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Abstract

Sequential Monte Carlo/Quantum Mechanical (S-MC/QM) calculations of the dipole moment of liquid water using

extensive and different quantum chemical methods and statistically converged results give an induced dipole moment of

0:74� 0:14 D. This corresponds to a dipole moment of liquid water of 2:60� 0:14 D, in excellent agreement with the

value derived from the dielectric constant and other previous theoretical estimates. Change in multipole moments are

also reported using statistically converged MP2/aug-cc-pVQZ calculations.

� 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Water is the natural biological solvent and for

this, and many other reasons, an essential liquid.

One of the most important aspects of water is its

great ability to form hydrogen bonds. Another,

equally important, is its very high polarization that

gives to water its excellent solvent ability [1]. It is
expected that the dipole moment of liquid water

considerably increases in the liquid as compared to

the gas phase. This increase is very important to

understand the large dielectric constant of water.

Theoretical estimates [2–15] predict this increase to

lie between 15% and 60%. Although the experi-

mental measurement of the dipole moment in li-

quid water is not possible, the precise value of this

dipole moment is a true theoretical challenge and

has attracted so much attention [2–17]. Whereas in

the gas phase the dipole moment of water has a

conclusive value of 1.855 D [18], in the liquid

phase its precise dipole moment value has been
subjected to some debate. Several previous [2–15]

theoretical studies have predicted dipole changes

from 0.3 D to a larger change of 1.1 D in going

from the gas to the liquid phase. Recent estimates

include the ab initio second-order result by Tu and

Laaksonen [12] of 2.65 D for the dipole moment of

liquid water. Chalmet and Ruiz-L�oopez [10] used

combined discrete-continuum theories and gave an
estimate of increase of 0.8–0.84 D. However,
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Silvestrelli and Parrinello [6] estimated a very large

change leading to a value of 3.0 D. There are two

aspects related to large values for the dipole mo-

ment of the liquid. First, it corresponds to a con-

siderable polarization of the electronic structure

that is not accounted for by the best-used con-
ventional force-field potentials [19]. Second, such a

large value considerably overestimates the dielec-

tric constant of water. Indeed, for its well-known

value (e ¼ 78:3) it would correspond a dipole

moment of water of about 2.6 D [20]. Using

cluster-optimized structures including hexamer

clusters, Gregory et al. [8] obtained a dipole mo-

ment of 2.7 D for water, with an induction form
gas-to-liquid of 0.6 D. Recent Molecular Dynam-

ics studies using a polarizable potential [9] sug-

gested a dipole moment close to 2.95 D for the

liquid phase. The most recent calculation has been

made by Poulsen et al. [14]. Using MCSCF cal-

culations on molecular dynamics structures they

obtained a dipole moment of 2.71 D, corre-

sponding to an induced dipole moment of 0.81 D.
In the crystalline phase, the dipole moment has

also been of interest. An early and pioneering

estimate of the dipole moment of water in the

most common phase of ice (Ih) using multipole

expansion obtained the result of 2.6 D [13]. Ba-

tista et al. [17] have more recently revised the

multipole moments using both experimental (di-

pole and quadrupole) and theoretical (octapole
and hexadecapole) moments and obtained a

considerably larger value of 3.09 D for this

crystalline phase.

Experimentally, only indirect results can be

obtained. Experimental studies using X-ray and

synchrotron radiation have estimated [21] the

charge transfer involved in the OH bond. From

this, a value of 2:9� 0:6 D has been inferred for
the dipole moment in the liquid, a value close to

the largest theoretical estimates, but with a very

large error bar. Different methods have been used

leading to different results for the dipole moment

of water. Most of the discrepancy is related to the

natural uncertainty associated to the complex and

disordered liquid phase. In several previous studies

it became clear that cluster or even microsolvation
models cannot describe in general the liquid

properties [22,23]. A liquid is statistical by nature

and its structure does not correspond to a mini-

mum-energy configuration. The proper description

of the liquid state needs a statistical procedure.

