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The total molecular dipole moment for liquid water
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For the water molecule, the dipole is the first nonzero multipole moment; it represents the polarity
of the molecule and has been widely used in describing solvation behavior. A rather wide range of
theoretically determined values for the total molecular dipole moment of water in condensed phases
has been reported in the literature. This paper describes a means by which the average total dipole
moment for the water molecule in the liquid state can be linked to experimental refractive index
data. Three components comprise the mean-field approach that is employed. A formal framework is
developed that relates the temperature dependence of the effective molecular polarizability to the
average local electric field experienced by a liquid water molecule over a chosen temperature range.
A characterization of the distributions of local fields and field gradients is also necessary, and this
has been determined from the computer simulations of liquid water samples at several different
temperatures for two standard water potentials. The final component, the electric response properties
of the water moleculéincluding nonlinear contributions up to fourth orglevere determined from

ab initio calculations for gas- and liquid-phase molecules, and are reported elselheve
Gubskaya and P. G. Kusalik, Mol. Phy29, 1107(2001)]. By combining these three components,

the temperature dependence of the average local electric field, and consequently the average total
dipole moment, are extracted from data for the refractive index of liquid water. An almost 10%
variation in the dipole moment with temperature is observed over the range 273 to 373 K. The value
obtained for the molecular dipole moment at 300 K, 22862 D, is in excellent agreement with a
recently reported result extracted from x-ray scattering data, as well as with some recent theoretical
predictions. ©2002 American Institute of Physic§DOI: 10.1063/1.1501122

I. INTRODUCTION a noticeable difference between the dipole moment of water
) o ~ molecules in ice and in liquid water. It is believed that the
The dipole moment of a polar liquid, such as water, is ajipole moment of the molecule increases as a result of its
fundamental property of its molecules and is a basic ingremeraction with neighboring water molecules; in this sense,
dient for characterizing its local environment. While it may \yater molecules in ice can be expected to be more poldrized
not be strictly possible to define a molecular dipole moment 4 nence have a larger dipole moment. Recently, Batista
for water formally in condensed phase, it is nonetheless @ 513 re-evaluated the value of Coulson and Eisenbesg
very useful conceptual quantity. The molecular dipole Mo-ng the same induction model with more accurate data and
ment of water has received a great deal of attention as it iﬁmluding higher-order terms in the multipolar expansion.
known that the gas and liquid state values differ significantlyrp,q dipole moment they determined was 3.1 D, i.e., signifi-
and 'the appare;ntly elevated valugs for liquid state moIe;cu!egantW larger than the original result. A theoretical prediction
are important in our understanding the properties of liquidyaseq on dielectric properties and a Bernal—Fowler—Pauling
water. Yet, the dipole moment of individual water molecules;o_r,les model of ickgave a dipole moment of 3.0 D. Very

in condensed phases cannot be measured directly, nor is theleijar values for ice were computed independently using

an unambig_uo_us_, means of partitioning electron densmﬁensity functional theoryDFT)>® and MD simulationg, in-
among the individual molecules. Nevertheless, there havgicating that a magnitude of roughly 3.1 D is a realistic es-
been many studies examining the dipole moment of the wagm ate for the molecular dipole moment.

ter molecule in various environments ranging from clusters o dipole moments calculated for liquid water typically
to liquid water and ick?” using a wide variety of theoretical range from 2.4 to 3.0 Osee Table )l The values obtained
models and computational techniques; some of these valugg,m ap initio calculations using molecular-based wave func-
have been summarized in Table I. , tions are surprisingly uniform(~2.7 D), whereas those
The tot_al dipole moment of the vyater molecule inlge  t5und using plane wave approaches appear to depend
was investigated by Coulson and Elsenﬁesgme 35 years  gurongly on the descriptiofipartitioning of the molecular
ago using a simple induction model from which a value of 506 density:5® The influence of local interactions within

2.6 D was obtained. Surprisingly, this result has often beege jiqyid is ignored within the present mean-field approach.
referred to in the literature as “an experimental dipole Mo-The 4 initio studies of anions in ionic crystals by Fowler

ment for liquid water,” whereas one would expect there to be; 4 co-worker@-32 have identified the presence of large,
short-range contributions to the induced multipoles in addi-
dElectronic mail: kusalik@is.dal.ca tion to the regular Coulombic contributions arising from
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TABLE I. Selected estimates of the total dipole moment,of water in ate its temperature dependence from already existing, reli-

condensed phases. able, relatively easily determined experimental values. In this
m (D) paper we will demonstrate how a detailed analysis of the

refractive index for liquid water can be exploited for this

Method Ice Water References 1 rpose. The extraction procedure that will be employed will
Induction model 2.6 1 use a mean-field approach and will require detailed knowl-
3.1 3 edge of the molecular response properties of wédsrre-
iEF;irt?gde' 3.0 4 ported previously in Ref. J0as well as characteristics of the
DFT 23.30 5.6 average local environment experienced by a water molecule.
-MP2 265 11 This article is organized as follows: The theoretical ap-
-MP2, MP4 27 10 proach necessary to link experimental refractive index data,
-MP2 2.7 12 previously determined nonlinear optical polarizabilities
Ab initio MD 2.66 13 (NOP),*° and average values for the local electric field and
2.43 2 , S . ) . .
205 8 field gradient is described in Sec. Il. Numerical details and
Classical potentials results from molecular dynamigdD) simulations charac-
-nonpolarizable 2.1-2.4 18 terizing the distributions of local fields are given in Sec. Ill.
-polarizable 31 2.73 7 In Sec. IV the results of the application of the present for-
2.5&23,521.65 11‘; malism, determination of the local electric fields, and evalu-
281+ 0.25 16 ation of the total molecular dipole moment for liquid water
285 19 are presented and discussed. Finally, our concluding remarks
2.88-3.03 17 are given in Sec. V. We point out that unless explicitly indi-
Extracted from cated otherwise, values reported here will be given in atomic
x-ray data 29306 9 units, with the exception of temperature, which will always
®Bernal—Fowler—Pauling ice rules model. be in K.

PDepending on partitioning of charge density.
‘Depending on the model chosen.

