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An Interpretation of the Enhancement of the Water Dipole Moment Due to the Presence of
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The dipole moment of the gas phase water monomer is 1.85 D. When solvated in bulk water, the dipole
moment of an individual water molecule is observed to be enhanced to the much larger value of 2.9 ( 0.6
D. To understand the origin of this dipole moment enhancement, the effective fragment potential (EFP) method
is used to solvate an ab initio water molecule to predict the dipole moments for various cluster sizes. The
dipole moment as a function of cluster size, nH2O, is investigated [for n ) 6–20 (even n), 26, 32, 41, and
50]. Localized charge distributions are used in conjunction with localized molecular orbitals to interpret the
dipole moment enhancement. These calculations suggest that the enhancement of the dipole moment originates
from the decrease of the angle between the dipole vectors of the lone pairs on oxygen as the number of
hydrogen bonds to that oxygen increases. Thus, the decreased angle, and the consequent increase in water
dipole moment, is most likely to occur in environments with a larger number of hydrogen bonds, such as the
center of a cluster of water molecules.
TABLE 1: Predicted MP2 Dipole Moment for the Water
Monomer Using Three Basis Setsa

I. Introduction
Water is arguably the most important liquid and solvent,
especially for biological and biochemical applications. Despite
its broad impact and importance, many properties of water are
not fully understood. One important property is the dipole
moment of water, which has been the subject of many
experimental1–6 and theoretical7–52 investigations. Although the
dipole moment of the water monomer has been experimentally1,2,4–6
and computationally7–9 determined to be 1.85 D, there has been
only one experimental report regarding the dipole moment of a
water molecule in bulk liquid water: Badyal et al.3 employed
x-ray diffraction experimental techniques to determine that the
dipole moment of a solvated water molecule is 2.9 ( 0.6 D.
Many theoretical studies have predicted the dipole moments
of water clusters.9–53 These calculations have employed a variety
of methods, including fully ab initio calculations on relatively
small clusters9 (n ) 1–6), molecular dynamics simulations on
larger clusters using model potentials (n ) 216,13,14 n ) 256,12,15
and n ) 51210), and a mix of quantum mechanical/molecular
mechanical (QM/MM) methods.17–19 Some studies have focused
on the dipole moment of a single water molecule in an ice
lattice.20–23 Each of these studies produces a slightly different
result, with most estimating that the dipole moment of a water
molecule in the bulk falls in the range of 2.5 –3.5 D.
The methods that use model potentials10–15,24 that include a
polarization term generally predict dipole moments more
accurately than those that employ model potentials without
polarization. Potentials that include only point charges and
electrostatics apparently do not accurately predict the dipole
moment enhancement. Dang11 has developed a polarizable
potential and has predicted average dipole moments per water
molecule that closely resemble the MP2 study of Gregory9 et
al. for n ) 1–6. The NCC model developed by Niesar et al.10
adds many-body polarizability to a previously developed
potential and obtains an average dipole moment of 2.8 D per
water molecule in a 512 water molecule cluster.

basis set

no. of basis functions

MP2 dipole (D)

DH (d,p)
aug-cc-pVDZ
aug-cc-pVTZ

25
43
105

2.17
1.88
1.85

a

Computational cost is given in basis functions.

Tu and Laaksonen18 predicted the dipole moment of one ab
initio water molecule solvated by 1–4 water molecules represented by model potentials. The dipole moment of the ab initio
water increased to ∼2.6 D for n ) 4. Molecular dynamics
simulations of 256 water molecules yielded an average value
of 2.65 D for each water molecule within the cluster.
The present work systematically examines the dipole moment
of an ab initio water molecule as a function of the number of
additional water molecules that are represented by a sophisticated model potential. In addition, an analysis of the origin of
the dipole moment enhancement is presented. The computational
methods are presented in section II. Section III presents the
Results and Discussion of the calculations. This is followed in
section IV by a summary and conclusions.
II. Computational Methods
Dipole moments have been calculated by surrounding a
quantum mechanics (QM) water molecule by a cluster of n 1 effective fragment potential54,55 (EFP) waters. An EFP is an
explicit model potential that is based on QM and implemented
in the General Atomic and Molecular Electronic Structure
System56,57 (GAMESS) software suite. The EFP1 method was
originally developed to model liquid water interactions. That
initial implementation was based on Hartree-Fock (HF), with
a goal to reproduce ab initio calculations while requiring
significantly less computational effort.54 This method was later
extended to model water at the DFT level of theory.58 It was
demonstrated in the latter work that a combination of EFP1/
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Figure 1. Sample of minima from each cluster size containing six, eight, and 10 water molecules. The DH (d,p) (aug-cc-pVDZ) [aug-cc-pVTZ]
dipole (in Debye) of the ab initio water molecule within the cluster is given. The global minimum structure found using aug-cc-pVDZ is given on
the left, with two higher energy structures given for each value of n. Relative energy differences (kcal/mol) from the global minimum are given
underneath each structure.

