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Molecular dynamics simulations of liquid water under normal and extreme conditions are performed
using the polarizable point-chargPPQ model. This efficient three-site model explicitly
incorporates results fromab initio studies of the water molecule in applied electric fields. The
structural, thermodynamic, and dielectric properties, and the self-diffusion coefficient are examined
at a number of temperatures ranging from 263 to 573 K. These simulation results are compared with
available experimental data along the liquid—vapor coexistence line; the agreement is very good for
all properties studied. The temperature of maximum density for the PPC model is found to coincide
with the experimentally observed value of 277 K. The spatial coordination of water molecules in the
liquid and the anisotropy of the self-diffusion tensor are analyzed at various state points. Increased
directional anisotropy in the local translational diffusion, suggestive of prenucleation phenomena,
can be observed dt=263 K. AboveT=473 K the local translational anisotropy becomes rather
insensitive to temperature variation indicating a weakening of the correlations between water
molecules. Rototranslational dynamics and nonlinear polarization effects arising in polarizable
models for water are discussed along with their phenomenological implications. The dimer
properties for the PPC potential are also reported. 1996 American Institute of Physics.
[S0021-960806)51434-0

I. INTRODUCTION wheree is the polarizability tensor anél is the local electric

. . . field. This local field includes contributions from all mol-
Simple point-charge modéls’ are now used widely as : . . .
L ; : ecules in the system and is usually determined in a self-
condensed phase potentials in computer simulations of wa-

ter. Two of the more popular and successful models are thgonsistent manner using an iterative procedure. A variation
extended single point-charg&PC/B® and TIP4B poten-  ON this method, due to Robinson and co-workérskes the

tials. These rigid nonpolarizable models incorporate thredolarization effect into account by allowing the values of the
fixed charge sites in a single Lennard-Jones sphere; the egharges to vary according to the instantaneous local electric
fective pair potentials that result have been parametrized fdields, where no iterations are used. A quite different ap-
ambient conditions. One of their major shortcomings is thaproach(developed by Sprik and Kletf) treats polarizability

the effects of electronic polarization which play an importantas an explicit degree of freedom with an artificial inertial
role in physical—-chemical processes in water are not explicmass.

itly included. Also, th.eir ability to reproduce the behayior of In the present molecular dynami¢#1D) simulation

real water over a wide range of state parameters is rathely,qy we examine the liquid state properties, both under nor-

limited. In recent years considerable effort has been devotelq1al and extreme conditions, of a new polarizable point-

to the development of more refined water models that explic- . .
o R AT . iy charge model for water. This polarizable model for water
itly incorporate polarizability,*® including a nonempirical

density functional based scherffeHowever, a satisfactory (hereafter the PPC modeﬂeta!ns most of th? S|mpI|C|ty Of.
polarizable model describing both the static and dynamiéhe popular classical three-site models while incorporating
properties of water over a wide range of densities and temthe electrostatic response of the water molecule to a local
peratures is still lacking. electric field as determined froab initio calculations. In our

The traditional means of incorporating the nonadditiverecent work on the virial equation of state for water the PPC
polarization effects into a classical water model has been tpotential was found to be far superior to standard effective
add point polarizabilities, the polarization centers being lo-potentials (such as TIP4P and SPQ/En reproducing the
cated at the atoms or on the OH borld3.The interaction second and the third virial coefficients for ste¥fin the
potential then includes additional terms involving the in-present study we demonstrate that both the static properties,
duced dipole moment, such as the local structure, the internal energy, and the di-

p=a-E, (1) electric constant, and the dynamic properties, such as the

self-diffusion coefficient and the Debye relaxation time, for

dpresent address: Department of Pharmaceutical Chemistry, School of Phe”gu'd PPC water Closely follow experlmental data over a
macy, University of California, San Francisco, CA 94143-0446. broad range of temperatures, from 263 to 573 K. The density
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(a) fixed at their positions in the optimized zero-field geometry
shown in Fig. 1a). The position(in A) of the negativeoxy-
gen charge was parametrized to fit the observed field depen-
dence of the dipole moment of the molecule and is given by

and

In order to preserve the planar geometry of this simple
three-site model, n& polarization was considered; this as-
sumption, also exploited by Berne and co-work@raids in