L . . L Il. GENERAL FORMALISM
electric field and field gradient effects. The origin of these

contributions has been attributed to the overlap of the cation The basis of the formal development that follows rests
and anion electron densities and results in a drop in the pamn a few key physical assumptions about the local micro-
larizability and hyperpolarizability of the anidfi?® As the  scopic environment of a liquid water molecule. The physical
local environment in liquid water differs considerably from model that has been adopted is a mean-field appfoath
that of an ionic crystal such as LiF, it is reasonable to expectvhere a single water molecule is subject to a static electric
that while these short-range contributions exist in water, theyield arising from neighboring molecules in the liquid, which
should be much less significalftThe work of Batistaet al®>  has been described previousiyThis approach then consid-
(see Fig. 2 perhaps suggests the presence of these effects grs how the electric response properties of this molecule are
small water clusters and ice. Clearly, further careful investiinfluenced(relative to an isolated, gas-phase molegudg
gation is needed to determine the importance of these effecthis perturbing environment, characterized by the presence of
in the condensed phases of water. We remark that such efn electric field and electric field gradient. The fundamental
fects, which are neglected in the present mean-field treaproblem is that there exists raopriori criterion for selecting
ment, would tend to decrease the expected value of the total partitioning scheme for the electron dengity the wave
dipole moment. The importance of inclusion of polarizationfunction of the system. Three different estimates for the av-
effects has been shown previously by many autliassre- erage dipole moment of liquid water molecul¢®.432
viewed in Ref. 7 and it is clear that most nonpolarizable 2.661° and 2.95(Ref. 8] have been reported for three dif-
potentials significantly underestimate the water dipole. Thderent partitioning schemes. Batistt al® have analyzed
dipole moments produced by polarizable models span #&ur algorithms for partitioning electronic charge density for
moderate rang€2.5—3.0 D. Encouragingly, the first experi- small water clusters and for ick,. They concluded that
mental estimate of the water dipole has recently been givethese four different ways of the charge density partitioning
by Badyalet al® based on x-ray scattering data for liquid lead to very different molecular dipole momefésg., in ice
water. Their reported result of 2.99.6 D still spans a con- |, the average dipole moment ranges from 2.3 to 3(REX.
siderable rangdincluding virtually all the values listed in 5)]. The present development assumes the water molecule is
Table ), although it perhaps suggests that the dipole momera well-defined entity in the liquid state and focuses exclu-
for liquid water has been underestimated in most theoreticaively on the electronic response of the molecule, where an
studies. electrostatic approach is assumed to be sufficient; such an
To the best of our knowledge, estimates of the averagapproach has proven successful in our previous Work.
molecular dipole moment for liquid water and their tempera-Within this general framework we exploit the fact that the
ture dependence have not been extracted previously fromverage local field experienced by a water molecule is non-
experimental data. Given the importance of this moleculazero only along the dipole vector, which we define to beits
property it would be very advantageous to be able to evaluaxis. We then ultimately seek to parametrize the local elec-
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trostatic environment in terms of this value and to connect iof its relationship to the refractive inder, determined at

to the change in the measured electronic response propertieptical frequencies. The dependencenobn « can be de-

of a water molecule in the liquid phase. scribed using the Lorentz—LorenttL) function3~4° For
Our starting point in this development is the energy ofisotropic liquid phase conditions, the LL equation has the

the molecule. In the presence of an electric field and fieldorm*®4!
gradient the energy of a polar—polarizable molecule can be
represented 45 n“—1_Amp__
P n2+2:Ta(l+S)’ (6)

E=—po-F—1/20:FF—1/68: FFF — 1/24y:FFFE

where S is a small correction that depends on higher powers
—1/309:VE—-1/3A:EVE—-1/6B:FFVE—---, (1) of the polarizability and the density,=N/V. Determination

of absolute values af from refractive index data for a liquid
would require the evaluation @& However, sinces can be
expected to be smaftelative to 2,*"*2changes im due to
thanges in conditions of the systdmg., temperatupewill

wheregy, is its permanent dipole momenit,is the molecular
polarizability, 8 is the first andy the second hyperpolariz-
abilities, @ is the permanent molecular quadrupole moment
A and B are higher-ordeKdipole—quadrupole and dipole— be dominated by the changednin Eq. (6): any change ifS
dipole—quadrupole, respectivélpolarizabilities.F andVE iy he a higher-order effect and its influence should be
are the electric field and electric field gradient, respectivelysma”_ By restricting our focus to changes in the molecular
An expresswn_for the_ total dlpo_le momemt, of the mol- polarizability*®* we can ignoreS and rewrite Eq(6) in the
ecule can be immediately obtained from E@) from the . entional Clausius—Mossotti form for the refractive in-
dependence of this energy on the electric field, explicitly 4o,

JE

__= n-1 4
m=- 7= @ = S mpac. )

To proceed, we now consider the polarization respons
of a molecule to a small perturbing field, while in the
presence of a large field;, and field gradientVF. Using
the expression for the energy of this molecfdealogous to
Eqg. (1)] together with Eq(2), we have that its total dipole
moment is given by

%Iearly, accurate measurementsi@ndp for a liquid should
provide estimates for the change in the average effective mo-
lecular polarizability,(«*"(F,,VF))), whereF, is the local
electric field, i.e., the field experienced by any particular
molecule within the liquid due to the surrounding molecular

environment.
mM(E+f,VE)=uo+a-(F+1)+1/28:(F+f)(F+f) As we are focusing only on changesd", Eq.(5) can
B h B be written as
+1/6y:(F+f)(F+f)(F+f
yEFDETDETD o(E,VE)=a+Aa(F,VE), ®

+1/3A:VE+1/3B: (E+f)VE+---. where the components of the change in the effective molecu-

(3 lar polarizability,Aa(F,VFE), can be approximated in tenso-
rial form as functions of hyper- and high-order polarizabil-
ities [see the Appendix, Eq§A1)]. To make a connection to
refractive index data, we must take the orientational average,

m(E +f,VE)~m(E,VE) +a®(E,VE) -, (4  @and sowe write that
where a*=1/3 Tr( a®™) = o'+ Aa®" 9)

For smallf, and taking advantage of the symmetry in fhe
7, A, andB tensors, one obtains

a®(F.VE)=a+ B -F+1/2y:FF+1/3B:VF+--- (5  The second equality in Eq9) emphasizes tha&®" can be
- separated into fixed and variable contributions, whéféis

is the leading order apparent molecular polarization responsge value ofa®" at some set of reference conditions. While
to the perturbing fieldf, in the presence of andVE. In  the reference conditions could correspond to a gas phase
our physical model, whereé andVF represent liquid-phase molecule, we will see below that they can be conveniently
conditions,a®"(F,V,F) will be the effective molecular polar- chosen to be close to those of the liquid state. Taking into
izability as measured in the condensed phase. account the functional dependenceX&(F,VF) upon the