DFT waters with an MP2 substrate provides an efficient and
accurate representation of a full MP2 calculation. An EFP
includes three separate interaction energies: Coulomb, polarization, and exchange repulsion + charge transfer. In each EFP,
Coulomb interaction sites are placed at all atom centers and all
bond midpoints. Polarizability centers are at the centroids of
all LMOs. The DFT-based EFP1 also includes some correlation
effects at short range. Because of the success of the EFP1
model58–61 for water, a more general model called EFP2 has
also been developed.55 EFP2 can be used to generate a model
potential for any species, but EFP2 has not yet been fully
interfaced with QM. The EFP1/DFT method is used in this
paper. The QM water is represented by second order perturbation
theory (MP2).62–65
For the water monomer, MP2 optimizations were performed
using three different basis sets, to assess which basis sets(s)
can accurately predict the gas phase water dipole moment: (i)
the Dunning-Hay basis set with d and p polarization functions
on O and H, respectively [DH(d,p)],66 (ii) the augmented
correlation-consistent double-ζ basis set (aug-cc-pVDZ),67,68 and
(iii) the corresponding triple-ζ basis set (aug-cc-pVTZ).67,68

The general approach used here is similar to that employed
by Tu and Laaksonen.18,19 For clusters containing n water
molecules, with n g 1, n - 1 waters are represented by EFPs,
while the remaining water is described by MP2 with one of the
aforementioned basis sets. A Metropolis-based Monte Carlo
(MC)69 method was used in conjunction with simulated annealing70 (SA) to study clusters that contain up to 50 water
molecules. For 6–20 water molecules, the MP2 water molecule
is described using the DH(d,p), aug-cc-pVDZ, and aug-cc-pVTZ
basis sets. MC sampling on clusters containing 26, 32, 41, and
50 water molecules employed only the DH (d,p) basis. Dipole
moments are predicted for the final structures using the larger
basis sets. The matrix of energy second derivatives (Hessian)
was calculated for each structure to ensure that the structure is
a local minimum on the potential energy surface and to provide
vibrational zero point energies.
To analyze the calculated dipole moments for various water
clusters, the localized charge distribution (LCD)73,74 method was
employed. On the basis of the use of the HF localized molecular
orbitals (LMO),75,76 an LCD is a charge neutral localized system
that contains two electrons and two protons. One can therefore
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Figure 2. Minimum energy structures for n ) 12, 14, and 16 H2O. The same format used for the previous figure is used here.

calculate origin-invariant LCD dipole moments that sum vectorially to the total molecular dipole moment. These LCD
dipoles can then be used to analyze the origin of the dipole
moment enhancement. For the LMO and LCD calculations, the
QM water is represented by HF with the aug-cc-pVTZ basis
set, while the remaining waters are represented by EFPs. The
LMOs were obtained using the Boys75 approach first introduced
by Edmiston and Ruedenberg.76 Once the LCDs are determined,
individual dipole moments for each LCD can be calculated.
Finally, we note that if an entire water cluster were represented
by a particular level of electronic structure theory (e.g., MP2)
in a supermolecule sense, it would be difficult (although not
impossible77) to rigorously separate the electron density of each
water due to delocalization. Because only one quantum water
is present in this work, delocalization effects are not included
here.
III. Results and Discussion
A. Water Monomer. As shown in Table 1, MP2/DH(d,p)
overestimates the monomer dipole moment by approximately
0.3 D, while MP2/aug-cc-pVDZ and MP2/aug-cc-pVTZ predict
monomer dipole moments that are in excellent agreement with
the experimental value.1,2,4–9 Because the aug-cc-pVTZ basis