In this Letter, we use the sequential Monte

Carlo Quantum Mechanics (S-MC/QM) method-

ology [24,25], with ab initio calculations performed
on structures generated by MC simulations to give

what we believe is the most consistent value for the

dipole moment of liquid water. A strong point

here is that statistical convergence is assured by

using an efficient sampling technique. Quantum

mechanics convergence is also analyzed by con-

sidering the role of basis set size and electron

correlation effects. In addition, we also analyze the
convergence of the results with the total number of

polarizing molecules included in the calculations.

Our converged value gives an induced dipole mo-

ment of 0:74� 0:14 D, leading to a dipole moment
of liquid water corresponding to 2:60� 0:14 D, a

value that confirms the correspondence between

the known dielectric constant of water and the

dipole moment of the liquid at room temperature.

2. Theoretical methodology

Monte Carlo simulations are carried out em-

ploying standard procedures [26], including the

Metropolis sampling technique and periodic

boundary conditions using the minimum image
method in a cubic box. The simulations are per-

formed in the NPT ensemble. The total system

consists of 450 water molecules at temperature of

298.15 K and pressure of 1 atm. The intermolec-

ular interactions are described by the standard

Lennard–Jones plus Coulomb potential with three

parameters for each site i (ei; ri and qi). For the
water molecules we use the recent TIP5P potential
[27], which predicts structural and thermodynamic

properties of liquid water in very good agreement

with experiment. In addition, this model is able to

reproduce the water density anomaly close to 4 �C.
The effective dipole moment of the TIP5P water

molecule is 2.29 D, which is lower than most of the

theoretical predictions. The MP2/aug-cc-pVQZ

result for the gas phase dipole of the TIP5P water
molecule is 1.857 D, in excellent agreement with

the experimental value (1.855 D), leading credence

346 K. Coutinho et al. / Chemical Physics Letters 369 (2003) 345–353



to the choice of the TIP5P geometry as the refer-

ence geometry in the present calculations.

In the simulation, the averaged density was

found as q ¼ 1:07 g=cm
3
what leads, in average, to

a cubic box of length L ¼ 23:25 �AA. The intermo-

lecular interactions are spherically truncated
within a center of mass separation smaller than the

cutoff radius, rC ¼ L=2. Long-range corrections

were calculated beyond this cutoff distance. The

Lennard–Jones potential contribution is estimated

assuming an uniform distribution GðrÞ � 1 after

the cutoff radius and the electrostatic potential

contribution is estimated with the reaction field

method of the dipolar interaction. In the simula-
tion the molecules are kept with rigid geometries.

The water molecules are kept in their C2v structure

with rOH ¼ 0:9572 �AAand \HOH ¼ 104:52�. The
initial configurations are generated randomly,

considering the position and orientation of each

molecule. A new configuration is generated after

randomly attempt to translate in all Cartesian di-

rections and also attempt to rotate around a ran-
domly chosen axis. The simulations consist of a

thermalization phase of 2� 106 MC steps, fol-

lowed by an averaging stage of 45� 106 MC steps.

To analyze the electronic structure of liquid water

we employ the S-MC/QM procedure [24,25]. The

quantum mechanical calculations are performed

on the super-molecular structures, generated by

the MC simulations, composed of a central water
molecule and all TIP5P water molecules within a

particular solvation shell. The great advantage of

the sequential procedure of the S-MC/QM is that

all the important MC statistical informations are

available before running into the QM calculations.

This considerably reduces the number of super-

molecular structures that will be submitted for the

quantum mechanical calculations, because the
configurations are selected according to their sta-

tistical correlation, obtained from the auto-corre-

lation function of the energy [11,28–30]. Using a

correlation step of 9� 105, we separate a total of

50 configurations, with less than 15% of statistical

correlation. These 50 structures are used in the

quantum mechanical calculations. As we shall

demonstrate the selection of these structures does
not compromise the statistical average and all re-

sults presented here are statistically converged. On

the other hand, this number of QM calculations is

still tractable so that several theoretical models

and basis sets can be used. The solvation shells

were defined from the analysis of the radial dis-

tribution function. The electronic structure of each

super-molecular structure is then calculated using
ab initio methods implemented in the GAUSSIANAUSSIAN