Experimental values of the average molecular polarizhyper- and high-order polarizabilities of the water molecule
ability, @=1/3 Tr(a), can be obtained by taking advantage[see Eqs(A1)], Aa®" can be expressed as

AEEﬁ( E.VE) =13 (Bxx,+ :Byyz+ B22dF 2+ U2 yyyzit Yyyzzt Y2222 F§+ V2 yyxxxt YyyxxT Yxxz2 F>2<
+ 1/ YxxyyT Yyyyy T 'YZzy)) F§+ 1/3(Byxxxt Byyxx+ Bz2xX VFxx

+ L3(Byxyyt Byyyy T Bazyy VEyy+ L3(Byxz 7+ Byyz7t B122d VF 24, (10)
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where the magnitudes for all components of the veEtare  scribe reasonably accurately the local structure in the liquid
now values relative to the reference electric field and valuesvater near ambient conditions. Moreover, distributions of lo-
of B, v, and B are those for the reference state conditionscal fields and field gradients have unfortunately not been
(Possible choices for reference state conditions, i.e., numerieported in recenab initio studie$®**~3of liquid water.
cal values of the local field and field gradient for condensed Inserting Egs.(11)—(14) into Eq. (10) and collecting
phase calculations, have beﬁn discussed in Re¥f. 10. terms yields the quadratic form

The average value af¢®" can be determined by aver- 0 0
aging over molecular configurations of the system. In the A?ﬁ:alFZ+az(Fz)2, (15
present model this becomes equivalent to integrating ovewhere explicit expressions fa; and a, are given in the
the probability distribution functions for the local fields and Appendix [see Eqs(A2)]. These coefficients can be com-
field gradients. By symmetr{f,) and(F,) will be zero for  puted using the appropriate values®fy, and B from theab
the water molecule. In performing averages it is expedient tanitio calculations performed in our previous wdfkto-
assume that the values gf y, and B are constantge., are  gether with the model-specific values, andd;; ;. It now
field-independent coefficientsWe remark that this assump- remains to be shown how this relationship f6&®", together
tion becomes very good when the reference state condition igjth values fora; anda,, can be utilized to determine the
close to those of the systems of interest. We will see belowemperature dependence of the local electric field for liquid
that the appropriate field and field gradient distributions cafyater.
be well approximated by Gaussian forms. Assuming that |n Eq. (15), the change in effective molecular polariz-
sugh for;ns are valid for real water expressions (BL),  ability, Aa®", is represented as a quadratic function of the
(F (Fy), (F2), (VFxo, (VFyy), and(VF,, are easily |ocal (average electric field with coefficients, anda,. At

evaluated. We have the same time, we can expres8’ and F? as simple func-
(F-)zF-O (11) tions of the temperaturd,
I 1’
and EEﬁ: bo+ b1T+ b2T2, (16)
and
(FO)=(a?+(F)?), (12 .
F;=cp+cyT. (17

where the subscriptrepresents, y, or z, g; is the width and

|:i0 is the center of the Gaussifsee Eq(23)]. Clearly, only ~ We emphasize that the choice of these particular representa-

the first term in Eq(12), which accounts for the difference tions can be justified. Equatiaii6) reproduces the apparent

between(F?) and(F;)?, will survive for <|:)2(> and(Fi). quadratic temperature dependence of the effective molecular
To facilitate the development of our formalism, it is de- Polarizability determined from the experimental data for the

sirable for the final expression dfa®" to be in terms ofY  refractive index(see Fig. 3. In Sec. IV C we will discuss an

only. It is then clear from the discussion immediately abovealternate formulation that represeaf$’ as a quadratic func-

that it is necessary to assume that the average componentstfn of 1/T. The linear dependence in EQ.7) is confirmed

the field gradient and the fluctuations in the electric field carPy the data for the average electric field obtained from MD

be expressed as Simp|e functions E)? In particu|ar, we Simulations.(These results will be discussed in detail in

choose to write that Secs. Il and IV B)
o We have already identified the constant teilvg, ap-
(VFii)=d; ot dii 1F7, (13)  pearing in Eq(16) asa™, which corresponds to the value of

5 0.2 " at some reference conditions. Since several unknown or
oi=eiotedF,)% (14 undetermined factors contribute to this term, we will not be

where the subscripit corresponds to diagonal components ofable to exploit it in our analysis. This consequence will have

the field gradient. Several points regarding these equatiori§portant implications, as we will discuss below. Nonethe-

are noteworthy. From our analysis of simulation data for lig-less, defininge™, the local electric field experienced by a

uid water (discussed beloywwe have found that both Egs. water molecule under the reference conditions, it is possible

(13) and (14) give very good representations of results overto express Eq(15) as

the temperatqre range 263.to 373 K. Thus, the validity of the ATf=a,AF,+ aZAFi, (18)

behaviors being assumed in Eq$3) and (14) is supported

by these model results over a reasonable range of values. Thiéere

constant termse; ; and d;; o, appearing in Egs(13) and _p0_ ref_

(14), respectively, can be ignored in the further development AR =F-Fr=cotciT. (19

as they will not contribute ta\ . The values of the coef- It is important to point out that the values of the anda,

ficientse; , andd;; ; are unknown for liquid water, and hence appearing in Eq(18) must now be consistent with the refer-

we must rely on model calculations. In the present study wence conditionsE™', and its possibly associated field gradi-

will assume that simple empirical potential models for waterent. Inserting Eq(19) into Eq. (18), expanding, and then

(specifically, TIP4P* and SPC/E®) provide a sufficiently ac- comparing terms with E¢(16) yields

curate description of the local electrostatic environment to ci= —\b,/a,

allow reasonable estimation of these values. The two models ! 2%

chosen are standard water potentials and are known to dend

(20
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FIG. 1. (a) Probability distributions of the component of the local electric 4 E
field for SPC/E(squaresand TIP4Rcircles models aff =298 K. (b) Tem- N r
perature dependence of the probability distribution for TIP4P water. The w 3 F
open circles, squares, diamonds, and crosses represent results at 263, 298, - L
333, and 373 K, respectively. 2 b
1E
CO:(bl/Cl_al)/zaZI (21) 0 C SN T TN N S TN TN S A T T 1 ‘.
where the coefficientb; andb, are obtained from the qua- -0.03 002 -0.01 0 0.01  0.02

dratic fit of the appropriate experimental data. The negative F(au)

root appears in Eq20) becaus@\F is expected to decrease i , rieig gradient distributions fo) SPC/E andb) TIPAP water at

with increasing temperature. . T=298 K. The open circles, squares, and diamonds are resul&(fag,),
If one definesT™ to be the temperature for which a P(Fy,), andP(F,,), respectively(c) Temperature dependence of thg,

water molecule experiences an average local electric fie|grobability distribution for SPC/E water. The symbols are defined as in Fig.
F' (i.e., AF,=0), then it is easily shown from Eq$19)— 10).

