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a b s t r a c t

The effect of an external electric field on water clusters of the (H2O)n type, with [1 6 n 6 15], in the
ground state was analyzed at the B3LYP/cc-pVTZ level of theory. The calculations showed that an external
electric field changes the number of hydrogen bonds, reduces the cluster sizes and increases the strength
of the inter-cluster hydrogen bonds. The particular symmetry of the cluster and the null dipole moment
in these specific configurations suggest that their stability can be associated with a perfect alignment of
the water molecules, maximizing attractive electrostatic interactions caused by changes in the charge
distribution of the clusters.

Crown Copyright � 2009 Published by Elsevier B.V. All rights reserved.

1. Introduction

Water is essential to all known forms of life. It is a key compo-
nent in determining the quality of our lives. There is a surprising
connection between the quality of water and healthful longevity
[1]. It is necessary for the digestion and absorption of food, helps
to maintain proper muscle tone, supplies oxygen and nutrients to
the cell, etc. [2,3]. Its anomalous properties are responsible for
many studies in the literature [4–17] although several possibilities
remain to be explored.

In order to understand some of the water properties, it is neces-
sary to know its geometry and electronic structure under different
circumstances. Theoretical methods represent an important way to
provide a physical understanding or to accurately predict specific
behaviors where experimental information would be difficult or
even impossible. A simple search in the literature will indicate a
large set of calculations providing useful information about single
water molecules or clusters or even simulations involving hun-
dreds of water monomers in order to provide acceptable informa-
tion to explain experimental observations or tendencies. For
instance, theoretical studies of some properties of water over a
range of temperatures between 5 and 65 �C, investigated by Lin
and Brown [18] using principal component regression (PCR) and
multiline regression (MLR) models, were in excellent correlation
with near-IR spectroscopy showing the susceptibility of the liquid

structure with the temperature and pressure changes. These two
intensive variables can modify the clustering of water molecules
and the respective sizes favor water property changes [18], as intu-
itively expected, resulting in the formation of larger clusters for
lower temperatures.

Harvey et al. [19] predicted the ultraviolet (UV) spectrum of
water clusters using a semi-empirical model developed to provide
representations of excited-state potential-energy surfaces for
(H2O)n, n = 2–6. Each arrangement has its maximum light absorp-
tion at a specific frequency, suggesting that water clusters of differ-
ent sizes present different electronic characteristics.

Theoretical calculations and tunneling spectrometry investiga-
tions of (H2O)n (n = 2–6) cluster sizes, number of hydrogen bonds
and lower energy structures, by researchers from Berkeley–Califor-
nia, showed that these parameters were closely related to some
water properties such as viscosity and surface tension [20–25]. In
2001, high resolution spectra of the vibrational movements of water
trimmers were obtained for the first time for (H2O)3 and (D2O)3

[24,25], revitalizing even more the cluster model for the water struc-
ture. In 1992 the structures, binding energies and cooperative effects
in the water trimer were studied at high levels of theory [17].

In the gas phase, Lee et al. used density functional theory to
study the conformations and the binding energies of water clus-
ters formed by up to 20 molecules. The determination of the most
stable structures became considerably more difficult above six
water molecules and the number of conformations increased dras-
tically with the number of water molecules. Curiously, the most
stable clusters, built by multiples of four water molecules (4, 8,
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12, etc.), presented an extra stability compared to the other
conformations [5]. The authors established a correlation between
the binding energy of the water clusters with the respective sizes,
estimating the binding energy (�11.38 kcal mol�1) in excellent
agreement with the experimental value of the sublimation energy
of ice (�11.35 kcal mol�1).

Some papers agree that the liquid water structure is a mixture
of clusters of various sizes and forms [20–23]. This cluster model
was suggested in 1957 when Frank and Wen [26] described liquid
water as having ice-like structures, to a greater or lesser degree,
determined by the hydrogen bonds that depend on the tempera-
ture and pressure of the system.