98 [31] program. The quantum mechanical theo-

retical methods include the second-order MP2

with correlation consistent basis sets such as aug-

cc-pVDZ, aug-cc-pVTZ, aug-cc-pVQZ. In all

cases we use 6-component d-type functions. In

specific cases other theoretical models such as MP4

and CCD are used. It is important to mention that
only size-extensive methods are used. As the ap-

propriate Boltzmann weights are included in the

Metropolis MC sampling technique, the average

value of the dipole moment is the result of a simple

average over 50 uncorrelated configurations. The

use of the auto-correlation function of the energy

for selecting configurations has been shown before

to be an efficient procedure for obtaining con-
verged average values [11,22,28]. All simulation

are performed with the DICE [32] MC statistical

mechanics program. DICE is a general program

for MC simulation with a graphical interface that

calculates thermodynamic properties and gener-

ates structures for use in most conventional

quantum chemistry program.

Using the radial distribution function we sepa-
rated super-molecular structures composed of the

central water molecule and 46, 76, 120, 175 and

230 water molecules with the geometry and charge

distribution of the TIP5P model. These will be

referred to as 1+ 46 TIP5P, 1+ 76 TIP5P, 1+ 120

TIP5P, 1 + 175 TIP5P and 1+ 230 TIP5P, re-

spectively. These correspond to including all water

molecules within the solvation radius of 6.75, 7.95,
9.25, 10.50 and 11.50 �AA. In addition, we have also

recalculated the electrostatic charges in the same

atomic sites of the water molecules using the

CHELPG procedure [33] to analyze the role of the

relaxation of the surrounding charges [15]. This

demands QM calculations that include all water

molecules and it is then limited to the 1+ 46 water

cluster. The 50 QM calculations of the 47-water
system were restricted to the B3PW91/6-31G(d).

After these, the CHELPG charges were obtained
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at the atomic positions of the non-central 46

molecules. The best results obtained here use av-

erages of 50 QM calculations at the B3PW91/aug-

cc-pVQZ and MP2/aug-cc-pVQZ levels using

1+ 230 TIP5P structures.

3. Results and discussions

3.1. Calculated dipole moments

Before discussing the results for the dipole

moment of liquid water it is important to analyze

the performance of the different theoretical models
for the dipole moment of gas phase water. Table 1

shows some of the results obtained using several

theoretical methods compared to the experimental

value of 1.855 D. As it can be seen, some methods

give gas phase dipole moments that are consider-

ably larger than experiment. This indicates that the

estimated dipole moment of liquid water using

these methods will give artificially larger results
and it is the change in the value of the dipole

moment from gas-to-liquid that should be inves-

tigated.

Considerably large values are obtained with all

methods, including density-functional methods,

when small basis sets are used. For instance, the gas

phase dipole obtained using the HF/6-31++G(d,p)

is 2.286 D, already 0.43 larger than the experi-

mental value. Correlated calculations using small

basis sets, even if they include both diffuse and

polarization functions, do not give good results.

The MP2/6-31++G(d,p), B3PW91/6-31++G(d,p)
and the CCD/6-31++G(d,p) give dipole moments

that are too large by 0.47, 0.35 and 0.36 D, re-

spectively. The results of Table 1 show, however,

that augmented correlation-consistent basis sets

give considerably improved results. The B3PW91/

aug-cc-pVDZ and MP2/aug-cc-pVDZ give dipole

moments of 1.855 and 1.861 D in very good

agreement with the experimental result. Including
the core electrons in the MP2/aug-cc-pVDZ cor-

relation treatment leads to only a minor change

(0.002 D) and will not be further considered. In-

teresting, as it can be noted the CCD/aug-cc-

pVDZ result (1.875 D) is not very much different

from the MP2/aug-cc-pVDZ prediction indicating

that high-order electron correlation effects are not

crucial. Comparison of the results obtained with
the aug-cc-pVDZ basis set in the MP2, DQ, SDQ