(21) that
T''=(a;¢;—by)/2b,, (228 |11 ELECTRIC FIELD AND FIELD GRADIENT
Co=CyT'e", (22b) DISTRIBUTIONS
AF,=cy(T— T, (220 Molecular dynamic§MD) simulations have been per-

formed with simple empirical water potential models in or-
Thus, given the temperature dependence of the effectivder to help characterize the local electric field and field gra-
molecular polarizability obtained from measured refractivedient distributions present in liquid water. The SP&/&nd
index data, as represented in the coefficignt@andb,, to-  TIP4P* models were chosen because of their success in re-
gether with characterization of the electric response propemproducing liquid state properties. This fact would suggest
ties of the water molecule contained in the coefficiemfs that they should be able to provide at least a semiquantitative
anda,, we can obtain the values fop andc,. Then, within  picture of the local environment experienced by the water
the range of validity of Eq(19) we can determine the aver- molecule; their ability to reproduce liquid water structure
age local field present in the liquid and hence the total dipolevould indicate that they should provide a reasonable descrip-
moment of the water molecule. tion of the fluctuations in the local field and the relationship
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TABLE II. Electric field and field gradient componentis atomic unit3 of SPC/E and TIP4P water. Atomic
unit conversion factors: 1 a#151.42 V/A; 1 a.u=5.142x 10" ° V/IA 2.

SPCIE TIP4P

T(K) (F2) (Frd) (Fyy) (Fz2) (F2) (Fxo (Fyy) (Fz2)
263 00351  0.0131 —0.0072 —0.0059  0.0296  0.0128 —0.0100 —0.0029
298 0.0334 00119 -0.0062 —0.0057 00279  0.0115 -0.0086 —0.0029
333 0.0317  0.0109 -0.0057 —0.0052  0.0266  0.0105 —0.0078  —0.0028
373 0.0301  0.0100 —0.0052 —0.0048  0.0252  0.0097 —0.0071  —0.0026

between the field and field gradient. These MD simulationgyradient distributions are well described by Gaussian func-
were carried out at constant experimental densities at tentions
peratures of 263, 298, 333, and 373 K. A truncated octahe- A e k(x—xg)2
dral simulation cell containing 256 particles was utilized. P(x)=Ae o (23
The Ewald summation techniqfevas used to calculate the in whichx, represents the average valke; 1/252, whereo
Coulombic interactions and the electric fields. In the evaluais the width of the distribution and\ is the normalizing
tion of the electric field gradients a spherical cutoff/at./4,  factor. Consequently, all distribution curves were fit to
the inscribed sphere radius, was employed. We remark thaaussian forms; average values of the nonvanishing compo-
all fields and field gradients were measured at the center afents of the electric field and field gradient have been pre-
the oxygen atom. sented in Table II.

As already noted, only the electric field component  Electric field and electric field gradient distributions

along the molecular dipole vect@he z axis) will possess a have been previously reported for liquid water by Nymand
nonzero average for reasons of symmetry. The distributions

for thezcomponent of the electric field for SPC/E and TIP4P

water at a temperature of 298 K are shown in Fi¢n),1 9.97 perrrrrrrr S — , S—
where some difference in the widths and the positions of £\ 1
maxima is evident. TIP4P water has a slightly narrower dis- 9.965 F \a\ (a)]
tribution, which is also shifted to the lower values of the . > ]
electric field, in comparison with the SPC/E result. Similar _eﬁg.gs - \ E
behavior is observed for all temperatures examined. The o 0.955 [ \o\ 3
temperature dependence of théeld distribution for TIP4P ' E o ]
water [see Fig. 1b)] reveals the sharpest distribution Bt 9.95 [ w 3
=263 K. The broadening of the distribution as the tempera- 2 N

ture is increased reflects the presence of larger fluctuations 9.945 | \°\°\o\°_ 7
and structural disorder in the liquid at higher temperatures. :. L °"I IE" ]
We remark that, as expected, the electric field distributions in 9'94260 270 280 290 300 310 320 330 340
the x andy directions(not shown have similar shapes but T(K)

are centered about zero.

Distributions for all components of the electric field gra- 9.7 T T T T T T T T T T T T
dient were examined. Only the diagonal componemtsyy, s 7]
and zz have nonzero average values, and field gradient dis- 9.965 3 /°/( b )]
tributions for these components are shown in Figa) and .96 2 g ]
2(b), respectively, for SPC/E and TIP4P water at 298 K.  —eff . e .

. : : : o g / ]
Since the off-diagonal components of the field gradient do 9.955 [ 2 3
not contribute to the average field gradient experienced by a . z 1
water molecule, only diagonal components will be consid- 9.95 ¢ o 4 E
ered further. The field gradient distributions are essentially C o ]
symmetric, with both water models providing similar results. 9.945 ;_O,O/O/V E
The most notable difference between the SPC/E and TIP4P P Y N T R S
results evident in Figs.(d) and 2b) is the slight shift in the 0.003 0.0032 0.0034 0.0036 0.0038
relative positions of theyy and zz distributions, where the 1T

latter model .predlcts field gradient values somewhat closer tEIG. 3. Temperature dependence of the effective molecular polarizability
those of an ideal tetrahedral structdfdhe temperature de- getermined from experimental refractive index ddkafs. 51—53for liquid
pendence of thezfield gradient is given in Fig. @) for the  water.(a) The data plotted vs temperature where the dashed line represents
SPC/E model. We find only a slight broadening of the distri-2 duadratic fifsee Eq(16)] to these three sets of data; the coefficients of the

. . e ; fit areby=10.607,b;= —4.062< 10 3, andb,=6.209< 10" 8. (b) The data
bution and a Sllght Shlftlng to a smaller average magthde a|§1otted vs inverse temperature where the line represents the quadratic fit

the temperature increased. _ ~with the coefficients bj=10.283, b} =—2.288<1(%, and b} =3.849
As can be seen from Figs. 1 and 2, the field and fieldx 10*.
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TABLE lIl. Coefficientse; , andd;; ; calculated from electric field and field gradient distributions.

