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A molecular dynamics study of structural transitions in small water
clusters in the presence of an external electric field
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The present work constitutes a thorough study of the response of a relatively small water cluster
(N532) to external static electric fields in the 0.53107 to 108 V/cm range, atT5200 K. As the
electric field is varied, the system undergoes a phase transition to structures resembling incomplete
nanotubes consisting of stacked squares arranged perpendicularly to the field direction. For further
field increase the system transforms continuously to more open structures, reminiscent of the proton
ordered forms of cubic ice, found also in the liquid. Regarding the dynamic response of the cluster,
this is reflected in a profound way on the nonmonotonic variation of the reorientational decay rates
of the molecular intrinsic axes and of the self-diffusion coefficients along and perpendicular to the
field lines. In general the external field induces a considerable increase of the reorientational decay
rates of all axes, except for the strongest field where the electrofreezing effect is observed.
Reorientational relaxation has been found to obey a stretched exponential behavior of the
Kohlrausch–Williams–Watts-type, where a one-to-one correspondence between theb-exponent
variation with the field, molecular cooperativity, and translational diffusion has been established.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1388545#
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I. INTRODUCTION

Water becomes a more reactive environment when
extent of hydrogen bonding is reduced. A more hydrog
bonded network structure slows reactions due to its increa
viscosity, reduced diffusivity, and the less active participat
of water molecules. The application of external lo
~pressure!,1–9 of electric field,10–24 of ultrasound flow,25 or
the confinement of water thin films between plates or wit
cylindrical pores26,27results in the break-up of the hydroge
bonding network and under certain conditions, the induct
of a phase transition between different water forms. Th
effects remain largely unexplored despite the significa
this knowledge has for understanding the solvation beha
and properties of water in biological systems.

The action of an electric field is through the torque
exerts to a water dipole in an attempt to reorient it along
field direction, thereby resulting in the perturbation of t
molecular positions and the distortion or break-up of
hydrogen-bonding network. The induced dipole moments
well, by strong enough electric fields, can significantly al
the characteristics of the water–water interactions. Molec
dynamics~MD! studies, due to the limited simulation tim
have been unable to produce crystalline forms of water
simply cooling down the liquid, since it becomes trapped
glassy metastable states. Electrofreezing of supercooled
water has become possible in simulations through the a
tance of a strong electric field by Kusaliket al.,11–14 where

a!Electronic mail: avegiri@eie.gr
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highly polarized cubic ice forms or a new quartz-like pol
morph of ice, termed ice XII,14 have been obtained. Th
resultant crystalline structure atT5200 K and for a field
strengthE553107 V/cm has been found to be mechanica
stable even after the removal of the external field. In a s
sequent work, the same authors extended their initial stud
examine several other state points~temperatures and dens
ties of the bulk!,13 where it was concluded that field-induce
crystallization can take place only within a limited range
densities,~0.94–0.96 g/cm3! and certainly not for tempera
tures T>260 K, even for very strong external fields. Th
formation of metastable cubic rather than of hexagonal
which is the usual ice form met in nature, is due to t
diamond-like packing of cubic ice, which can support
ideal parallel alignment of the dipoles.

The application of an external field to bulk water und
ambient conditions by Heinzingeret al.15 did not produce
any observable structural transformation, except for
strongest of the fields (108 V/cm), where a long-range orde
in the oxygen–oxygen radial distribution functions was d
tected. No tendency for crystallization, but an overall e
hancement of the hydrogen-bonding network has been
ported.

A recent simulation on liquid water by Junget al.21 at
T5243 K reported an enhancement of structure regula
analogous to cubic ice under the application of an elec
field in the 1.5 to 23107 V/cm range, whereas at a highe
temperature,T5263 K, a larger field of 53107 V/cm was
5 © 2001 American Institute of Physics
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required for the observation of a structural change. At ro
temperature no changes have been recorded.

Yeh et al.17 have also performed simulations of bulk w
ter under external fields of 5- and 103107 V/cm, where a
transition to an imperfect proton-ordered cubic ice has b
observed only under the strongest field.