set is significantly more computationally demanding than the
other two basis sets, the strategy followed here is to perform
geometry optimizations and MC/SA simulations using the two
smaller basis sets, followed by single point calculations with
the largest basis set.
B. Small Clusters Containing 6–20 Water Molecules. Day
et al.78 have previously performed EFP1/HF Monte Carlo
simulations on water clusters (H2O)n, for even n, ranging in
size from 6–20 water molecules. In the present work, the minima
from this previous effort were used to initiate MC/SA simulations.
To sample all possible locations for the ab initio water
molecule, the MP2/DH(d,p) water molecule was placed at each
unique position within the cluster; then, a Monte Carlo simulation was performed. In each case, the lowest energy structure
was retained. Once the lowest energy configuration was found
for each n, the structure was reoptimized using the DH (d,p)
and aug-cc-pVDZ basis sets. Single point energy calculations
using the aug-cc-pVTZ basis set were performed at the MP2/
aug-cc-pVDZ geometries to predict the dipole moment more
accurately.
Example structures and their associated dipole moments for
each value of n are given in Figures 1-3. All figures were
produced using MacMolPlt.79 Energies relative to the global
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Figure 3. Minima for n ) 18 and 20. The same format used for the previous two figures is used here.

TABLE 2: Boltzmann Averaged (H2O)n MP2 Dipole
Moments for n ) 6–20
average dipole
n H2O

DH (d,p)

aug-cc-pVDZ

aug-cc-pVTZ

6
8
10
12
14
16
18
20

2.85
2.91
3.00
2.92
2.93
2.98
2.96
3.11

2.67
2.72
2.87
2.76
2.77
2.82
2.77
2.91

2.54
2.64
2.74
2.70
2.67
2.74
2.67
2.90

minimum are given in kcal/mol. The MP2/DH(d,p) dipole
moment is given followed by the aug-cc-pVDZ dipole moment
in parentheses and the aug-cc-pVTZ dipole moment in square
brackets.
For each value of n, the Boltzmann averaged dipole moment,
shown in Table 2, was determined for T ) 298 K. As noted
above for the water monomer, MP2 with the smaller DH (d,p)
basis set consistently predicts dipole moments that are 0.1–0.2
D larger than those predicted by MP2/aug-cc-pVDZ and
approximately 0.2–0.3 D larger than MP2/aug-cc-pVTZ. The
dipole moment enhancement is apparent even at six waters, for
which the predicted MP2/aug-cc-pVTZ dipole moment is
already 2.54 D, about 0.7 D larger than that predicted for the
water monomer at the same level of theory, and only ∼0.4 D
less than the experimental value for a water molecule in the
bulk environment. This is in good agreement with a previous
ab initio study by Gregory et al.9 in which the MP2 dipole
moment of a single water molecule in water hexamer was
predicted to be 2.7 D. Although the dipole moment fluctuates
a bit as the cluster size grows from 6–20, MP2/aug-cc-pVTZ
predicts a Boltzmann averaged dipole moment of 2.90 D for
20 water molecules, close to the experimental value for a water
molecule in the bulk.