The numbers associated with the most stable clusters have been
referred to as magic numbers [5]. The sequence of magic numbers
carries essential information about the electronic and ionic struc-
ture of the cluster and consequently the water properties. Consid-
ering the intrinsic relation between the water properties and the
most stable clusters, a modification of the magic numbers or,
explicitly, the most stable structures may provide new physical–
chemical insights and possibly alternative perspectives of the
structural effect on the electronic properties of water.

A simple way to induce changes in the stability of the clusters
would be through perturbation by a magnetic or electric field.
Some experimental evidence indicates that water in magnetic
fields presents different properties compared to untreated water
[27]. Some authors attribute these alterations to the weakening
or breaking of hydrogen bonds changing the water structure to a
new one or to a new combination of clusters [28,29]. Changes in
solution enthalpy [30], water adsorption on surfaces [31], crystal-
lization and salt precipitations [32,33], irrigation of plants [34–
37], and hydrodynamic effects [38,39] are observed when the
water is submitted to the action of magnetic fields. The many pos-
sibilities for electric field applications have been stimulated by
researchers [40].

In 1962 Zawidzki [41] observed ‘‘ice-whiskers” formation in a
cloud and in an electric field. Others authors, after applying an
electric field in water saw a change in the nucleation temperature
of the ice [42–44]. The electric field can be used to induce the
phase transition of water-in-oil emulsions [45–50] and to deform
water droplets [51,52], to change the adsorption velocity [53,54].

The electric field created by charges [55,56] or external electric
field has been used to study the hydrogen bond [57,58].

The electric field, temperature, pressure or density can cause
fluctuations in the strength or distance of the hydrogen bond
[59]. The weakening or strengthening of the hydrogen bond can
be explained in terms of a high polarizability of the molecular orbi-
tal with respect to the direction of the electric field applied [60].

Batista et al. have found alternatives to reduce the computa-
tional cost and to understand the behavior of water under an elec-
tric field effect [61]. Svishchev and Kusalik [62] applied a
homogeneous electric field to equilibrated liquid water in the pro-
cess of molecular dynamics simulation. They observed the possibil-
ity of obtaining solidified water or ice Jung [63] discovered that
more organized structures can be made in liquid water under very
a strong electric field. Choi [64] observed that the H bond to cluster
(n = 3–5) is weakened. However, research [60,65] shows that the
results depend on the force and direction of the applied electric
field. Thus, the application of an electric field on water molecules
may have several possibilities to be explored. For instance, in bio-
logical systems, the hydrogen bonding network plays a dominant
role in determining the intra-molecular proton transfer [58].

The present work is a preliminary computational experiment
devoted to explore and analyze the theoretical consequences of
the presence of an electric field on the electronic properties of
water clusters of the (H2O)n type, with [1 6 n 6 15], in the ground
state using density functional theory.

2. Computational methods

The calculations were performed at the density functional the-
ory (DFT), which has been shown to be a promising alternative to
describe the structures and the energies of different kinds of
hydrogen-bonded clusters [40,66–70] with Becke’s three-parame-
ter exchange functional and the Lee, Yang, and Parr (B3LYP) gradi-
ent-corrected functional [71,72], which has been shown to provide
important information about structures and energetic of different
hydrogen bond networks in water [40,67,69] and to predict the
ground-state electrical structures, reaction energetic and molecu-
lar geometry [70]. This combined functional has been used in the
literature and is pointed out as particularly accurate in the calcula-
tion of molecular magnetic and electric properties [73,74] and in a
successful application in the study of hydrogen-bonded clusters
using DFT [75–77]. The cc-pVTZ (polarized triple-zeta) basis set
was used for all calculated properties because it produces the few-
est errors [78].

Considering that electric fields can change the geometries and
electronic properties and in view of the large number of possible
geometries for the larger clusters, yielding several minima on a
shallow potential-energy surface and making the location of the
true energy minimum for each cluster extremely difficult, in this
work the water cluster coordinates were kept frozen and were ta-
ken from the literature [75,79]. Therefore this paper will focus
attention only on the electronic changes.