Computer simulations of water between conduct
plates have reported a phase transition at a field streng
about 83107 V/cm, which resulted in the destruction of th
middle water layers at the phase transition point and the
construction of a new type of configuration which was d
tinguished predominantly by an interlayer, parallel to t
field hydrogen-bonding network.22

A similar study by Zhuet al.19 concerning dynamica
and structural features of confined water between char
plates, reported the break-up of the hydrogen-bond struc
normal to the field as a result of the dipole alignment.

A restructuring of room temperature water towards a
bic ice-I form, near charged metal surfaces, has been
served by Watts in Ref. 18 under certain charge densi
With field increase, the crystallization of a larger domain, b
not of all of the confined water, towards a strained cubic ic
has been facilitated. The authors reported no substa
damage to the hydrogen-bonding network, which had b
allocated to the system’s ability to adapt to the new con
tions by restructuring.

Electric field effects on confined Stockmayer fluids b
tween charged plates20,24 have also been examined where
pronounced layering~the more pronounced, the lower th
temperature!24 of the particles between the plates has be
recorded.

All these studies leave no doubt that water, either bulk
confined, can crystallize to cubic ice forms at low enou
temperatures (T;250 K) and for fields in the 2 – 10
3107 V/cm range. The strength of these fields is compara
to the average value of the local internal field in conden
water. However, most of these studies have been condu
at scattered electric field values and in a nonsystematic w
regarding the field dependence of the structural transfor
tions that are taking place, the changes imposed on
hydrogen-bonding network, and the evolution of the dyna
cal properties~transport and orientational! of water mol-
ecules.

The present work is a continuation of a previous Mon
Carlo study28 where we had examined the structures and
dependence of static properties such as melting tempera
susceptibility, and heat capacity of a water cluster, on
external uniform electric field, for temperatures in the 9
300 K range. We had found that electric fields of the orde
107 V/cm do not considerably affect the melting temperatu
(Tm;200 K) of a moderate in size cluster (N564), but they
do enhance the molecular reorientational motions. In
present work we change the angle of observation by stick
to a particular temperature and by varying the strength of
electric field instead. Apart from a structural analysis,
mainly concentrate on the dynamical response of the m
ecules under the influence of a wide range of fields. T
organization of the rest of the paper is as follows. In Sec
the details of calculation are presented. In Secs. III and
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we examine the structural and dynamical properties, resp
tively, and Sec. V summarizes and concludes.

II. METHOD OF CALCULATION

We have carried out constant energy molecular dynam
~MD! simulations for a relatively small water cluster (N
532) under several external electric fields in the 0 –
3107 V/cm range. The coupled Newton–Euler equations
motion for rigid bodies are integrated in time. To avoid si
gularities inherent to the Euler angle representation of
reorientations of rigid bodies, we adopted the quatern
formalism.29,30As an integrator we used a variable time ste
and variable order predictor-corrector algorithm as descri
by Shampine and Gordon.31 The accuracy of the integratio
was checked by the conservation of total energy and lin
momentum.

At zero field, a high-energy initial configuration i
slowly cooled down through five consecutive cycles to
temperature of about 200 K, by appropriately scaling
translational and rotational velocities of the particles. T
trajectory is further equilibrated at this temperature for ab
0.5 ns and averages are collected for another 0.5 ns.
subsequent runs under a different electric field, the last c
figuration of the previous run serves as the starting confi
ration for the next one.

The total energy of the system consists of the followi
terms:

U5Upair
w–w1Uw– field1Upol

w– field1U ind
w–w , ~1!

whereUpair
w–w accounts for the pairwise water-water intera

tions. For this purpose the TIP4P32 potential model has bee
employed, which has been found to adequately desc
many liquid water and ice properties not only at ambie
conditions but also in confinement,26,27 at increased
pressure,1,3–5 at supercooled,11,33 or supercritical
conditions.34,35The TIP4P model is adequate for the descr
tion of small cluster properties as well,36,37 and is more sus-
ceptible to nucleation than the SPC/E potential.13

Uw– field is the interaction energy between the perman
charges of water molecules and the external field, and
equal to

Uw– field52(
i 51

N

(
k51

3

qk~r k
i
•E!, ~2!

wherer k
i is the position vector of thekth point charge of the

i th molecule andE is the external field directed along thez
axis.