C. Structures Containing 26, 32, 41, and 50 Water
Molecules. Monte Carlo simulations were next performed on
larger clusters, to examine convergence of the predicted dipole
moment. As the cluster size increases, the extent of required
sampling increases, since the number of possible configurations
increases. As before, one water molecule was treated with MP2,
while all the other waters are represented by EFP1/DFT.
Initially, the MP2/DH(d,p) water molecule was placed as close
as possible to the center of the water cluster. Of course, no
constraints were placed on the Monte Carlo simulations, but
experience suggests that dramatic changes in the structure do
not occur. Once a sample of structures was found for each cluster
size, the results were Boltzmann averaged. Relative energies
and sample structures are shown in Figures 4 and 5. The effect
of moving the MP2 water molecule to other regions of the
cluster is discussed in the next subsection.
The most energetically favorable structures for 26 water
molecules are similar to those found for n ) 20, that is, two
planar “sheets” of molecules stacked on top of each other (see
structure 26B in Figure 6). For larger clusters (32, 41, and 50),
the lowest energy structures are spherical as expected for bulk
water, rather than the higher energy stacked planar sheets
(structures 32A, 41A, and 50A in Figure 6). The structures that
have one water molecule solvated by other water molecules
evenly distributed throughout its three dimensional surroundings
are considered to be completely solvated. At n ) 32, the
completely solvated structure (32A) is lower in energy than the
sheet structure (32B), and this trend is followed for n ) 41 and
50. The energy difference between the approximately spherical
structure (global minimum) and the planar sheet structure
increases from 14.3 to 18.1 to 29.1 kcal/mol as n increases from
32 to 41 to 50.
The Boltzmann-averaged dipole moments of an MP2 water
molecule placed approximately at the center of 26, 32, 41, and
50 water molecule clusters are given in Table 3. The Boltzmannaveraged dipole moments for the four values of n are similar to
each other and slightly fluctuate within the experimental error
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Figure 4. Sample of minima for 26 and 32 water molecules. The left-most structure is the global minimum structure, while the two structures to
the right of it are higher energy structures. The oxygen atom of the ab initio water molecule is shaded and larger in size to illustrate where the ab
initio water molecule is located within the cluster. Relative energies (in kcal/mol) and DH (d,p) (aug-cc-pVDZ) [aug-cc-pVTZ] dipoles (in Debye)
are given underneath each structure.

Figure 5. Sample minima for n ) 41 and 50 H2O water molecules. The same format and labeling used in Figure 4 is used here.
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Figure 6. Symmetric structures formed from minima for n ) 26, 32, 41, and 50. These structures involve parallel planes of four water molecules
hydrogen bonded to each other. The four water molecules in each parallel plane hydrogen bond to each other and form the shape of a square.
Relative energies are compared to the lowest energy structure, which is comprised of one central water molecule completely solvated and surrounded
by the rest of the cluster.

bars given by Badyal et al.3 (2.9 ( 0.6). As observed for the
smaller water clusters, MP2/aug-cc-pVTZ predicts a smaller
dipole moment for each cluster size than MP2/DH(d,p), and
using the larger basis set yields dipole moments that are closer
to the experimental value.
D. Origin of the Dipole Moment. To sample the dipole
moment of a single water molecule in various hydrogen-bonding

environments throughout water clusters containing n ) 32 and
41 molecules, an MP2/aug-cc-pVTZ calculation was done at
every EFP position in the global minimum structure for each
value of n. The location of the MP2 water molecule was moved
about the cluster until all positions had been sampled, with the
n - 1 waters represented by EFPs. The Boltzmann-averaged
dipole moments are presented in Table 4. The range presented
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TABLE 3: Boltzmann-Averaged Dipole Moments of All
Structures Found for 32, 41, and 50 Water Molecules, Using
the DH(d,p) and aug-cc-pVTZ Basis Sets and Placing the
MP2 Water at the Approximate Center of the Cluster
average dipole
cluster size

DH (d,p)

aug-cc-pVTZ

26
32
41
50

3.3
3.3
3.5
3.4

3.1
2.9
3.3
3.2

TABLE 4: Boltzmann-Averaged MP2/aug-cc-pVTZ Dipole
Moment (in Debye) for (H2O)32 and (H2O)41a
cluster size

average dipole

max value

min value

32
41

3.1
3.3

3.43
3.37

2.67
2.72

a
The largest dipole moment found in the cluster is given in the
column max value, while the smallest value is listed in the min
value column.