(b) the numerical implementation of this model. We point out
that the PPC model incorporates an elevated vétubg4 D)
for its zero-field molecular dipole moment and a smaller po-
larizability (ay=1.01 A and a;=0.66 A%) when compared
with real water, but these modifications appear to compen-
sate one another for their effeésThe short-range interac-
tion of the PPC model was taken to be a Lennard-Jones
potential centered on the oxygen site. The Lennard-Jones
FIG. 1. (a) The geometry of the polarizable point-charge model @ndhe parameterse=0.6 k/mol anda=3.234 '&," were o,pt,lmlzed
water dimer configuration. to give the correct energy, self-diffusion coefficient, and
structure for water at 298 K.
Our molecular dynamic¢MD) simulations were per-

maximum for liquid PPC water is observed at approximatelyformed over a wide range of temperatures, from 263 to 573
277 K, also in accord with experimental observations. DeK, both under constant density and constant pressure condi-
tailed analysis of the self-diffusion tensor and its temperaturgions, using experimental densities for water along the coex-
variations reveals an interesting connection between the spistence line and® =0 atm, respectively. Except where explic-
tial coordination of water molecules in the liquid and theitly stated, the results presented in Sec. IV are from constant
directional anisotropy of their local translational motions. density simulations. We have utilized a truncated octahedral

The remainder of this paper is organized as follows. Insimulation cell containing 256 particles in periodic boundary
Sec. Il we describe our computer simulation methodology. Irconditions??> The Ewald summation technictfevas used to
Sec. Il we report the dimer properties, while in Sec. IV we calculate the self-consistent electrostatic fields and the result-
present results for the liquid PPC water. Finally, our conclu-ing electrostatic forces. Our implementation of the Ewald

sions are summarized in Sec. V. method can be found elsewhéfe’?
An algorithmic block-diagram for the algorithm em-
II. MODEL AND SIMULATION METHODOLOGY ployed in our MD simulations with the PPC model is given

. ) ) . in Appendix A. Following the work of Ahlstronet al®a
Quantuorlr;-chemwal calculatllggs were carried out usingecond.order predictor scheme was used to determine the
GAUSSIAN 90 at the 6-31G™ level™ for a water molecule in jstantaneous values of the electrostatic fields on molecules

the presence of homogeneous static electric field ranging itht the oxygen siteprior to the iteration procedure. This
value from 0 to 3 V/A. The molecular dipole moment and scheme

the values of atomic site charges, as obtained from natural
population analysis, were recorded as functions of field E(t,)=3.0E(t,_1)—3.0E(t,_»)+E(t,_3), 5)

strength and direction. For all but the largest fields an essen- i
tially linear response was observed. The polarization reWheret, denotes the current time step, uses converged val-

sponse of the molecule, now simply decomposed into threldes from the previous time steps. The oxygen positions in the
orthogonal (Cartesian contributions, was parametrized in molﬁc_ules were_c:]etﬁrmlned ;TO”‘ qu?) andf(4r)] (<|)n0e| alt
terms of the charges on its three sites and the position of thgac time stepwith these predicted values of the local elec-

negative charge. The values of the hydrogen charges a fic fields. A standard iteration procedure was then applied
(to the site chargedo calculate the self-consistent electro-

iven b
g y static fields. On average, three to four iterations were re-
q+=0.486-0.0F+0.0E, (2)  quired every time step to calculate the self-consistent fields
where the sign of th& term changes with hydrogen 1 or 2, With the convergence criterion of
the electric field is given in V/A, th& direction is defined to (5E)2/(E2)<0.0003 6)

be along the axis of symmetry, and the molecule lies in the
XZ plane(see Fig. 1. The charge on the negativexygen applied to each molecule. The efficiencies of some typical
site follows from charge neutrality. The hydrogen sites arepolarizable models for water are compared in Table I.
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TABLE |. Computational efficiency of some polarizable water models.