The influence of the external electric field on the ground state
electronic properties was studied using single-point energy calcu-
lations along with water cluster geometries obtained from the lit-
erature [75,79]. The electric field (EF) is defined as uniform and
aligned along the X direction [71,80,81], which is comparable with
most experimental measurements [82]. The influence of the EF
intensity and direction on water clusters was investigated in an
earlier work [82].

In this paper, all the calculations were carried out using Gauss-
ian 03 program [83]. The topological properties of HBs in the water
clusters were characterized using the AIM theory of Bader [84–88].

3. Results and discussion

3.1. Intra- and inter-cluster binding energies

The molecular interaction energy was calculated using the fol-
lowing equation:

DEb ¼ ½EðclusterÞ � nEðmonomerÞ�=n ð1Þ

where DEb is the intra-cluster binding energy for the water mole-
cule of the cluster, n is the number of water molecules of the cluster
and E(monomer) is the energy of the monomer under the same con-
ditions as the clusters.

Since more than two monomers are being considered, the BSSE
method was defined as [80,81,89] (see below equation):

DE0 ¼ EðclusterÞ� E H2Oð1Þ
� �

þE H2Oð2Þ
� �

þ���þE H2OðnÞ
� �n oh i.

n

ð2Þ

where DE0 is the binding energy per water molecule taking into
account the BSSE correction; E(H2O(1)), E(H2O(2))� � �E(H2O(n)) are

Table 1
Vaporization enthalpy and surface tension.

DHvap (kJ mol�1) c (N m�1 � 10�3)

Water [82] 50.86 ± 0.46 72.27 ± 0.37
Magnetized water [82] 68.86 ± 0.49 75.50 ± 0.23
Theoretical [106] 44.12 72.27
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the total energies of individual water molecules in the presence of
all the ghost molecules present in the cluster. These total energies
are calculated individually for each molecule forming the cluster.

The binding energy of the bulk system (intra and inter) was
calculated using Eq. (3), as suggested by Lee et al. [5]:

DE ¼ A=nþ B ð3Þ

The water interaction energy when n ?1 was compared with
the sublimation enthalpy of water at 0 K from the literature,
excluding the zero point energy and corresponds to
�11.3 kcal mol�1 [90]. Table 2 shows the A and B parameters deter-
mined for the clusters studied in this work. The results for DEb and
DE for n ?1 are in Tables 3 and 4, respectively. The B constant in
Eq. (3) corresponds to the binding energy of the bulk system (intra
and inter).

In order to evaluate our theoretical strategy, we performed di-
pole calculations at the MP2/6-311++G(2d,2p) level of theory in
the absence of an electric field and we observed that MP2 results

are in a good agreement with DFT data (Fig. 1). In addition, the re-
sults show that the binding energies calculated by the DFT method
reproduce the experimental data (Table 2) and also theoretical re-
sults predicted by highly correlated calculation, which are compu-
tationally more expensive ab initio methods. It is important to
mention that the structural values and frequencies obtained from
DFT may correspond, on similar systems, to those predicted by
pos-HF methods, such as MP2 method [40,91]. In this way, aiming
at reducing the computational demand, the calculations were car-
ried out at DFT level with cc-pVTZ.

It is observed that, in the absence of an electric field, the binding
energy shows only a small deviation from the experimental result,
demonstrating the reliability of the theoretical methodology. Cal-
culations performed using the methods described above show that
clusters of higher symmetry often possess relatively low energy
[92]. Thus, the symmetric cluster configurations are often of partic-
ular interest. The process of searching the symmetric cluster con-
figurations can be speeded up significantly. Then, to make sure
that our calculations are correct, we selected the cluster geome-
tries from previous papers [75] (see Fig. 2). Herein, we are inter-
ested in the investigation of the hydrogen bond network
rearrangement dynamics due just to electric field effects, which
promise to enhance our understanding of solid and liquid water
behavior. It should be kept in mind that low energy structures
are likely to have higher effective symmetry [92]. Studies devel-
oped by Nelson and co-workers with a model polypeptide rein-
force the importance of the symmetry in biological systems [93].
Thus, in this paper, we addressed this issue.