Upol
w– field is the polarization energy of water molecule

under a uniform external fieldE. It is given as

Upol
w– field52aw

E2

2
, ~3!

whereaw51.44 Å3 is the isotropic polarizability of an iso
lated water molecule.

U ind
w–w describes the induced dipole–permanent cha

interactions between any two water molecules.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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U ind
w–w52(

i , j
Ei j

~1!
•pj

ind , ~4!

whereEi j
(1) is the electric field produced by the permane

chargeqk of the i th water molecule at the oxygen atom
the j th molecule

Ei j
~1!5 (

k51

3
qk

ur0
j 2r k

i u3
•~r0

j 2r k
i !, ~5!

wherer0
j is the position vector of the oxygen atom of thej th

molecule.

pi
ind5awE ~6!

is the dipole moment of thei th molecule induced by the
external electric fieldE.

In this calculation induced dipole–induced dipole inte
action terms have been neglected. Although these terms
proven to be significant in cases where the source of
electric field in the cluster is an embedded ion, the streng
of the uniform electric fields used here are roughly an or
of magnitude less than the electric fields produced by an
at contact distances. As a result, the induced dipole mom
is also an order of magnitude less and the induced dipo
induced dipole energy is two orders of magnitude less.
example, if we consider two water molecules at a cont
distance of about 3 Å and an external uniform electric fiel
of 107 V/cm, then the induced dipole–induced dipole inte
action would amount to about 8.5310217erg, which forT
5200 K would be equal to 0.003kBT. This is a small num-
ber at the background of other approximations in the mo
Of course, simultaneous action of several such terms ac
in the same direction could magnify this effect. However, o
estimations in this example have been made at contact
tances where a limited number of water molecules can
found simultaneously. At larger distances induced dipo
induced dipole interactions fall off as;1/r 3. Correspond-
ingly, if we take the case of a negative ion, the electric fi
produced at the same distance~3 Å! would amount to 16
3107 V/cm, and the induced dipole–induced dipole intera
tion would be equal to 2.2310214erg, or 0.79kBT. Through
these two examples, we have shown that induced dipo
induced dipole interaction terms should be taken into
count in the case of ions as the sources of the electric fi
but they could be neglected for field strengths of the mag
tude considered here.

Temperature is determined from the average kinetic
ergy of the cluster, for all fields it was found to fluctua
evenly about a mean value, indicating cluster equilibrati
Temperatures and their mean square deviations are liste
Table I.

We note that in the water cluster–electric field syste
total angular momentum is not a constant of motion, exc
from the Lz component, which is conserved. Since att50
the cluster is given zero total angular momentum~by assum-
ing zero angular and translational velocities!, Lz remains
zero throughout the calculation, but not theLx and theLy

components, whose time variation depends on the time va
tion of the projection of the total dipole moment of the clu
ter on they- andx axes, respectively. The implications of
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nonzero and nonconserved total angular momentum are
the translational and rotational motions of the individual w
ter molecules are modulated by low frequency compone
in the 3–10 cm21 range depending on the field strength.

III. STRUCTURE AND ORIENTATIONAL ORDERING

It is now well established from calculations that the a
plication of external fields of the order of 108 V/cm on liquid
water results in the crystallization of the medium. Depend
on density, temperature, and field strength, cubic ice for
have been obtained. By examining water clusters, becaus
their less demanding computational effort, we can get a m
precise picture of the structural changes that are induced
the field, as well as the route followed towards crystalliz
tion. The dynamics of this transformation is examined in t
following section.

In Fig. 1 we present oxygen–oxygengOO(R) radial dis-
tribution functions~RDF! for several field strengths. It be
comes immediately obvious that RDFs can be gathered
three distinct groups according to the field strength, imply
in this way that as the field is varied to larger values at le
two structural transitions are taking place, giving rise on
average to three different kinds of structures. Namely,
correlation functions that correspond to the weak-field
gime E50 – 1.03107 V/cm constitute the first group. The
structures that correspond to the intermediate field regi
E51.5– 2.753107 V/cm, give rise to a second distinct grou

TABLE I. Cluster temperature for different electric fields.