3.0 ;
Number of force Number of iterations 298K ( a )

Model centers Time steffs) per step

NCC* 3 charges-2 dipoles 0.5 6-9 |
PSPC 3 charges 1 dipole 0.5 7-8 20
PPC 3 charges 1 3-4

a(r)

*Reference 8.
PReference 9. 1.04

Our isokinetic equations of motion were integrated using
a fourth-order Gear algorithfwith the time step of 1.0 fs. o.02 4 6 8
Our systems were equilibrated for approximately 100 ps, and r(A)
averages were collected over subsequent 300-500 ps trajec-
tories. We remark that unlike other polarizable models, 2.01
which typically execute at least 3—4 times more slowly than
effective potential models, a comparable calculation with the
PPC model runs only 1.5 times more slowly than a simula-
tion with SPC/E water. This significant speed-up in our
implementation of a polarizable model for water results par-
tially from the fact that the site—site distances are determined
only once at each time step, since the iteration procedure is
applied only to the magnitudes of the charges and not to their
positions.(We note that the absence of thigolarizability in J

(b)

g(r)
5

our three-site model precludes the out-of-plane displace-
ments of the negative chargihence eliminating the neces- 0.0
sity of the time-consuming reevaluation of the site—site sepa- r(A)
rations after each iterationAnother advantage of the PPC

model is that it can utilize a “regular” time step. FIG. 2. The oxygen—oxygen radial distribution function for watef a298
K (@) and 573 K(b). In (a) and (b) the PPC model is represented with the
thick solid line with the dots, the dashed line represents SPC/E model re-
sults, and the thin solid line is the experimental curve.

lll. DIMER PROPERTIES

The dimer properties for the PPC, SPC, and TIP4P pogata, whereas these effective pair potentials fail to reproduce

tentials are compared in Table Il. The binding enerBy,  the virial equation of state for steam, particularly at lower
the oxygen—oxygen separatioRgo, the donor and the ac- temperature?

ceptor angles; andQ,, respectively, are listed along with
the experimental estimates. The geometric parameters for ”]9

. . B - . . LIQUID WATER
dimer are defined in Fig.(b). In comparison with the effec- Q
tive pairwise additive model¢such as SPC and TIP{P A. Structure

which are known to give the dimer separation that is to0  The oxygen—oxygen radial distribution functiofi®DF),
small, the PPC model provides a more accurate descriptiog  (r), for liquid PPC water at temperatures of 298 and 573
of the most stgblg dimer conflguratlon. Previousk gre displayed, respectively, in Figs(a@ and 2b). Also
workers'****have similarly found polarizable models to be ghown are experimental dataas well as those obtained in
superior in reproducing the water dimer properties. We alsQjmyjations using the effective SPC/E potential. It can be
remark that both the second and the third virial coefficientseen from Fig. @) that the PPC model is as successful as
for the PPC model agree well with available experimentalyny standard nonpolarizable model at reproducing the orien-

tationally averaged local structure in liquid water at ambient

conditions. At higher temperatures the PPC model achieves
TABLE II. The dimer properties for various water models. better agreement with the experimental data, particularly in
the region of the first-neighbor peak in the RD$ee Fig.

Model E, (kd/mo) Roo (A) % Oac 2(b)]. It is worth noting that many of the existing polarizable
SPC -276 2.74 52° 22° water potentiafs—* have some difficulty in accurately re-
TIP4pP —26.1 2.75 52° 46" producing the local structure in the liquid even under normal
EE;a :;‘2"; ;Igie gi 5275:'5 conditions, and no systematic tests of these potentials have
i ' ' been presented over a broad range of state parameters.
3Reference 57. Figure 3 displays the out-of-plane component of the
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TABLE lll. The thermodynamic properties for the PPC model along the
experimental coexistence line. The numerical uncertainty is estimated at

0.2%.

T (K) p (glcn?) AU (kJ/mo)? AU gy (kI/mo)
263 0.9981 —44.0 —44.7
298 0.9970 —41.4 —415
373 0.9583 -37.3 -37.3
473 0.8647 -31.5 -31.4
573 0.7123 —24.2 -22.2
8ncludes a permanent self-energy correction of 1.8 kJ/mol.