by the minimum and maximum dipole moments (∼0.7 D) is
similar to the experimental uncertainty ((0.6 D).3
Figure 7 presents a graph that depicts the dependence of the
computed dipole moment on the number of hydrogen bonds
formed by the MP2 water as it is moved to various positions in
the global minimum 32-water cluster. In general, the dipole
moment increases as the number of hydrogen bonds increases
up to 4 (in which case the water molecule donates two and
accepts two hydrogen bonds). This suggests that the dipole
moment of a water molecule that is internal in a water cluster
will tend to be larger than the dipole moments of a water
molecule that resides at or near the surface and forms fewer
hydrogen bonds.
Additional analysis shows that hydrogen bonds in which a
lone pair on the MP2 water interacts with EFP OH bonds play
the most significant role in dipole moment enhancement. This
will be referred to in this discussion as a hydrogen bondaccepting arrangement, as opposed to hydrogen bond donating
in which the MP2 OH bond is interacting with lone pairs on
EFP waters. Figure 8 plots the number of hydrogen bond donors
against the predicted dipole moment of each water molecule
within the global minimum structure for n ) 32. It is clear that
the dipole moment is enhanced as the number of donating OH
hydrogen bonds on the MP2 water increases from 1 to 2.
However, the dipole moment is not significantly enhanced when
the number of donating hydrogen bonds increases from 0 to 1.
For the ranges of dipole moments for which the number of
hydrogen bond donors is 1 or 2, the lower half of each range
has one hydrogen bond acceptor, while the upper half corresponds to structures in which the MP2 water lone pairs accept
two hydrogen bonds. Also, note that in the line in Figure 8 that
corresponds to zero MP2 OH hydrogen bond donors, there are
two cases with greatly enhanced dipole moments, ∼2.85 and
2.95 D. In these cases, the participation of the MP2 water in
hydrogen bonding comes from two hydrogen bond acceptors
by the two lone pairs on the MP2 water. This indicates that the
lone pair orbitals on the MP2 water, which participate in
accepting hydrogen bonds, play an important role in the dipole
moment enhancement.
LMOs provide an opportunity to understand the origin of the
dipole moment enhancement in a chemically intuitive manner.
As noted by Pople,80,81 a bond orbital resembles a quadrupole,80
with positive centers (nuclei) at each end and a negative charge
distribution (electrons) in between. Lone pairs, on the other hand,

resemble dipoles, with a positive nucleus at one end and electron
density at the other, giving rise to a charge separation. This
suggests that the water dipole moment will largely arise from
the oxygen lone pairs. This notion can be examined by
decomposing the dipole moment of a water molecule into a
vector sum of the dipole moments that arise from its bond and
lone pair orbitals. Such an analysis is facilitated by using charge
neutral LCDs.73,74 Because LMOs and LCDs are only available
at the HF level of theory, dipole moments in this section are
reported at this level of theory using the aug-cc-pVTZ basis
set. Of course, the HF water dipole moment calculated with a
given atomic basis is larger than that predicted by MP2 with
the same basis set and, therefore, larger than the experimental
value as well. As will be seen below, the HF dipole moment
for a water molecule in an EFP cluster is also higher than the
corresponding MP2 dipole moment. However, the trends
exhibited by the HF dipole moments as the number of EFP water
molecules in the cluster increases are the same as those for an
MP2 water molecule. So, the following analysis is reasonable.
Although this scheme ultimately divides electron density into
LMOs, this is not done until the final step.
Of course, any analysis in which an observable (e.g., water
dipole moment) is divided into nonobservable components (e.g.,
OH bond and lone pair dipole moments) is inherently arbitrary
and cannot be directly verified experimentally. Nonetheless, such
interpretations in terms of commonly used chemical concepts
can be very useful. The OH and lone pair LMO orbitals in an
isolated (HF) water molecule are modified when this HF water
molecule is placed in a cluster of EFP waters, because the
orthogonal linear combinations of atomic orbitals in the HF
water are modified by the field of the EFP waters via the
polarizability term that is iterated to self-consistency within the
HF interations.
Now, consider the water monomer and the global minimum
for the 32-water cluster, examined in terms of LCDs in Table
5. As noted above, although the HF dipole moments in Table
5 are larger than the corresponding MP2 dipole moments,
the trend and the magnitude of the increase in dipole moment
are captured by the HF level of theory. As expected based on
the previous discussion, the largest contribution to the magnitude
of the water monomer dipole moment comes from the two lone
pair LMOs (see Figure 9). There is only a small contribution
from the two O-H bond orbitals and virtually no contribution
from the oxygen inner shell LMO. Because the net dipole
moment is the vector sum of the five contributions (two lone
pairs, two OH bond pairs, and the inner shell) and because the
magnitudes of the lone pair dipole moments are greater than
the net molecular dipole moment, it is clear from the top half
of Table 5 that the OH dipole moments are oriented in the
opposite direction from the lone pair dipole moments and
therefore diminish the net dipole moment. Because the magnitudes of the OH bond dipole moments are rather smaller than
the lone pair dipole moments, the net water monomer dipole
moment is dominated by the lone pair contributions. Nonetheless, the OH bond dipole vectors do play an important
quantitative role in determining the overall dipole moment. The
same is true for the HF water molecule in a 32-water cluster,
discussed in the following paragraphs.
Now, consider the analogous analysis for the “central” (most
fully solvated) water in the global minimum for (H2O)32. The
ab initio water is again represented by HF/aug-cc-pVTZ, while
the remaining water molecules are DFT-based EFPs.
As for the water monomer, the dipole moment for the central
water molecule in (H2O)32 is dominated by the contributions
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Figure 7. Dipole moment of each water molecule was calculated in the global minimum structure for n ) 32. The number of hydrogen bonds for
each molecule is plotted against the dipole moment for the molecule. In general, increasing the number of hydrogen bonds increases the dipole
moment of the molecule.