Table 2
A and B coefficients (Eq. (3)) to calculate the binding energy of a bulk system in the
presence of an external electric field.

Field (a.u.) B (kcal mol�1) A (kcal mol�1)

0.00 �12.2931 18.5934
2.0 � 10�4 �12.3245 18.7189
4.0 � 10�4 �12.3308 18.8005
6.0 � 10�4 �12.3433 18.8883
8.0 � 10�4 �12.3496 18.9762
3.9 � 10�3 �12.4970 20.3380
6.8 � 10�3 �12.6110 21.6110
1.0 � 10�2 �12.7889 23.0174
2.0 � 10�2 �13.1082 26.8857

Table 3
Intra-cluster binding energies for n ?1 calculated at the B3LYP/cc-pVTZ level of
theory at the equilibrium geometry.

Field (a.u.) DE (kcal mol�1)

Experimental [2] �11.300
0.00 �12.293
2.0 � 10�4 �12.324
4.0 � 10�4 �12.330
6.0 � 10�4 �12.343
8.0 � 10�4 �12.349
3.9 � 10�3 �12.497
6.8 � 10�3 �12.611
1.0 � 10�2 �12.788
2.0 � 10�2 �13.108

Table 4
Intra-cluster energies (kcal mol�1) of water molecules in the presence of an external electric field (a.u.) of different intensities.

0.0000 0.0002 0.0004 0.0006 0.00068 0.0039 0.0068 0.0100 0.0200

(H2O)2 �2.89552 �2.86028 �2.80175 �2.74322 �2.6847 �1.7806 �0.9338 �0.0036 2.8868
(H2O)3 �6.17103 �6.17395 �6.17338 �6.17283 �6.17228 �6.1662939 �6.1582 �6.1531 �6.15261
(H2O)4 �7.98339 �7.98797 �7.98814 �7.98833 �7.98853 �7.9944856 �7.9982 �8.0064 �8.04756
(H2O)5 �8.29284 �8.30064 �8.30243 �8.30423 �8.30604 �8.3344596 �8.3652 �8.4007 �8.53078
(H2O)6 �8.85282 �8.87201 �8.88385 �8.89571 �8.90759 �9.0954736 �9.2709 �9.4704 �10.1237
(H2O)7 �9.47237 �9.47760 �9.47116 �9.46473 �9.45831 �9.361286 �9.2679 �9.1682 �8.86513
(H2O)8 �10.4687 �10.4709 �10.4710 �10.4712 �10.4714 �10.473611 �10.474 �10.477 �10.4806
(H2O)9 �10.4375 �10.4458 �10.4479 �10.4500 �10.4521 �10.487602 �10.519 �10.557 �10.6904
(H2O)10 �10.6855 �10.6964 �10.6987 �10.7010 �10.7033 �10.741077 �10.773 �10.811 �10.9331
(H2O)11 �10.3896 �10.3859 �10.3799 �10.3738 �10.3678 �10.278343 �10.195 �10.109 �9.34098
(H2O)12 �11.1233 �11.1383 �11.1384 �11.1386 �11.1389 �11.1462 �11.153 �11.167 �10.3994
(H2O)13 �10.6362 �10.7910 �10.8002 �10.8094 �10.8186 �10.966006 �11.105 �11.2647 �11.8039
(H2O)14 �10.2226 �10.2079 �10.1912 �10.1746 �10.1579 �9.90249 �9.6619 �9.40076 �8.60326
(H2O)15 �11.3319 �11.3209 �11.3078 �11.2948 �11.2817 �11.083144 �10.897 �10.6974 �10.1033
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Fig 1. Dipole moments for water clusters with no applied external electric field at
MP2/6-311++G(2d,2p) and B3LYP/cc-pVTZ levels.
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Table 3 also shows that the increase in magnitude of the field
decreases the intra-cluster binding energy; these results agree well
with other results from the literature [29].