In this expression

FIG. 3. The oxygen—oxygen spatial distribution functigr=90°) for liquid 1 gkq,
PPC water alT =473 K. The first H-bond neighbors are denoted as 1 and the AUqZE 2 E -~ (8
interstitial (nontetrahedralcoordination is marked with A. The local order-
ing essentially perpendicular to the plane of the water molecule is displayed.
is the total electrostatic term in which the summation runs

(10

Following similar approaches for point-charge models
for polar—polarizable molecul@§%3% we determined the

over the(perturbed site chargesk,l) of the moleculesi(j),

full SDF can be used to characterize the three-dimensional
where ¢ is the angle between the dipole axis of the centralis the polarization term which accounts for the work done in

As we might expect the nearest hydrogér) bond  densed phase and in zero-field conditions, respectivejy,
accepting molecules remain essentially in their tetrahedral

12 6
g g
i i ; : (ﬂj) (rij)
coordinates, these neighbors now preferentially appearing
distribution (around 4.5 A are nearly indiscernible. The in- dipole moment(2.14 D) for the PPC model and the actual
tures at separations of 3.2—3.9 A for some orientations, als@nergy with the experimental values a permanent self-term
ening of the interstitial distribution at high temperatures re=7).
[see Fig. 2b)]. At or below temperatures of 373 K both the
butions. Our analysis of the local spatial structure in liquidwhere AH,,, is the heat of vaporizatior® is the pressure,
B. Thermodynamics ence curve were taken from Ref. 31.
. i . SN

average configurational energy as agreement is very good; the values are typically within 1%,

oxygen—oxygen spatial distribution function(SDP), and
Ooo(r.{2), for liquid PPC water at temperature of 473 K. The
1 (i p= top)”
local coordination in this liquid! We recall thatQ=(6,¢) AUpo=5 % Z g ©
denotes the angular coordinates of the separation vector,
water molecule and the oxygen—oxygen separation vectdfistorting the molecul§; ; and u 5 are the principal com-
and ¢ is the angle away from the plane of this molecule.  ponents of the dipole moment of the PPC molecules in con-
neighbor peaks in the SDF at 2.7-2.8 A are considerablyre the principal components of the polarizability tensor for
broadened at 473 K. We also find that, while the H-bondihe PPC model, ang=(x,z)]. In Eq. (9)
positions in the local frame of the central molecule, the peaks 1
due to H-bond donors change appreciably in their angular AULJZEEJ_: dey
along the dipole axis of the central molecee Fig. 3 The s the Lennard-Jones term acting between the oxygen sites.
secondH-bonded neighbor peaks in the spatial pair-density 14 account for the difference between the elevated zero-field
terstitial peal; 2i8n the SDFJoq(r,(2) due to nontetrahedral  gas phase dipole mome(it.85 D) of the water molecule in
coordinatior?,”#® which is clearly evident at lower tempera- comparing our estimates for the liquid state configurational
undergoes a significant broadening and appears more aspg|arization correctiorfanalogous to that employed in Ref.
shoulder on the first neighbor pe&ee Fig. 3. This broad-  3) o 1.8 ka/mol was added to our simulation results from Eq.
sults in the rather featureless tail in the orientationally aver-  The experimental energy for liquid water was obtained
aged RDFgoo(r), beyond the first H-bond neighbor peak from the relationship
secondary tetrahedral coordination and the interstitial coor- AHyap= —AU+PAYV, (12)
dination can be identified from the spatial pair-density distri-
water under normal conditions can be found elsewREr€. and AV is the volume difference between liquid and vapor
phases. The necessary experimental data along the coexist-
The calculated and the experimental values for the aver-
age configurational energy are compared in Table Ill. The
with the exception of thel =573 K state point where the
AU=AUy+ AU+ AU,. (7) discrepancy is approximately 8%.
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TABLE IV. The dielectric properties for the PPC model along the experi- 100
mental coexistence line. The numerical uncertaintyrinis estimated at
10%. The numerical uncertainty nis shown explicitly in Fig. 5. .
T K) € w (D) 7 (P9
103
263 109 2.53 31.6 s a
298 77 2.51 8.9 b4
373 55 245 2.3 a2
473 41 2.39 0.91 e
573 22 2.34 0.62 13
[
C. Static and time-dependent dielectric properties A T T T
200 300 400 500 600

The dielectric constants in this study were calculated us- T(K)
ing the appropriate fluctuation formula for a polar—
polarizable fluid in Ewald boundary conditicfﬁ§3 FIG. 5. The Debye relaxation time for liquid water. Simulation results for

the PPC and TIP4P mode{the circles and the triangles, respectiyedye
(€—€,)(2€x+ 1)2 A <|\/| 2> compared with experimental datsolid line) along the coexistence curve.
== (12