Coeff. ex,2 ey,2 ez,2 dxx,l dyy.l dzzl
TIP4P —0.028 79 —0.01550 —0.051 54 0.718 67 —0.651 33 —0.068 37
SPC/E —0.023 26 —0.026 87 —0.051 09 0.604 90 —0.397 27 —0.207 69

etal?’“® for the polarizable NEMO intermolecular Saubad® and by Hall and Payn® and these three sets were
potential?®*® They have reported the temperature depenconcluded to be among the most reliable, in accord with
dence of the electric field at the oxygen as well as at the&Schiebeneet al*° A single set of values for the polarizabil-
hydrogen atoms. Comparing the present data with those préty, ", was obtained and its temperature dependence is
sented by Nymanet al*® for the electric field and field gra- shown in Fig. 3. Quadratic fits to this data and the corre-
dient at the oxygen atom, one can see that their numericaponding coefficients are also included in Fig. 3. We note
values for the electric field are significantly higher than thosethat we have also examined data given by the two general fits
recorded in Table Il. The NEMO potential also exhibits afor the refractive index for water given by Schiebener
stronger temperature dependence in the electric flelkbth et al;*° we have confirmed that our final results are virtually
observations are not surprising since both the SPC/E andnchanged if the fit of Schiebenet al*° optimized for lig-
TIP4P models represent effective nonpolarizable interactionid water is used.

potentials. The diagonal components of the field gradient in  Before proceeding to the application of our formalism,
Table Il generally exhibit the same decreasing tréndnag-  some important points should be reviewed. First, two addi-
nitude with increasing temperature. This is consistent withtional sets of coefficient§derivative from our MD simula-
the results reported by Nymared al,*® but again there are tiong) are neededg; , andd;; ;. The coefficient®; account-
some differences in the magnitudes of the field gradient coming for the difference betweel(lFi2> and (F;)? (i.e., the
ponents. The behavior of the field gradient distributions apfluctuations in electric field about its average valweere
pears to be more sensitive to the choice of molecular modeletermined with Eq(14) from the dependence of the widths
for water and temperatur@e., upon the details of the local of our electric field distributions. The coefficients allow
structure than those for the electric field. We remark that the A= to be expressed only in terms of the average electric
probability distributions for the local electric field obtained field by replacing the dependence on the average field gradi-
here are in good agreement with results from the simulatiornt, (VF;;), in Eq. (10) by the corresponding function of

study of Bursulayaet al.** employingab initio potentials. (F,). Values of the coefficients, , andd; ;, as determined
from our MD simulations for both TIP4P and SPC/E models,
IV. RESULTS AND DISCUSSION are given in Table Ill. We emphasize that the values of these

two coefficients are the only elements of the present formal-
ism that depend upon our classical simulation results, where
Within the general formalism proposed here, the depend;; ; represents the linear correlation between the average
dence ofAa®" on the local electric field must be matched to field and field gradient and; , relates the magnitude of the
the behavior inherent in the experimental data. It is the exfluctuations in the local field to the value of the average field.
perimental temperature dependence of the effective molecu- In order to determine the sets of coefficieatsanda,,
lar polarizability, a®", that is utilized. As was discussed in values of NOP obtained fromb initio calculationg see Egs.
Sec. Il, the molecular polarizability can be easily extracted A2) and Ref. 10 as well as the sets of coefficients given in
from measurements of the refractive index by taking advanTable llI, are utilized. The coefficients; anda, combine
tage of its functional relationship to the molar refractivity the NOP previously calculated using quantum chemical
(Lorentz—Lorentz function In the present study the effec- approache€ with the electric field(and field gradientdis-
tive molecular polarizability of HO has been calculatdds-  tribution properties obtained from MD simulations. We recall
ing Eq. (7)] from a composite of three sets of experimentalthat to reproduce a local environment representative of the
refractive index dafd~>3for liquid water at a wavelength of liquid state in our previousb initio calculations(for NOP)
589 nm (sodium D ling, and over the temperature range three liquid-phase mean-field models were investig&ted.
from 263 to 333 K. The refractive index data for water by each case these models serve to define a particular set of
Tilton and Taylor! have recently been augmented by reference conditioni.e., F™®f, Eq.(19)]. Model | assumes a

A. Application of general formalism

TABLE IV. Coefficientsa; and a, for the local field dependence dfa®" as determined from molecular
response properties and characteristics of the field and field gradient distributions. The B values used are those
determined with the POL basis gaee Ref. 10

o Model Ob Model | Model Il Model 1lI
Distribution
coefficients a; a, a; a, a; a, a; a,
TIP4P —25.26 382.86 —1.18 613.41 —15.12 583.51 —15.71 573.81
SPC/E —20.75 376.45 4.45 606.18 —5.41 570.77 —7.46 563.9
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TABLE V. Coefficientscy andc, for the temperature dependence of the average local electric field as extracted
from experimental refractive index data for liquid water.

o Model Ob Model | Model Il Model 111
Distribution
coefficients c; Co 1 Tref cy ref cy Tref
TIP4P —0.000128 0.075 —0.000101 337.2 —0.000103 453.2 —0.000104 459.4
SPCI/E -0.000128 0.070 —0.000101 291.3 —0.000104 373.0 —0.000105 390.8

strong electric field of 0.03 a.u. applied to the water moleculgg and I, llsand Ik, Illgand lll;, respectively were used
along itsz axis. Model Il is defined by a strong electric field to extract estimates for average electric fields from 263 to
(0.03 a.u and a highly symmetric field gradiert{0.008, 373 K. These results are shown in Fig. 4. It is particularly
—0.008, ). In model lll, an electric field of 0.032 a.u. and interesting to compare the predicted electric fields at tem-
a less symmetric field gradient ¢0.01, —0.006,—-0.003§  peratures of 298 and 263 K, where the latter corresponds to a
are present. We remark that the numerical values of field angtructurally more ordered “supercooled” liquid. AT
field gradient for model Il were chosen to mimic the char- =263 K, electric fields of 1.68, 2.13, 2.23 V/A were ob-
acteristics of the MD simulations results reported in Sec. lll.tained for modelsd, Ils, and llls, respectively. The results
For all three liquid-phase models the nonlinear optical polarfor the models coupled with TIP4P dats, I+, and Ilk)
izabilities o, B, 7, and B were determined. The computa- are approximately 15%—20% higher. &t=298 K the elec-
tional scheme described in our previous wdrkvas also tric fields have decreased slightly in magnitude, by about
used to calculate these NOP for a gas-phéssated mol- 8%, in all cases. In general, lower electric field values for
ecule(which experiences neither fixed field nor field gradi- models coupled with SPC/E distribution characteristics are

end. A more detailed discussion can be found in Ref. 10. observed in comparison with those based on TIP4P result
Table IV gives values foa; and a,, obtained when over the entire temperature range.