When the electric field is applied, an alteration in the intra-clus-
ter binding energy of the water clusters is observed. Thus, for the
smaller external electric fields a visible variation of cluster stability
was not observed. However, for higher electric field magnitudes a
significant alteration of the intra-cluster binding energy is ob-
served. It should be kept in mind, however, that all water molecule
clusters were sensitive to the electric field employed.

Nowadays, more information has been extracted by observing
alterations of physical properties of water. In addition, some exper-
imental evidences indicate that water in magnetic fields can pres-
ent similar properties compared to water in electric fields [27].
Water treatment by magnetic or electric fields is still a controver-
sial subject, because the available results have low reproducibility
and little consistency, which reinforce the need for studies using
theoretical and experimental techniques.

Recent studies have found that the electric field influences the
physical–chemical properties [94,95] such as surface tension and
vaporization enthalpy. It is well-known that surface tension (c)
and vaporization enthalpy (DHvap) are properties that are corre-
lated with the intermolecular forces [96]. So, changes in these

properties can be related with changes in these forces. The values
for enthalpy and surface tension are reported in Table 1. All mea-
surements were carried out at the same temperature (295 K) and
treatment conditions with the intention to reduce errors. It is
important to mention that the results were submitted to variance
analysis and T-test for validation of the increase tendencies of the
measured parameters.

The results reveal that the surface tension and vaporization en-
thalpy increased when the water was submitted to the electric/
magnetic treatment [97,98]. An increase in these physical–chemi-
cal properties means an increase in the molecular interactions.
However, in light of our rationalization, those hydrogen bonds
(HBs) can be inter- and intra-cluster. If clusters are only present
in the gaseous phase, during the vaporization process many of
the inter- and intra-interactions are broken.

On the other hand, the inter cluster interactions are more
important to the surface tension than the intra. Thus, an increase
of these properties can be related to the increase of the inter clus-
ters interactions.

Whereas the electric field decreases the intra-cluster binding
energy (DEb) for the water molecule of the cluster (Fig. 3), it is ob-
served that the values of surface tension and vaporization enthalpy
increased with the electric field. In fact, that evidence reinforces
the importance of the intermolecular interactions.

Therefore, we may suggest that the electric field weakens the
intra-cluster hydrogen bonds, breaking the larger clusters, forming
smaller clusters with stronger inter-cluster hydrogen bonds, which
is especially noted for clusters with n = 4, 8, 12, . . .. The
competition between the inter- and intra-cluster interactions in
the Fe4(PO4)3(OH)3 system has been reported in the literature
[99]. However, discussions of these two interactions for water have
not been found to date.

3.2. Alterations of physical properties of water

It is clear from Fig. 3 that the electric field decreases the stabil-
ity of each cluster. This means that the external field can cause a
weakening of intra-cluster H bonds and reduce the average num-
ber of hydrogen bonds between water molecules. This shows that
the content of monomer water molecules and dimer water mole-
cules will increase if water is exposed to an electric field. In other
words, larger clusters are broken to form smaller ones.

Thus, our observations are just focused on the strength of the
hydrogen bonds. In line with this observation, a conclusion can
be made that an external electric field can weaken hydrogen bonds

Fig. 2. Equilibrium structures of different clusters water.

Fig. 3. Energy variations in the presence of an external electric field of different
intensities.
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or reduce the mean number of hydrogen bonds. Zhou [29], using
theoretical calculations, suggested that the application of a mag-
netic field favored the breaking of the cluster connections, obtain-
ing smaller clusters with a higher number of neighbors, showing
how the effect of a magnetic field is similar to the electric field.