and CCD models shows the systematic participa-

tion of the electron correlation effects on the dipole

moment. Although double- and quadruple-substi-

tution in fourth-order, DQMP4, increases the di-

pole moment compared to MP2 by 0.014 D the

CCD model gives the same result, indicating that

most of the high-order correlation is obtained in
fourth-order. The results obtained with the MP2/

aug-cc-pVTZ model can be considered very good,

but our best theoretical results for the gas phase

dipole moment are obtained with B3PW91/aug-cc-

pVDZ and MP2/aug-cc-pVQZ leading to the re-

sults of 1.855 and 1.857 D, in excellent agreement

with the experimental result of 1.855 D.

Now we turn to the calculated dipole moments
of the liquid phase. These results are also obtained

using several theoretical models and in each case

the reported value is an average of 50 quantum

mechanical calculations performed on the struc-

tures generated by the MC simulation. Thus, in

total 1950 QM calculations have been performed.

It would be much too cumbersome to report all

cases and clearly some theoretical models are in-
adequate to give a reliable estimate of the dipole

moment of water, as discussed before. However

Table 1

Calculated dipole moment (in Debye) for the water TIP5P

molecule using different theoretical models in the gas phase

Method Dipole moment (D)

HF/6-31++G(d,p) 2.286

B3PW91/6-31++G(d,p) 2.206

B3LYP/6-31++G(d,p) 2.201

B3PW91/aug-cc-pVDZ 1.855

B3PW91/aug-cc-pVTZ 1.848

B3PW91/aug-cc-pVQZ 1.846

MP2/6-31++G(d,p) 2.321

CCD/6-31++G(d,p) 2.218

MP2/aug-cc-pVDZ 1.861

MP2/aug-cc-pVTZ 1.850

MP2/aug-cc-pVQZ 1.857

DQ-MP4/aug-cc-pVDZ 1.875

SDQ/aug-cc-pVDZ 1.858

CCD/aug-cc-pVDZ 1.875

CCD/aug-cc-pVTZ 1.871

Experiment [18] 1.855
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they are considered because they allow a system-

atic analysis of the correlation, basis sets and

configuration size effect. In these cases only the

gas-to-liquid dipole change is relevant. For in-

stance, the HF/6-31++G(d,p) gives a gas phase

dipole moment of 2.29 D which is a considerably
large value compared to the experimental result of

1.86 D, but the induction in the dipole moment is

less than 0.40 D. Including electron correlation

effects at the second-order, MP2, does not im-

prove much, increasing the induction to �0.50 D.

Table 2 shows a short sample of the results for a

brief analysis of the correlation effects. First, one

may note that the use of the CHELPG charges

systematically decreases the calculated induced

dipole moment. This decrease, however, is not

appreciable. For the MP2/aug-cc-pVDZ this re-

duction is found to be 0.016 D. Similar result of

0.015 D is found in the SDQ-MP4 model. Using

the MP2/aug-cc-pVTZ this difference is reduced to
0.007 D. The results obtained using the aug-cc-

pVDZ allow an analysis of the electron correlation

effects. At the MP2 level, using the 1+ 76 TIP5P

model, we find that double- and quadruple-sub-

stitutions decrease the induced dipole moment by

0.014 D and further considering the higher-order

double and quadruple substitutions as obtained by

CCD we find only a variation of 0.002 D, thus
indicating that high-order excitations give a neg-

ligible contribution to the dipole moment in the

liquid phase as discussed before for the gas phase

also. Indeed the MP2 and CCD results are very

similar leading to an induced dipole moment of

0.57 and 0.56 D, respectively. Competitive nu-

merical results are obtained with the B3PW91 and

MP2 using aug-cc-pVXZ, with X¼D, T, and Q
(Table 3). The results show a good convergence

with the basis set size. The difference between the

MP2 results with the X¼ T and X¼Q for the

1+ 175 TIP5P model, for instance, is only 0.008

D, which is smaller than the statistical error of

0.020 D. Increasing the cluster size to 1+ 230

TIP5P gives this same change of 0.008 D. It is

interesting to note the similarities between the re-
sults obtained for the MP2 and B3PW91 methods.