results from the SPC/E and TIP4P simulations are coupled The temperature dependence of the predicted electric
with values of NOP for gas phadenodels 0 and for the fields for model I(i.e., taking into account only the perturb-
three liquid-phase mean-field models of water. The coeffiing effects of the local electric fieldcan be compared di-
cienta, contains contributions from both and B dependent  rectly with those from models Il and Ifwhich include field
terms(approximately 50% coming from each when te;  gradient effectsin Fig. 4. One observes that the utilization
coefficients have been usedvhile a, depends only ony.  of the NOP for model | results in 35% lower values for the
The coefficients, andc; finally link the behavior found in  electric field in comparison with those for both models Il and
the experimental data of the refractive indeffective polar-  |II. However, the values for models Il and Il are very simi-
izability) to the results for the field dependenceadf' (char-  |ar, suggesting we have reached an apparent convergence. It
acterized bya; and a,). These coefficients are calculated js important to emphasize that the slofges., the tempera-
using Eqs(20)—(22) together with values db; andb, from  ture dependence as given by the coefficieptin Fig. 4 are
Fig. 3(a); results forcy, andc, are summarized in Table V.  almost identical, with only a small deviation for model I.
This consistency leads to the conclusion that the procedure
B. The local electrical field utilized in the present work to determine the temperature

dependence of the electric field for liquid water is rather
On the basis of the accurate values for the NOP of the

water molecule determined in previous wdfkVID simula-
tions performed here, and experimental refractive index data,

LN S B S B St S et B BN M H B B B SR B B A S LB

the average local electrostatic environment of a water mol- F
ecule in the liquid phase can be predicted over a range of 25 5_9‘&9&
temperatures. It follows from Eq19) that d &EE‘EE
(Fy=F®+cy+c,T, (24) = e, 888&&&83
E -

where Fff is the reference value for the electric fig(d,
0.03, or 0.032 a.l, andcy andc (see Table Yare given by 1{7\“
Egs.(20) and(21). We point out that in the discussion below
we will focus on the numerical values of the average electric
fields predicted by Eq24) when contributions due to fluc-
tuations in the field have always been includédough the
coefficientse; ,). We have found that omission of these field 260 280 300 320 340 360 380
fluctuation terms results in a 10%-14% reduction in the T(K)

magnitudes of the local fields. o _
Within the present approach, the values of NOP for mod_FIG. 4. Temperature de_pendence of the local electric field. The open tri-
angles, squares, and circles represent models |, Il, and lll, respectively,

e_ls L ”'_ and Il coupled with parameters obtained from MD utilizing TIP4P distribution characteristics. The corresponding solid symbols
simulations for SPC/E and TIP4P wat@enceforth models are results obtained with SPC/E distribution data.

FEEENEEETE RS UEEER NN SN EEN RN E NN NN
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FIG. 5. Temperature dependence of theomponent of the local electric oMt L ]
field for the NEMO (Ref. 47 (circles, PPC (Ref. 15 (squares SPC/E ) 0.001 0.002 0.003 0.004
(triangles, and TIP4R(crosseswater models. ’ '1 T ) ’

. . . L. L FIG. 6. Inverse-temperature dependence of zlomponent of the local
robust. It is reassuring that this principal quantitative resuligiectric field for the NEMO(Ref. 47 PPC (Ref. 19, SPC/E, and TIP4P

does not depend strongly on the choice of liquid-phasevater modelgthe open circles, squares, triangles, and crosses, respextively
model or characteristic parameters. The solid symbols represenf values for models Il and I, and the solid

In Fig. 5 we report the temperature dependence ofzthe e i the temperature dependence for modgl. il
component of the local electric field experienced by a water
molecule determined for the TIP4PSPC/E* PPCL® and
NEMO?*’ potentials, where the latter two models are polariz-
able water potentials. We observe that in all four cases the There have been several instances in the above analysis
fields obtained are very well represented as linear functionf.e., Eqs.(13), (14), (16), and(17)] where choices have been
of temperature. Comparing Figs. 4 and 5, one can see thatade with respect to specific functional forms. In making
the slope of the results for the NEMO potential is close to thehese choices we have always strived to use the simplest
temperature dependence extracted here. The expectation tliatms that still capture the essential behavior of the quantity
a fully polarizable potential, such as NEMO, will give a tem- of interest. We remark that in cases where we have attempted
perature dependence of the local electric field closest to thab employ higher-order forms, the results obtained have ex-
of “real” water, and that nonpolarizable potentials will un- hibited numerical instabilitiegat least with the quality of the
derestimate the dependence, is entirely consistent with theresent data In this section we will explore an alternate set
present results. The actual magnitudes of the electric fieldsf representations that allows us to examine the possible ef-
predicted, for example 2.04 and 2.55 V/A fordland the fects of the choices made.
NEMO potentials, respectively, d&t=298 K, are in reason- It is clear from Fig. 3 that a quadratic fit of the effective
able agreement. molecular polarizability (derivative from refractive index

For purposes of comparison two additional models basedatg to 1/T provides at least as good a representation of this
exclusively on NOP for an isolate@as-phasewater mol-  data as our original quadratic 1 Thus in place of Eq(16)
ecule were examined, although not shown in Fig. 4. In onave can write
case, identified as model Oa, our theoretical analysis consid- —i_ |, & | 1% % 2
ered only the contributions of the hyperpolarizabiliti@and " =Dg by (1/T) + b5 (1)~ (25)
v to the effective molecular polarizabilitg®", and hence the Moreover, if one presumes that the magnitude of the local
predicted local field. In the second case, model Ob, the fulfield is indicative of the degree of local order in the liquid,
set of nonlinear coefficients, including contributions from thethen one might expect that in its simplest form
high-order polarizabilityB, has been utilized. For model Oa 0 % . %
the value of electric field extracted at ambient temperature, Fz=co tc1(1/M). (26)
0.83 V/A, appears rather low. Model Ob yields significantly In Fig. 6 we have replotted the data from Fig. 5 for the
larger values, 1.65 and 1.90 V/A, when SPC/E or TIP4PTIP4P, SPC/E, PPC, and NEMO water models against in-
distribution parameters, respectively, are employed. Clearlyerse temperature. We observe that, for the relatively narrow
the presence of the high-ordéB) term is important in esti- range of temperature spanned, the data again exhibit essen-
mating the electrostatic environment within liquid water. Thetially linear behavior. If these lines are then extrapolated to
importance of the B(field gradient term is not a conse- infinite temperature, we discover that the values of the jour
guence of its relatively large magnitude, but rather it is theintercepts are almost coincident; the average of these four
result of the near cancellation of the two much larger contrivalues is 0.82 V/A. At infinite temperature we could expect
butions fromB and y. We again observésee Table Ythat  the liquids to become structureless and hence for the average
the temperature dependence is very similar to that found withocal field to approach zero. Clearly, there appears to be a
the other models. systematic error arising in any linear extrapolation of normal