(2t €)(264+€,) 3 VKT'

In this expressioM andV are, respectively, the total dipole re gependence for the average liquid-state molecular dipole
moment and the volume of the simulation cedl; is the  moment obtained in this work. The liquid-state dipole mo-
dielectric constant of the surrounding continuum, ands  ments are substantially elevated above the zero-field value

the high-frequency dielectric constant. In our calculations theyth the result at room temperature concurring with previous
value of; was taken to be that of real water at the temperaggtimates?

ture Qf interest 'andem=13§5 was obtained from the We have also determined the collective relaxation times,
Clausius—Mossotti formuf& 7, for PPC water,

(e.—1) 4w N = (M(t)M(0))

€ 3 V" I e 14

where a represents the mean polarizability for the PPC
model.

The static dielectric constants for liquid PPC water ob-
tained from our simulation runs are given in Table IV and
are compared with experimental dtin Fig. 4. The agree-
ment is very good over the entire temperature range studie
Also shown in Fig. 4 are the dielectric constants for the,
SPC/E modef”*8 The inset in Fig. 4 displays the tempera-

from the integration of the corresponding total dipole mo-
ment autocorrelation function@CFs). In this study direct
numerical integration of the total dipole moment ACFs was
performed at short and intermediate times; the long-time tails
ere approximated with the appropriate exponential function
(i'lnd were integrated analytically. Using these simulation data
we have estimated the Debye relaxation timgs, which
can be determined from the low-frequency limit of the
frequency-dependent dielectric constarit

1 e—€e(w) _ 2egte

120 :
= lim — = 15
26 . o wow 10 €(W)— €, 2e4t €, T (15
100 1 2.5 1 b ) ] ) ) ]
‘s’ L U Our estimates for the Debye relaxation times are included in
2 801 . T(K) . Table IV and are compared with the available experimental
S _ 200 300 400 500 600 datd® and results from the TIP4P mod&ln Fig. 5. We find
o 607 that the PPC model accurately describes the process of di-
= electric relaxation in water along the entire liquid—vapor co-
3 40 existence line.
()
2
20 1
D. Self-diffusion coefficient and its anisotropy
%00 300 400 500 600 In this study we have also determined the mean transla-

T(K) tional self-diffusion coefficient and its principal components
for liquid PPC water, and have analyzed their temperature
FIG. 4. The static dielectric constant for liquid water. The simulation resultsyariations. The principal componentsﬁ)ﬁ, of the self-

for the PPC model(the circle3 and SPC/E watefopen and full squares ; ; s ; ;
represent data from Refs. 37 and 38, respectivalg compared with ex. diffusion coefficient have been calculated by integrating the

perimental datdsolid line) along the coexistence curve. The inset shows the 2PPropriate Ve|0§2!1t%/ a_ut(_)correlatlon functions in the local
temperature dependence of the average dipole moment of PPC moleculesnolecular frameé*#? This is expressed as
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TABLE V. The self-diffusion coefficients for the PPC model along the

experimental coexistence line. The numerical uncertainty is estimated at 2%.

D D, D, D,
T (K) 10°%cm/ (A0 °cm/d) (10°cm/d)  (10°°cm/d)
263 0.95 0.8 1.41 0.60
298 2.6 2.4 3.56 1.81
373 9.6 9.25 12.6 7.80
473 18.8 18.1 21.3 16.4
573 33.2 324 38.3 29.1
Dg= fo ([v5(0)-eg(0)][va(t)-e5(0)])dt, (16)

wheree, are the unit vectors of the principal frangg=x, y
andz) andv(t) -e4(0) is the B-component of the center-of-
mass velocity defined in the local frametat0. The mean
translational self-diffusion coefficien), can then be ex-
pressed as

D=1/3D,+D+D,). (17)

Calculated values for these quantities are given in Table V
the available experimental

and are compared with
estimate®’ and the results for the TIP4Pand SPC/E” mod-
els in Fig. §a). The agreement between the simulation re

sults for the PPC model and the experimental data is typi-

cally within 10%-15% for all the state points examined.