At this stage the best theoretical result obtained

here is that using either the MP2 or B3PW91 with

the aug-cc-pVQZ basis set in the largest 1 + 230

Table 2

Calculated change in dipole moment (D) using different theo-

retical models

Method System aug-cc-pVDZ

MP2 1+46 CHELPG 0:503� 0:257

1+ 46 TIP5P 0:519� 0:136

1+ 76 TIP5P 0:569� 0:135

1+ 175 TIP5P 0:654� 0:135

1+ 230 TIP5P 0:679� 0:136

DQ-MP4 1+ 76 TIP5P 0:555� 0:135

SDQ-MP4 1+ 46 CHELPG 0:499� 0:253

1+ 46 TIP5P 0:514� 0:135

1+ 76 TIP5P 0:563� 0:133

1+ 175 TIP5P 0:647� 0:134

CCD 1+76 TIP5P 0:557� 0:134

Each entry is an average of 50 QM calculations using un-

correlated structures of the MC simulation. Values shown are

the gas-to-liquid dipole change hDli � r, where r is the

standard deviation.

Table 3

Calculated change in dipole moment (D) using second-order MP2 and density functional methods

System 1 water + Radius (�AA) Method Basis set

6-31++G(d,p) aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVQZ

46 CHELPG 6.75 MP2 0:296� 0:191 0:503� 0:257 0:526� 0:274 0:529� 0:283

46 TIP5P 6.75 MP2 0:313� 0:103 0:519� 0:136 0:533� 0:140 0:539� 0:142

76 TIP5P 7.95 MP2 0:348� 0:102 0:569� 0:135 0:586� 0:139 0:592� 0:142

120 TIP5P 9.25 MP2 0:383� 0:101 0:618� 0:133 0:639� 0:138 0:646� 0:142

175 TIP5P 10.50 MP2 0:432� 0:103 0:654� 0:135 0:676� 0:140 0:684� 0:142

230 TIP5P 11.50 MP2 0:425� 0:104 0:679� 0:136 0:702� 0:141 0:710� 0:142

230 TIP5P 11.50 B3PW91 0:518� 0:105 0:684� 0:137 0:702� 0:141 0:711� 0:142

Each entry is an average of 50 QM calculations using uncorrelated structures of the MC simulation. Values shown are the gas-to-

liquid dipole change hDli � r, where r is the standard deviation.
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TIP5P model that leads to a dipole moment in-

crease of 0:710� 0:142 D, representing a total

dipole moment of liquid water of 2.567 D.

3.2. Extrapolation and statistical convergence

The sampling of configurations from statistical

simulations is crucial for the efficiency of QM/MM

methods. Instead of performing quantum me-

chanical calculations on all the configurations

generated by the MC simulation, we use the in-

terval of statistical correlation, to select configu-

rations that give relevant statistical information.

We have shown previously that the average over
all successive configurations generated in the MC

simulation, gives the same result as averaging over

only a few statistically uncorrelated configurations

[28]. This very efficient way to sample configura-

tions gives statistically converged results. This is

one of the advantages of the sequential procedure

of the S-MC/QM, in that all the important MC

statistical information are available before running
into the QM calculations. As in previous works

[11,22,28–30] we calculate the auto-correlation

function of the energy. Here we select one config-

uration in each 9� 105 MC steps and use them to

perform QM calculations. This assures that the

structures used in the quantum mechanical calcu-

lations are statistically relevant and converged

values are obtained, as it will be demonstrated
below. As the total number of MC steps in the

simulation was 45� 106, the averages, including

the quantum mechanical calculations, are then

taken over 50 uncorrelated configurations, as dis-

cussed before.