C. Alternative analysis
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TABLE VI. Coefficientscy andc? for the inverse temperature treatment of the average local electric field as
extracted from experimental refractive index data for liquid water.

o Model | Model Il Model 111
Distribution
coefficients cy (o cy Cy cy Cy
TIP4P 7.92 0.0075 8.12 0.0189 8.19 0.0214
SPC/E 7.97 0.0027 8.21 0.0104 8.26 0.0141

liquid-phase results to infinite temperature. Below, we will total dipole moment can be determined using results for the
find that we can take advantage of this apparent constanémperature dependence of the local electric fighd,), in
correction. the expression

An alternative treatment of refractive index data can now
be developed by employing Eq&5) and (26) in place of (m)=pot az:+(F), (29)
Egs.(16) and(17) in our formulation. This is an important where againu, is the permanentor gas-phasedipole mo-
verification since, if the results from the two routes are inment of the water molecule, and,, is the zzcomponent of
agreement, we have strong support indicating that we havihe polarizability obtained for the liquid-phase molectfle.
reasonably accounted for all critical physical behavior. OuWe remark that for water one can expect the valuéwfto
development proceeds as befgsee Sec. Jland we imme-  be close to that of|m|). The temperature dependencewf

diately obtain that has thus been obtained for the temperature range 263-373 K
and explicit results for the total dipole moment are shown in
c1 =+b3/ay, @7 Fig. 7.
and
ng(bilct_al)/2a21 (28) 3.2 T T T T —TT 1T T ]
. . L ’ (a)...
Whe_re the positive root is now appropnate in EEE?) E_m- 3 s Al
ploying results from Table 1V and Fig(B), while taking into S Eag oY 83006 ]
account the appropriate reference field conditions, we have _ 2.8 K S Ba Hag g ote s ]
obtained values for the coefficient§ andc? ; these have Q  [Araaie Sola, SEayg? ]
been summarized in Table VI. éz.e C LS > & S0 ]
Itis clear from Table VI that the temperature dependence v 4 i 2290 ]
(i.e., the value of the slope?) is very well reproduced ' ;*‘N+.++* ?
within the various model treatments, whereas the absolute  , , iRt Y - 1
values(i.e., the constant terms) again show more varia- r **'-+.++\N ]
tion. Points representingg arising from model Il and IlI P R S SN PR B k.
treatments have been included in Fig. 6 along with the full 260 280 300 320 340 360 380
temperature dependence for modeg lithe remaining three T(K)

lines, which have been omitted for clarity, would have virtu-
ally identical slopes We again observe a stronger tempera-
ture dependence for the average local field than is predicted
by the nonpolarizable water potentials. Perhaps the most
striking feature of Fig. 6 is that the valuesdjf (for our two

best models appear clustered around the same common
intercept of the computer simulation results for waterlike lig-
uids. Averaging these four values of , we obtain 0.8 V/A

<m> (D)

(in effectively exact agreement with the simulation avejage 261 1

with a standard deviation of-0.2 V/A. The ability of this - 1

) : o . 2.4
inverse-temperature treatment to provide this fix point can be

viewed as an apparent advantage. It is this averagg ahd 2ol NPT B N BN
the corresponding averagg that will be used below to 260 280 300 320 340 360 380
determine our estimate for the total dipole moment for liquid T(K)

water at ambient conditions.

L
5

FIG. 7. Temperature dependence of the total dipole moment of liquid water.
D. The total dipole moment (a) Crosses, diamonds, triangles, squares, and circles represent values ob-
tained from the linear-temperature treatmege Sec. IV Bwith models Oa,
The temperature dependence of the local electric fieldb. I, I, and Ill, respectively, together with SPC/E distribution characteris-

can now uItimater be used to obtain one of the most impor-“cs' (b) Squares and circles represe_nt values obtained from the_ inverse-
temperature treatmeigéee Sec. IV €with models Il and I, respectively.

tant phySical parameters for the Wa_ter molecule in condenseghig and open symbols correspond to use of TIP4P and SPC/E distribution
state, its(average total molecular dipole momentm). The  parameters, respectively.
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In Fig. 7(a) we present values obtained for all five mean-tant to point out that previous investigatiéi have indi-
field models coupled with SPC/E distribution characteristicscated that there is also a significant increase in the
where the average local fields are those determined assumigadrupole momen{10%—-15% of a liquid-phase water
linear-temperature dependentsee Sec. IVB In general, molecule relative to gas phase. It is obviously crucial for a
the numerical values for all models taken with the TIP4Pwater model to reproduce both the elevated dipole and quad-
parametersl;; ; ande; , are somewhat larger over the entire rupole moments of the molecule in order to recover, for ex-
temperature range, although they otherwise parallel the agmple, the correct dielectric properties of the real ligifich
propriate SPC/E curvde.g., see Fig.(D)]. The temperature As discussed in the Introduction, several different com-
variation in {(m) observed in Fig. @& (linear-temperature parisons with estimates from the literature for the average
treatment for models I, I, and Il combined with either total dipole moment are possible; yet, not only is there con-
TIP4P or SPC/E distribution data is consistently @@7 D)  siderable spread in these literature estimates, but many are
in going from 273 to 373 K. Almost identical behavior is based upon ice models. It could be expected that the value
evident in Fig. Tb) (inverse-temperature treatmgnivhere  for (m) for liquid water in its supercooled state should be
the decrease in the dipole moment is just slightly smalleclose to, and somewhat less than, that for ice. At 263 K we
(i.e., 0.21 D. This consistency clearly suggests that thewould estimate the total dipole moment to lie within a range
present approach is able to predict accurately the temperatuf@m 2.8 to 3.2 D. This can be reasonably compared with
dependence in the average total molecular dipole moment f@stimates reported in the literature for ice. For example, it is
liquid water. The small difference in the temperature depenin excellent agreement with that reported by Batistal
dence determined from our two separate treatments providder ice |,. Reiset al* have presented numerical results for
confirmation that we have been successful in capturing théifferent ice polymorphs using a discrete local-field approxi-
requisite physical behavior independent of the exact choicéation. Their values range from 2.53 D for igto 2.86 D
of our functional forms. The observed variation in the totalfor ice Il, but could be considered to be slight underestimates
dipole moment over this temperature range will be a sensibecause the polarization effect of the field gradient has not
tive measure of the change in local environméot struc-  been taken into account in their theoretical framework. Inter-
ture) experienced. The essentially linear behavior and an alestingly, the estimates for the average high-order molecular
most 10% decrease im) for a temperature increase from electronic properties determined within the permanent elec-
273 to 373 K is in accord with several model studies fortric dipole crystal fields of Ref. 26 are also in good agree-
liquid water using fully polarizable potentials® ment yvith the hyperpolarizabilities utilized in the present