Figure 8b) examines the directional anisotropy in the

4747

100
g 104
2
=
A
InO
™~ 11
>
(=)
R . r .
200 300 400 500 600
T(K)
1.6 (b)
-
144 Y .
AT
A e
: 1.2 s A a0 T
o S °
=
%
B o e
c X AT Y ----Ox """""" * *
< WA P -
0.8 1 fA _______ st e
B rANG
[
0.6 T T T
200 300 400 500 600
T(K)

local translational diffusion, as characterized by the ratios of
DBID for the PPC and TIP4P models at different tempera-F'G' 6. The self-diffusion coefficient for liquid water. (@) the mean self-

tures. We find that nonpolarizable water models such a
TIP4P exhibit a smaller anisotropy in the self-diffusion co-

diffusion coefficients for the PPC, TIP4P, and SPC/E mod#ie full
§II’C|eS, the open triangles, and the open squares, respettvelgompared
with experimental dat#solid line) along the coexistence curve. (h) the

efficient than our polarizable model. It can be seen in Figrelative anisotropies in the self-diffusion coefficient for the PPC and TIP4P

6(b) that in the low-temperature region, nebe=263 K, the
anisotropy inD tends to increase rapidly in both liquids.

models(indicated by full circles and open triangles, respectivelse dis-
played. The data represent the ratioDof o ,/D.

This increase in the directional anisotropy of the translational

diffusion was found to accompany the crystallization phe
nomena in supercooled liquid carbon dioxfddiowever we

did not observe nucleation in liquid PPC water at 263 K over

a period of 1 ns. We remark that the field-induced crystalli

zation of TIP4P water has been recently observed for a na

row range of temperatures and densifie® An important

guestion to be addressed in future studies is whether sponta-
neous crystallization can be achieved under field-free cond

tions on a time scale of a typical simulation using a polariz
able water model.

Another interesting trend which can be seen in Fidp) 6
is that the ratios ob 4/D for liquid PPC water do not change
significantly at temperatures beyond 473 K. We re¢sdle
Sec. IV A) that dramatic structural changes have occurred i
the spatial coordination of water molecules when a temper
ture of 473 K is reached where both the secondary tetrah

dral features and the interstitial peaks have essentially disa

peared from the spatial distributiaynyo(r,2). At the same
time, some directional anisotropy in the translational motion
still persists at these high temperatufes., these ratios are
not equal to ong presumably due to the influence of the
nearest H-bond neighbors.

-E. Density maximum

The density maximum is among the most characteristic
of the thermodynamic anomal®sssociated with liquid wa-
I1_er and its location represents a crucial test for any potential
model. We have determined the density maximum for liquid
PPC water using constant pressure MD simulations. Our re-

I§,ults at zero pressure are plotted against the experimental
“densities for water in Fig. 7. A simple polynomial fit to the
simulation data between 268 and 298 K puts the density
maximum for the PPC model at 277 K, which is also the
experimentally observed temperature. Clearly, the PPC po-
tential is capable of a relatively accurate description of many
of the major static and dynamic properties of liquid water

r*rom its supercooled to near-critical states.

a_

. Induced polarization and rototranslational coupling

An interesting feature in the optical spectra for liquid
svater is the presence of a low-lying rototranslational mode at
~200 cm 14851 This mode is rather weak in the power
spectra of various auto- and cross-correlation functions for
nonpolarizable water models which has led to the previous
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FIG. 9. The probability distribution for the magnitude of the local electric

FIG. 7. The dependence of the density on temperatufe=a. Simulation field along the molecular dipole axis for PPC and SPC/E water at 298 K.

results for the PPC modéthe circle$ are compared with experimental data
(solid line).