E
107 V/cm T/K

0 192.4611
0.5 190.9611
1 201.2612
1.5 210.7614
2 202.6612
3 205.4612
4 216.8613
6 208.8611

10 206.8610

FIG. 1. Oxygen–oxygen radial distribution functions for different elect
fields.R is in atomic units andE in 107 V/cm.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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of correlation functions, different from the first group, as it
manifested by the considerable approach of the sec
neighbors to smaller distances and the lessening of the
ond coordination shell intensities. Finally, the structures t
correspond to fields fromE533107– 108 V/cm ~strong field
regime!, constitute the third group, which is characterized
the further approach and intensity reduction of first-and s
ond neighbors. Specifically, forE5103107 V/cm the sig-
nificant shift of the first coordination shell to 5.0ao~from
about 5.2ao atE50! and the development of multiple wel
shaped undulations that survive up to large distances s
fies the presence of a quite ordered structure, differen
form from those obtained at smaller fields.

The distinction into three individual groups of field
induced structural types is also reproduced in the variatio
the oxygen atom coordination number. As shown in Fig.
each group is characterized by a similar coordination nu
ber, whereas for the third group this quantity decreases
continuous fashion.

A similar distinction can be also applied to the distrib
tion of the angles of the dipole moment vector with resp
to the field direction. The results are presented in Fig. 3 a
function of the field strength. The distributions forE

FIG. 2. Oxygen atom coordination number as a function of the exte
field.

FIG. 3. Distributions of the angles between the dipole moment vector
molecule and the direction of the external electric field, for various fieldsE
is in 107 V/cm.
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50–1.03107 V/cm are nearly symmetric and broad, exten
ing over all the@0–p# angular range, implying a random-lik
distribution of the molecular orientations with respect to t
z axis. However, forE51.53107 V/cm an abrupt change in
the shape of the distribution and in the value of the angle
corresponds to the maximum of this distribution is taki
place, as if a sudden loss of the orientational randomnes
taking place. It is characteristic that for fieldsE>1.5
3107 V/cm all distributions die off at angles larger than 9
deg, which implies that all dipoles are oriented within t
upper half @0–p/2# angular hemisphere. ForE>1.5
3107 V/cm the distributions become more asymmetric w
their maximum intensities displaced to smaller angles a
larger values, as the dipoles progressively acquire a be
defined orientation.

The field impact on dipole alignment is indicate
through the projection of the total dipole moment of the clu
ter on the field axis,Mz , which is plotted in Fig. 4 as a
function of the field strength. It is surprising that for field
E>1.53107 V/cm, the calculated̂Mz& follows the Lange-
vin equation exactly

^Mz&5AFcotanh~aE!2
1

aEG ,
which has been derived according to Boltzmann statistics
a noninteracting dipolar gas.

A5Np0 and a5p0 /kBT,

which, for N532, T5200 K, andp050.865 a.u.~the dipole
moment of a TIP4P water molecule!, are equal to 27.68 and
1365.8 a.u., respectively.

This can be understood if we examine the field dep
dence of the average water–water,UW–W and water–field,
UW–E interactions in the cluster, which are displayed in F
5. For weak fields, theUW–E term is unimportant compare
to UW–W, therefore, the departure from the Langevin beh
ior is justified. The polarization of the cluster is smaller th
that predicted by the Langevin equation, due to the attrac
water–water interactions, which by acting as a drag on
fluctuations of the dipole moment vectors inhibit their n
alignment. At E51.53107 V/cm we observe a jump in
water–water interaction to smaller values as the result of
onset of the molecular dipole alignment and the subsequ

al

a

FIG. 4. Cluster polarization as a function of the external field.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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4179J. Chem. Phys., Vol. 115, No. 9, 1 September 2001 Water clusters in an electric field
repulsion of neighboring dipoles. For stronger fields,
UW–E terms gain progressively in importance compared
the UW–W interactions and the Langevin behavior is esta
lished.

The fact that the discontinuities observed in the variat
of the variables and distributions presented above are du
a structural phase transition is reflected in the total dip
moment fluctuations (^M2&2^M &2) as a function ofE, Fig.
6. Fluctuations become pronounced atE51.53107 V/cm,
leaving no doubt about the appearance of a new phase. F
tuations at 33107 V/cm, however, are within the statistica
accuracy and cannot be taken as an indication of a ph
transition.