As each entry in the Tables 2 and 3 is the result

of an average over 50 quantum mechanical cal-

culations on the structures sampled from the MC
simulation, it is of great importance to analyze the

statistical convergence. Using the MP2/aug-cc-

pVQZ in the 1+ 175 TIP5P model as an example,

we obtained an average dipole moment of

2:541� 0:142 D (induced dipole of 0:684� 0:142
D). Fig. 1 shows the histogram of these calculated

values. Note that 68% of the calculated dipoles are

within the range of 2.40 and 2.68 D, corresponding
to the limits of hDli � r. Using the histogram data

we convoluted a gaussian curve using Eq. (1),

DðxÞ ¼
exp 
 ðx
 lÞ2=2r2

h i
ffiffiffiffiffiffiffiffiffiffi
2pr2

p ð1Þ

and the calculated average value l ¼ 2:541 D and

the standard deviation r ¼ 0:142 D. Note that this
is not a best-fit but a two-parameter (l and r)
gaussian function. The results in Fig. 1 show the

excellent distribution of the calculated data points.

In complement, Fig. 2 shows the systematic con-

vergence of our best result obtained now with the

MP2/aug-cc-pVQZ in the 1+ 230 TIP5P result. As

Fig. 1. Histogram of the calculated dipole moments using

MP2/aug-cc-pVQZ and the 1+ 175 TIP5P structures obtained

from the MC simulation.

Fig. 2. Convergence of the calculated dipole moment. Illus-

tration is for the MP2/aug-cc-pVQZ using the 1+ 230 TIP5P

structures. Error bar represents the statistical error.
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can be seen, the convergence is very fast and the

use of only 35 configurations is sufficient to give

statistically converged result. This is a consequence

of the efficient sampling procedure [11,28,30] and

similar convergence has been obtained in other
previous applications [11,22,28–30]. Fig. 2 also

shows that even using this efficient sampling

technique the use of only 20 configurations does

not lead to a converged result. Tu and Laaksonen

[12] have recently used both a cluster model and a

molecular dynamics approach to estimate the di-

pole moment of water in the liquid state at room

temperature. The results from the combined mo-
lecular dynamics using TIP3P potential and MP2

with large basis set calculations using an average

of 20 configurations is 2.65 D, corresponding to an

induced moment of 0.77 D. Note that with the

same number of configurations we obtained a

similar result (Fig. 2). Increasing the number of

configurations to the convergence limit decreases

this value slightly.
The results of Table 3 indicate that there is a

large polarization in liquid water with molecules as

far as 10 �AA still affecting the calculated dipole. We

now focus in the change of the MP2/aug-cc-pVQZ

results with the number of polarizing molecules. In

the largest system, 1 + 230 TIP5P model, the cal-

culated induced dipole value is 0.710 D which is

0.026 D larger than in the preceding 1+ 175 TIP5P
model. This increase in value is only slightly larger

than the calculated statistical error of 0.020 D.

Extrapolating the results to the bulk (Fig. 3) yields

a value of 0.74 D, which is now our best estimate

corresponding to a statistically converged result

for the dipole moment of liquid water of

2:60� 0:14 D.

3.3. Quadrupole and octapole moments

Table 4 shows the calculated results for the

changes in the quadrupole and octapole moments

using the MP2/ aug-cc-pVQZ method. As before,

the multipole moments are calculated for the

central water molecule surrounded by TIP5P

charges using the configurations generated by the
MC simulation. Contrary to the case of the dipole

moment we find a reasonably fast convergence of

the quadrupole moment. The results shown in

Table 4 with the MP2/aug-cc-pVQZ in the 1+ 230

TIP5P model are the same as those obtained with

smaller systems as in the 1+ 176 TIP5P model or

with a smaller basis set as in the MP2/aug-cc-
pVTZ. The results for the quadrupole moments

are in very good agreement with those obtained

previously [12,17]. Quadrupole moments of polar

molecules depend on the choice of origin. We

chose the origin at the center of mass, similar to

Batista et al. [17] but different from Tu and La-

aksonen [12], so our results differ slightly with re-

spect to the component along the C2-axis that
corresponds here to the yy component. In general,

the results are in good agreement among one an-

other. Quadrupole moment is obtained from the

calculated hxxi, hyyi and hzzi values using Qjj ¼
ð3jj
 r2Þ=2. The results are also shown in Table 4.
It is instructive to see the changes in the quadru-

pole moment upon the change of phase gas-to-li-

quid. For comparison, we also show the results of
Batista et al. [17] for the geometry optimized gas

phase water and the experimental gas phase result

[34]. Fig. 4 shows the statistical convergence of the

quadrupole moments of liquid water as calculated

here.