The binding energy in Fig. 3 and Table 4 show that the clusters
with 4, 8 and 12 water molecules are relatively stable compared to
other water clusters. The stable conformer of the water cluster
tends to form a maximum number of planar three–four member
rings, as already noted by Lee et al. [5,99], who correlated various
properties of water clusters, from 2 to 10 monomers, to their
respective sizes and verified that the dipole moments are zero
for the clusters involving 4 and 8 monomers. The symmetry prop-
erties of the water clusters containing these magic numbers are al-
ways zero indicating a perfect arrangement between the dipoles,
which can be pointed out as being responsible for the greater sta-
bility of these clusters. Hydrogen bonds are usually considered to
be strongly dependent on electrostatic interactions. Considering
this hypothesis, the larger stability of water clusters containing
magic numbers can be related to the predominance of electrostatic
effects over van der Waals or other intermolecular effects. The low-
er stability for those clusters containing magic numbers + 1 also re-
flects the difficulty of stabilization of the electrostatic interaction
because the previous systems distributed the electronic charge
on an uniform way resulting in a null dipole moment.

Fig. 4 shows that the magic numbers have a dipole moment
equal to zero, so the relative stability of the magic number
(n = 4, 8, 12, . . .) can be explained, at the molecular level, as due
to an arrangement between the dipoles, which can be indicated
as responsible for the stability of water clusters. In addition,
Fig. 5 shows that an increase of the electric field decreases the sta-
bility of the magic number, but increases the stability of other
clusters.

In an earlier work [82], we observed that magnetic field in-
crease weakened the intra-cluster bonds, therefore smaller clusters
were formed. Now, we can see that the electric field decreases the
stability of the magic numbers. In other words, the intra-cluster
bonds are being weakened and smaller clusters are being formed.
The cluster of magic number 4 is weakened, so the number 2 clus-
ter has its stability increased, number 8 is also weakened and num-
ber 7 becomes stronger, finally number 12 is also weakened, but
number 11 has an increased stability. Number 16 is known as a

magic number (planar ring) and we see in Fig. 4 that the number
15 has become stronger. Therefore, our results suggest that the
electric field weakened the magic numbers, forming stronger smal-
ler clusters, because the electric field significantly changes the
charge distribution in the water clusters.

3.3. HB intensity of (H2O)n clusters

Theoretically, some methods are commonly used to estimate
the intra- or intermolecular HBs. One of them is the energy assess-
ment, where the HB intensity can be measured by the energy dif-
ferences between polymer and monomers (see Eq. (2)). The other is
the electron density assessment, where the HB intensity can be
used to measure the spatial electron density of the region between
two associated atoms. The former is very efficient if the precise en-
ergy is obtainable. However, for large-size molecules or complexes,
such as those in this work, it is difficult to obtain the precise energy
of a complex. Therefore we used the electron density assessment
instead. The electron distribution of a molecule is an excellent
starting point to gain chemical insight into a molecule or an aggre-
gate of molecules [100]. Among all known electron density meth-
ods, an appealing theory that takes advantage of this observation is
the ‘‘Atoms in Molecules’’ model (AIM) [60], which is based on the
charge density partition of a molecule into atoms in a natural way
by using the concept of gradient path. Integration of properties
over these atomic basins is one of the cornerstones of AIM
[101,102]. For example, hydrogen bonding (both ordinary and exo-
tic) can be confirmed solely from the charge density based on a
handful of criteria, some of which invoke integrated atomic prop-
erties [103]. This is the reason why we have chosen the AIM theory
to study the intra-molecular HBs of the complexes in this work.

In line with that, the bonding characteristics of the clusters
studied have been investigated through the use of the atoms in
molecules (AIM theory of Bader) [60,104]. For this purpose, we
have located the bond critical points, i.e., points where the charge
density function (q(r)) is a minimum along the bond path and
maximum in the other two directions, because, as it has been
shown in the literature [103,105,106] that a fairly good linear cor-
relation exist between the charge densities at the HB bond critical
points and the strength of the linkages. We have also evaluated the
Laplacian of the charge density (r2q(r)).Fig. 4. Dipole moments for water clusters with no applied external electric field.