Radial distribution functions over all space suit are be
suited for the description of structures that are closer t
spherical shape, like the cluster atE50. Since a cluster in
the presence of a field is expected to depart from the sph

FIG. 5. Water–water (UW–W), water–external field (UW–E), and total en-
ergy (U tot) variation as a function of the electric field.
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cal geometry due to elongation, we have chosen to pre
pair distributions of the water molecules~a! overx–y planes
perpendicular to thez axis, and~b! over x–z planes parallel
to it. The corresponding horizontal,gO–O

H (R) and vertical,
gO–O

V (R) oxygen atom radial distributions are displayed
Figs. 7~a! and ~b! for E50, 1, 1.5, 2, 3, 6, and 10
3107 V/cm. The curves are normalized so that

2pE gOO~R! RdR51.

We have also made estimations of the volume of
cluster, through the computation of the cluster average d
sity in an x–y plane and along thez axis. For all fields
exceptE50, where the cluster is taken as a sphere, the c
ter is assumed to have a cylindrical shape.

Regarding gO–O
H (R), one of the most characteristi

changes with the switching on of the field is the significa
reduction of the intensity of the first shell to almost half of
value atE50. The same behavior is observed forgO–O

V (R)
as well, where the population of the second shell is a
reduced. Thus, the electric field rearranges the neighborh
of a particular molecule so that more free space beco
available in its vicinity. Not only the immediate environmen
but also the volume of the cluster as a whole is increasing
well.

FIG. 6. Polarization fluctuations as a function of the electric field.
FIG. 7. ~a! gO–O
H (R) and ~b! gO–O

V (R) 2D correlation
functions for various electric fields.E is in 107 V/cm.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 8. Representative cluster configurations at~a! E
51.53107 V/cm; ~b! E53.03107 V/cm; and ~c! E
5108 V/cm.
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In the intermediate field regime we observe a back tra
ference of molecules into the first and second shells on
horizontal plane, but a continuing depletion in the vertic
direction. At the same time, the cluster volume starts
creasing.

In the strong-field regime the most dramatic changes
observed ingO–O

H (R) with the transference of molecules
the second shell and the depletion of the first shell. Th
while at E50 the most probable separation of the wa
molecules in thex–y plane is 5.2ao; this distance increas
to 6.7ao forE5103107 V/cm. This can be understood a
the energetic compromise of the cluster to reduce the re
sion of parallel water dipoles, fully aligned along the fie
The build-up of a quasicrystalline phase with a pronoun
long-range order in the cluster to directions along the fi
lines is clearly shown in the inset of Fig. 7~b!. At the same
time, cluster volume starts increasing again.

Which are, however, the new structures that emerge
der the field application? By examining representative sn
shots forE51.5,3, and 103107 V/cm, displayed in Fig. 8,
we can associate the structural phase transition atE51.5
3107 V/cm with the partial nucleation of water molecules
square nanotubes produced by the stacking of two to
square rings at one edge of the cluster along the field di
tion. Although, ice nanotubes consisting of a small num
Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject to A
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of molecules have been found to be energetically more
vorable when the rings are squares,38 the particular molecu-
lar arrangement we observe here is not of the lowest ene
Perhaps a narrow range of temperatures and fields may
where nucleation to a complete square superlattice will
come possible. The structures atE533107 V/cm corre-
spond to the destruction of the nanotube phase, whe
those at E5108 V/cm resemble those of the cubic ice
proton-ordered conformations found in bulk water upon el
trofreezing.

From the evolution of the average cluster configurat
as a function of the field, we can say that a sequence
field-induced transformations~random→partially ordered
→random→ordered! is taking place. Specifically, wea
fields (E<1.03107 V/cm) induce a weakening of the zero
field structure of the cluster. After a certain field value t
cluster takes a quasicrystalline form~nanotubes!, which sur-
vives for a limited range of field strengths (1.53107<E
<2.753107 V/cm). For larger fields this structure is de
stroyed, until at even larger ones (E>63107 V/cm) a new
quasicrystalline phase emerges~cubic ice!. Although the cu-
bic crystalline phase has been routinely observed in sim
tions of supercooled bulk or 2D water confined betwe
plates, the appearance of a nanotube high-energy phase
attribute of the cluster alone and not of the bulk.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 9. ~a! Cluster volume;~b! longitudinal and trans-
verse self-diffusion coefficients.
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IV. DYNAMICS

A. Translational diffusion

In this section we study the anisotropic diffusional m
tion of the molecules in directions along and perpendicula
the field, by means of transverse (Dxy) and longitudinal (Dz)
self-diffusion coefficients, which are calculated from t
long time slope of the appropriate mean square displacem
~MSD! curves according to the Einstein relation

D5
1

n
lim
t→`

^ur i~ t !2r i~0!u2&
t

.

