as bulk liquid properties at amb
condition.4,5 However, these models are only satisfactory
best. This may indicate that the Lennard-Jones and o
similar potential function forms are not adequate in desc
ing the water interactions.

This work was performed in the Environmental Molec
lar Sciences Laboratory~EMSL! at Pacific Northwest Na-
tional Laboratory~PNNL! under the auspices of the Divisio
of Chemical Sciences, Office of Basic Energy Sciences, U
Department of Energy. EMSL is a national scientific us
facility located at PNNL, which is operated by Battelle fo
the Department of Energy. Computer resources were p
vided by the Division of Chemical Sciences and by the S
entific Computing Staff, Office of Energy Research, at t
National Energy Research Supercomputer Center~Berkeley,
CA!. The DOE Office of Biological and Environmental Re
search provides operations funding for the EMSL.
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FIG. 3. Comparison between computed heat of vaporization using G
Monte Carlo simulation techniques~closed circles! and the corresponding
experimental result~open circles!.
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