G. Nonlinear polarization effects

In order to investigate the importance of nonlinear po-
larization effects, we have generated the probability distribu-
assertion that its prominence in experimental optical spectrtion function, P(E, ¢), in which E is the magnitude of the
is due to interaction-induced polarization effetds®In this  local electric field and? is the angle between the field vector
study we have calculated the power spectra of the nonvargnd the molecular dipole axis. This distribution is a maxi-
ishing cross-correlation functions between the linear and afmum at 6=0, and hence at Fig. 9 we have presented
gular velocities{v,(t) w,(0)) and(v,(t) w,(0)), for our ex- P(E,¢9_=O) for PPC and SPC/E_ water at 2_98 K. It is clear
plicitly polarizable PPC model. The results are shown in Figfrom Fig. 9 that the fluctuations in the magnitude of the local
8, where they are compared with those obtained for the norlectric field are suppressed in the effective SPC/E model. In
polarizable SPC/E mod@&?.Examination of the PPC spectra PPC water we observe that there is a nontrivial probability of
reveals peaks at about 500 and 750 &rtdue to coupling the Ipcal field being in excess of 3 V/A. At such large fie_lds.,.
with librational motiong and a peak at-60 cm ! arising nonlinear effegts can be expected to become more S|gn|f|-
from low frequency translational modes. The spectra for th&@nt: accounting for about 10% of the polarization
PPC model exhibit a much more intense mode at about 20fSPONSE” We might expect these rare but large local field

cm L than is observed for SPC/E water, which supports th luctuations to be of importance in the phase behavior of
Iiquid water, a conjecture yet to be fully explored in

due to the induced polarization effects accompanyin rO__imulation studie_s. We remark that the average local electric
totranslational dynamFi)cs in liquid water panying fields have magnitudes of at least 1.5 V/A in SPC/E and PPC

' water at 298 K. This field strength is equivalent to that which
is experienced at abb@ A from a unit charge.

46,47
claim that its presence in the experimental spectra is large

V. CONCLUDING REMARKS

20
Explicit inclusion of electronic polarization is essential

Y for a classical water model which aims to provide an accu-
\ rate description over a wide range of state points. In this
work we have demonstrated that the polarizable point-charge
(PPQ model reproduces both the static and the dynamic
properties of liquid water from supercooled to near-critical

conditions. In another recently published study this simple
---------- - three-site model has been successfully exploited in reproduc-

ing the virial equation of state for steam.

The average local structure, the internal energy, the
static dielectric constant, the Debye relaxation time, and the
0 200 400 600 800 1000 self-diffusion coefficient for the PPC model have been ex-

®(cm-1) amined in molecular dynamics simulations. These simula-

FIG. 8. The power spectra of the cross-correlation functiangt) w,(0)) tions have .been Ca.med out along the experimental liquid—
and(v,(t) 0,(0)) for PPC(solid line) and SPC/Hdashed lingwater at 298 ~ Vapor coexistence |Il’le_ at temperatures from 263 to 573 K.
. Excellent agreement with the available experimental data has

109§

Fourier Transform

..

T
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been achieved. We have also determined the density maxization effects which accompany the rototranslational mo-
mum for this model; at ambient pressure it appeai®=a277  tions of water molecules are largely responsible for its pres-
K, in accord with experimental observations. ence in the experimental optical spectra.

The principal components of the self-diffusion coeffi- Finally, we have examined the distribution of the local
cient for the PPC model have been determined using thelectric fields experienced by water molecules in the liquid
appropriate center-of-mass velocity autocorrelation functionstate. The presence of rather large local fiéldexcess of 3
resolved in the local molecular frame. We have demonstrated/A) is observed in PPC water, while in the effective SPC/E
that the directional anisotropy in the local translational mo-model the fluctuations in the magnitude of the local electric
tions can be directly related to the specific spatial coordinafield are suppressed.
tions of water molecules arising in the liquid at various tem-
peratures. ACKNOWLEDGMENTS
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able model exhibits a much more intense rototranslational
mode at about 200 crt. It implies that the induced polar- APPENDIX A: SIMULATION ALGORITHM

Y

Predictor step of Gear algorithm. Also predict instantaneous electrostatic
fields on molecules [Eq. (5)]. Use predicted fields to place negative charge
within the molecule according to Eqgs. (3) and (4)

{

Calculate distances between sites

!

Calculate Fourier space Ewald sums for electrostatic fields ‘_l

* Iterate to satisfy criterion (6)

Calculate real space Ewald sums for electrostatic fields. Use total
resulting fields to determine the site charges [Eq.(2)]

!

Calculate Fourier space Ewald sums for electrostatic forces

!

Calculate reat space Ewald sums for electrostatic forces and
Lennard-Jones interactions

'

Corrector step of Gear algorithm

{

Calculate values for physical quantities
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