Here,n is equal to 2 and 4 forDz andDxy , respectively.
Molecular diffusion shows a complicated dependence

field which cannot be explained independently of the str
tural transformations that are taking place in the cluster at
same time. On one hand we observe an anisotropic diffu
Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject to A
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along and perpendicular to the field, and on the other, a n
monotonic variation of the diffusion coefficient with th
field. The most interesting effect, however, is that with t
field switched on there is an increase of bothDz and Dxy

diffusion coefficients, which take their maximum values
E51.03107 V/cm. With further field increase they both de
crease, withDxy faster thanDz .

Such a behavior resembles the nonmonotonic dep
dence of viscosity on pressure in liquid water. When press
is applied to a simple liquid, there is an increase in viscos
and decrease in diffusion in a monotonic way. However,
liquid water below 300 K~Ref. 1! the initial application of
pressure results in the increase of the diffusion constant. T
effect has been attributed to the weakening of the hydrog
bonding network, which, however, is compensated for by
increase of density due to the external pressure. Further
plication of pressure to the liquid causes the diffusion co
e
FIG. 10. Longitudinal and transvers
velocity autocorrelation functions for
various electric fields.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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ficient to pass through a maximum and then decrease.
Concerning clusters, however, althoughDxy,z varies in a

similar way with the external field, this behavior is ve
closely related to the variations of the volume of the clus
which as we have already seen first increase for weak fie
then decrease for intermediate fields, and finally start
creasing again for stronger fields. The close correlation of
diffusion constant to the variations of cluster volume
shown in Figs. 9~a! and ~b!. This correspondence break
down for the stronger fields, where the decrease of diffus
is due to cluster crystallization.

Regarding the behavior of the self-diffusion coefficie
under the influence of an external field in bulk water at a
bient conditions, computer simulations with the SPC/E wa
model ~T5300 K andE55 – 203107 V/cm! have shown a
monotonic decrease ofD with increasing field.15 However,
no anisotropy between transverse and longitudinal displa
ments has been detected. In contrast, similar calculations
the TIP4P water model, at lower temperature,T5243 K and
E553107 V/cm in Ref. 21, have shown a pronounced a
isotropy, with theDz coefficients being almost double th
magnitude of theDxy ones. However, no physical explan
tion for this effect has been given.

A microscopic view of the cluster dynamic behavior u
der different electric fields can also be obtained from
longitudinalCV

z (t), and transverseCV
xy(t), to the field com-

ponents of the velocity autocorrelation functions~VAF! of

FIG. 11. ~a! CCE1
1 (t) and ~b! CCE3

1 (t) reorientational correlation functions
for various fields.E is in 107 V/cm.
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the oxygen atoms, which are displayed in Figs. 10~a!–10~f!.
In the weak-field regime no anisotropy in VAF is observe
The curves show an extended negative plateau, which i
be expected in low temperature systems, due to the par
rebound motions from near neighbors. The anisotropy in m
tion becomes evident for fieldsE>1.53107 V/cm, where
the CV

xy(t) component almost loses its negative region b
cause of the disruption of the horizontal hydrogen-bond
network. On the other hand, theCV

z (t) component develops
additional oscillations, due to crystallization, which progre
sively shift to smaller times~larger frequencies!. The ob-
served frequency increase is consistent with the expected
havior of water with strained hydrogen bonds and distor
O–O–Oangles.9 In fact, in the current case with the field
induced structural transformation of the cluster to forms c
sisting of either cubes or squares, the departure of
O–O–O angles from their tetrahedral values is to be e
pected.