Constancy in the absolute values of the average dipolévestigation.
moment obtained from the present extraction procedure for
our various mean-field representations is less well repro\-/- CONCLUSIONS

duced, although there is a clear suggestion of convergence |n this article we have reported a means by which the
with the two most detailed mode(# and Ill). As discussed average total dipole moment for the water molecule can be
in Sec. IVC, our treatment based on inverse temperaturgxtracted from very reliable experimentagfractive index
appears to afford our best estimate for the total moleculagogether with densitydata. To accomplish this, three critical
dipole moment for liquid water at ambient conditions; ac-components are required: a general formalism that relates an
cordingly, a value of 2.950.2 D is obtained. As discussed effective molecular polarizability to the average local electric
above in Sec. ll, the neglect of short-range interactions in théield experienced by the water molecule in the liquid state, a
present mean-field treatment is likely to have resulted in gualitative description of the distributions of the local elec-
slight overestimation of this value. The assigned error batric field and field gradient, and accurate results for the mo-
incorporates a+=0.1 D contribution arising from the ob- lecular response properties of a liquid-phase water molecule.
served variation ircy , which we believe reflects the major Results for the first two components have been presented
identifiable errors intrinsic to our approach. We have therhere, together with the resultant values for average local
simply doubled this value in an attempt to account for theelectric fields and total molecular dipole moments over the
total contribution of any remaining unidentified errors. This normal temperature range for liquid water.

value for the average total dipole moment at ambient condi-  Within the general formalism developed in this work, the
tions is included in Fig. (b), and encompasses results for all perturbing local environment affecting a liquid water mol-
models Il and Ill from either linear- or inverse-temperatureecule is represented with a local electric field. The influence
treatments. In Fig. (8 the numerical values of the total di- of the local environment upon the electric response proper-
pole moment at 300 K for model (2.6 D), for model Ob ties of the molecule is considered within the context of clas-
(2.65 D), and especially for model 02.3 D) are apparently sical electrostatics. The change in the effective polarizability
underestimated, and are comparable with lower estimatesf the molecule, which can be extracted from refractive in-
available in the literaturésee Table), including the magni- dex data and characterizes nonlinear behavior, is used to
tudes reported by Delle Sitet al? The dipole moment ob- quantify the local electric field and its temperature depen-
tained in the present work at 300 K corresponds extremelylence.

well with results reported by Batistet al® and by Silves- In order to perform our analysis, basic characteristics of
trelli and Parrinelld® Moreover, it is in excellent agreement the distributions of electric fields and field gradients experi-
with that of Badyalet al.® the only experimentally deter- enced by a water molecule in the liquid are required. The
mined value currently available in the literature. It is impor- necessary parametddistribution widths and proportionality
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constants were obtained from MD simulations employing Aa,(F,VF)=pB,,F,+ 1/2ymf§+ 1/2722,(,1:)2(
the SPC/E® and TIP4P* water models for liquid systems

from 263 to 373 K. These models were chosen since they are +1/2y,,F o+ 1/3B,,, 5 F,,
standard potentials that describe well the local structure in

liquid water. The values finally obtained for the local electric T U3B220V Faoct U3Bazy N Fyy - (ALO)
field and total dipole moment demonstrate some sensitivity Using Eq.(10) together with Eqs(11)—(14), it can be
to the distribution parameters and therefore to the choice adhown that the coefficients in E(L5) are given by

potential model; however, their relative temperature depen- _
dence is extremely well reproduced. This suggests that from 2% V(B Byyz Bzzd 191 Broooct By

the insights gained in this study a better choice of potential + B, + 19y 1(Byxyyt Byyyyt Bzzyy
model for characterizing the field distributions should be
possible. + 1/%zz1( Bxxzz+ Byyzz+ BzzzQi (Aza)

The choice of reference conditions about which the mogn(g
lecular response properties were expanded was also recog-
nized as importantalso see Ref. 10 The contributions of A= 1/6(1+ €, ) (Yxxzzt Yyyzzt Y2223 T 16« o Yyyxx
field gradient terms were found to be significant due to near-
cancellation of the larger contributions from first- and second
hyperpolarizabilities. Again, the insights gained from this (A2Db)
work provide a basis on which to make a better selection of
the liquid-state reference conditions. Improvements in the'C. A. Coulson and D. Eisenberg, Proc. R. Soc. London, S@91 445
characterization of the required properties of the field andzﬁlgggl'le Site, A. Alavi, and R. M. Lynden-Bell, Mol. Phy@6, 1683
field gradient distributions, together with a superior choice of (19g9. T ' Y o '
the reference conditions, should allow for further refinementsE. R. Batista, S. S. Xantheas, and H. Jonsson, J. Chem. PO 4546
of the results reported here. ,1998.

The total molecular dipole moment for liquid water as 52: gclj%rgz’sgagrdsLoQ:st?;::j ;:;ﬁgﬁghsson J. Chem. PHyss011
extracted in this study from the temperature dependence of (1999, T ' ' " '
experimental refractive index data exhibits an almost 10%°E. R. Batista, S. S. Xantheas, and H. Jonsson, J. Chem. Ptg/s3285
decrease in going from 273 to 373 K. The consistent behav-, (2000.

) . . - . ’S. W. Rick, J. Chem. Phyd14, 2276(2001).
ior observed in our results gives us considerable confidencep’| “gjyestrelli and M. Parrinello, Phys. Rev. Le2, 3308(1999.

in our ability to quantify this trend. The present approach 9y, s. Badyal, M.-L. Saboungi, D. L. Price, S. D. Shastri, D. R. Haeffner,
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