Figure 8. Number of donating hydrogen bonds of each molecule in the (H2O)32 global minimum is plotted against that molecule’s predicted dipole
moment. Dipole moment enhancement is very large for the two cases where only accepting hydrogen bonds are present.

from the lone pair LMOs (see Table 5). Importantly, the
magnitudes of the lone pair dipole moments do not change
significantly relative to those of the monomer, nor do those of
the bonding LMOs. So, the dipole moment enhancement does
not originate from any significant change of the magnitude of
the LMO dipole moments. Rather, the dipole moment enhancement is driven by changes in the orientation of the lone pair
dipole moments upon solvation. As shown in Table 5, the angle
between these lone pair LMO vectors decreases from 124.6° in
the monomer to ∼117° when solvated by 31 EFPs. This decrease

in the angle between the lone pair dipole vectors, expected in
a highly hydrogen-bonded environment encountered in liquid
or solid water, results in a greater resultant net dipole moment.
Once again, the net molecular dipole moment is smaller in
magnitude than the lone pair dipole moments because of the
opposing OH bond pair dipole moments. Even though the OH
dipole moments are much smaller in magnitude, they again have
a nontrivial attenuating affect. This behavior is also apparent
for n ) 41 and 50, as may be seen in Table 6. The observed
decrease in the angle between the lone pair LMOs arises from
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TABLE 5: Dipole Moments for each LMO for the
Monomer and for the Center-Most Molecule of the Global
Minimum for n ) 32a
orbital no.

orbital type

dipole

lone pair angle

monomer
1
2
3
4
5

core
lp
lp
bonded
bonded

1
2
3
4
5

core
lp
lp
bonded
bonded

0
2.88
2.88
0.39
0.39
1.99

124.6

32 GM
0
3.07
3.12
0.16
0.08
3.3

116.8

a
The first column numbers each LMO. The second column
describes the type of LMO. The next column gives (in Debye)
dipole vector magnitudes and the molecular dipole moment. The
angles between lone pair dipole vectors are given in the last
column.

molecules serves to significantly increase the dipole moment
of the quantum water. Clusters as small as 6–20 water molecules
reproduce the experimentally observed dipole moment enhancement, and clusters with 26, 32, 41, and 50 water molecules agree
with each other and with the experimentally observed dipole
moment in bulk water.
Numerous papers cite polarization18,23,24,32,36,41,42,44,51 due to
the hydrogen bonding in the liquid environment as a reason for
the dipole moment enhancement. Larger induced dipoles have
been proposed to be the result of larger polarization effects due
to hydrogen bonding. The present work has employed a LCD
analysis to illustrate that the dipole moment of both an isolated
water molecule and a water molecule in the presence of a cluster
of EFP waters is derived primarily from the water lone pairs,
attenuated by opposing OH dipole vectors. It then follows that
the enhancement of the dipole moment of a water molecule in
the presence of other water molecules arises primarily from
decreases in the angles between the lone pair dipole vectors.
This angle decrease arises in turn from the increased participation of these lone pairs in hydrogen bonds when a water
molecule is surrounded by other waters. This analysis is based
on an interpretation of an observable (the water dipole moment)
in terms of nonobservable components (OH bond and lone pair
dipole moments). Even though such approaches are difficult to
verify experimentally, such interpretations in terms of commonly
used chemical concepts can be very useful.
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orbital no.
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41 GM
1
2
3
4
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lp
bonded
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1
2
3
4
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3.08
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