Fig. 5. Dipole moments for water clusters in the presence of an external electric
field.
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As mentioned before, the AIM approach provides a rigorous pro-
cedure based upon the topology of density q(r) to partition the
molecule into atomic fragments � bound by a zero flux surface
for the gradient vector field of q(r). A crucial element of the theory
is the set of properties of the critical points in q(r), the points lying
between bonded atoms are called bond critical points (BCPs). The
BCP is a minimum of q(r) along the bond path and a maximum
in the interatomic surface. Local properties at BCPs convey valu-
able information about the molecular structure. The former is typ-
ically associated with interactions between closed-shell systems
(ionic bonds, hydrogen bonds, and van der Waals forces), whereas
the latter characterizes covalent bonds, where the electron density
concentrates in the internuclear region. Our study on the electronic
topologies of the (H2O)n (2 6 n 6 15) cluster was concentrated on
the BCPs with positive r2q(r) (r2q(r) > 0). The existence of HB
can be estimated by a BCP with a positive r2q(r) (i.e. r2q(r) > 0)
and an order of magnitude hundredth (i.e. 10�2) of q(r) value [103].

The AIM analysis of its electron density distribution, q(r), was
carried out to investigate the HBs inside the clusters and revealed
a bond critical point (BCP) in all the internuclear region O� � �H.

The results reported in Table 5 and Fig. 6 suggest that the elec-
tric field can indeed generate a weakening of intra-cluster H bonds
decreasing an consequently the stability of each cluster. It is note-
worthy that the highest q(r) value (0.02939), indicating that this
HB was the strongest among the four HBs. For instance, for the
cluster with 15 and 14 molecules the strongest electric field
(0.02 a.u.) is associated with the lowest q(r) value (0.02122), and
the highest q(r) value is correlated to weakest electric field (Table
5).

It is also well-known that both have low q(r) values and long
the bond path length (BPL), imply a weak intermolecular HB. BPL
is regarded as the approximate distance (usually slightly overesti-
mated) of H—Y out of the X–H—Y formation.

It should be kept in mind, however, that the distance among
atoms is kept fixed for each cluster, thus, the strength of the hydro-
gen bond is determined predominantly by the electric field effects.
Hence, the related effect to the BPL is constant and can be ne-
glected along the different electric fields employed. In this way,
by taking the values at the equilibrium position as a function of
the applied field, it is possible to study the continuous variation
of the BCP properties while keeping in all cases the system at its
equilibrium configuration.

Interestingly, the q(r) values put in evidence that the clusters
with 4, 8 and 12 water molecules have hydrogen bonds usually
considered to be relatively stronger when we compare to other
water clusters. That information reinforces our previous findings
using the binding energy per water molecule (DE), which suggest
that clusters of higher symmetry often present higher stability,
which is in good agreement with previous findings. In this line,
the results point out that the stability of the water clusters can
be related with a perfect alignment of the water molecules, maxi-
mizing attractive electrostatic interactions.

4. Conclusion

In this work, the effect of an electric field on water clusters has
been examined. It was shown that an external electric field influ-
ences the number of hydrogen bonds, the water structure, and
the self-diffusion coefficient of the water molecules. The results
suggest that the hydrogen bonds are broken, which increases the
force of the remaining bonds. From our theoretical data, we may
conclude that the competition between different hydrogen bond
networks (intra- and inter-molecular) gives rise to the weakening
of the intra-cluster hydrogen bonds, forming smaller clusters with
stronger inter-cluster hydrogen bonds. Ta
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It is worth noting that the particular cluster with the null dipole
moment suggests that stability can be associated with a perfect
alignment of the water molecules, maximizing attractive electro-
static interactions. When the electric field is applied, it changes
the charge distribution in the clusters, the magic numbers are
weakened and smaller clusters become stronger.
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