The octapole moments of water have been

considered by Batista et al. [17] to be used in their

multipole studies of ice Ih, but these moments for
liquid water have not been the subject of attention

so we give also in Table 4 the calculated results for

Fig. 3. Extrapolation of the induced dipole moment as a

function of the super-molecular size. Each entry represents an

average of 50 QM calculations. Results are hDli � r.

K. Coutinho et al. / Chemical Physics Letters 369 (2003) 345–353 351



the non-zero components hxxyi, hyzzi and hyyyi
both for the gas and liquid water.

4. Summary and conclusions

From the ab initio and statistical mechanics

analysis presented in this Letter we obtain that the

induction of the dipole moment upon changing

from the gas phase to liquid water at room tem-

perature is 0:74� 0:14 D. This value is predicted
by statistically converged MP2/aug-cc-pVQZ cal-

culations using structures generated by MC sim-

ulation and the TIP5P potential for water. The

influence of other interactions than the coulombic

considered here, has been briefly discussed [12] and

it has been argued that these are small. Another

point to be considered here is the change of ge-

ometry of water in the liquid phase. As hydrogen
bonds are involved it is expected that the OH

distances of the central molecule should slightly

increase. This increase has been estimated previ-

ously [6,10] to be within 0.002 and 0.013 �AA, with
large statistical errors. Slight change in the water

geometry by increasing both OH distances by 0.01
�AA in the MP2/aug-cc-pVDZ level has led to an

increase in the dipole moment by only 0.005 D
(from 1.861 to 1.866 D). Thus the geometry

change will not affect the induced dipole by an

appreciable amount. Considering the standard

deviation, the largest induction calculated here is

of 0.88 D. Hence, we contend that liquid water has

an upper bound for the dipole moment of 2.74 D.

Our best result gives an average dipole moment

value of 2.60 D in excellent agreement with the
value associated to the well-known dielectric con-

stant of water. This gives strong credence to the

increasing consensus that the dipole moment of

Table 4

Calculated quadrupole and octapole moments of liquid water using the 1+ 230 TIP5P model

Quadrupole moment hxxi hyyi hzzi

Liquid (1+ 230 TIP5P) 
4:20� 0:06 
6:48� 0:04 
7:95� 0:06

Gas (TIP5P) )4.42 )6.46 )7.82
Liquid [12] 
4:27� 0:07 
5:94� 0:06 
7:99� 0:06

Gas (TIP3P) [12] )4.55 )6.08 )7.95

hQxxi hQyyi hQzzi
Liquid (1+ 230 TIP5P) 3:01� 0:08 
0:41� 0:07 
2:61� 0:08

Gas (TIP5P) 2.72 )0.34 )2.38
Gas (optimized) [17] 2.61 )0.13 )2.48
Gas (experiment) [34] 2.63 )0.13 )2.50

Octapole moment hxxyi hyzzi hyyyi
Liquid 
1:754� 0:08 
0:554� 0:07 
1:981� 0:20

Gas (TIP5P) )1.325 )0.192 )0.956

Every entry is the average of 50 QM calculations at the MP2/aug-cc-pVQZ. For comparison, the result for isolated (gas) molecule is

also shown. All calculations (except that of [12]) use the origin of the coordinate system at the center of mass of the molecule with the

y-coordinate as the long C2v axis, and the molecule in the xy-plane. Unit is Debye–Angstrom. Also shown is the experimental result of
gas phase and some previous theoretical results.

Fig. 4. Convergence of the calculated quadrupole moment

components using MP2/aug-cc-pVQZ and the 1+230 TIP5P

structures obtained from the MC simulation.
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liquid water at room temperature cannot be as

large as 3.0 D. Changes in the quadrupole and

octapole moments are additionally analyzed and

they also show the effect of the polarization of li-

quid water as compared to gas phase.
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