B. Axes reorientation

In the following we examine the field effect on the r
orientational relaxation of individual molecules. In this r
spect, we calculate the first-rank rotational autocorrelat
function Ca

1(t) for the three intrinsic molecular axes. W
define as CE1, the axis that is perpendicular to the molec
plane, CE2 the axis that is along the HH direction, and C
the molecular symmetry axis that coincides with the dire
tion of the dipole moment vector. Motion of the dipole ax
is associated with the molecular tumbling motions, wher
motions around the CE1 and CE2 axes has to do with e
tation of both tumbling and spinning molecular motions

Ca
1~ t !5^P1@ êa~t!êa~0!#&,

where êa is a unit vector along the correspondingath axis
~CE1, CE2, CE3! andP1 is the first-order Legendre polyno
mial.

The limiting value of the correlation functions at lon
times is equal to

^ex
a&21^ey

a&21^ez
a&2,

where

^ex
a&5^ey

a&5^ez
a&50, for a5CE1,CE2,

and

^ez
a&5^Mz&/Np0 for a5CE3.

In the absence of electric field,^Mz&50.
The CCE1

1 (t) andCCE3
1 (t) autocorrelation functions as

function of the external field are displayed in Figs. 11~a! and
11~b!. The orientational relaxation of the CE2 axis is th
same as that of CE1 and is not displayed. We have found
the correlation functions are adequately represented not
single but by a stretched exponential of the Kohlrausc
Williams–Watts~KWW! type,39 shown in Fig. 11 as a con
tinuous line.

A exp~2t/t!b1~^Pz&/Np0!2 where ,0,b<1.

The deviation from the KWW function observed in pa
ticular for E50.53107 V/cm is due to the low frequency
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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TABLE II. Stretched exponential fitting parameters of theCCE1
1 (t), CCE2

1 (t), andCCE3
1 (t) autocorrelation functions.

E5107 V/cm

CCE1
1 (t) CCE2

1 (t) CCE3
1 (t)

A t/ps b A t/ps b A t/ps b

0 0.85 30.4 0.77 0.87 40.1 0.91 0.91 53.1 0.75
0.5 0.96 8.9 0.72 1.0 10.2 0.71 0.93 12.4 0.79
1 1.0 19.9 0.56 1.02 19.7 0.63 0.91 30.7 0.61
1.5 0.80 10.2 0.89 0.81 11.6 0.84 0.27 9.3 0.92
2 0.79 22.3 0.93 0.81 25.4 0.86 0.22 26.3 0.91
3 0.77 11.4 0.93 0.81 11.6 0.90 0.12 5.0 0.55
4 0.73 10.2 0.95 0.76 10.9 0.94 0.077 6.1 0.66
6 0.73 14.8 1.0 0.74 16.2 0.99 0.041 13.7 0.72
10 0.84 50.6 0.91 0.84 49.5 1.0 0.026 37.8 0.88
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modulations of the corresponding correlation functions fr
the xy components of the total angular momentum of t
cluster.

It is well known that relaxation phenomena can be re
resented by an empirical KWW law, with the exponentb
lying between 0 and 1.b51 corresponds to a Debye-typ
relaxation process where molecules can relax independe
each other. There has been a great deal of discussion a
whether exponentb has any physical significance at all, as
is central in the coupling model,40,41 or if it is a purely phe-
nomenological parameter.42 For b,1, relaxation of a mac-
roscopic quantity can be interpreted either in terms of a
tribution of relaxation times, which represents the relaxatio
in different static or dynamically fluctuating local environ
ments in the system~b being a measure of the width of th
distribution!, or, in terms of a cooperative nonexponent
motion due to intermolecular interactions~with b being an
indicator of the degree of cooperativity!. This latter variant is
the most prevalent, consistent with experimental results
direct link between the change of the KWW exponent a
the number of molecules that participate in a coopera
rearrangement, as a function of temperature, has been e
lished in Refs. 43 and 44 in a variety of systems.

In Table II we give the stretched exponential fitting p
rameters of theCCE1

1 (t), CCE2
1 (t), andCCE3

1 (t) autocorrela-
tion functions.

The complete dynamical behavior of the cluster is su
marized in Figs. 12~a!–12~c!, where the self-diffusion coef
ficients ~a!, the values of theb exponent~b!, and the reori-
entational relaxation times~c!, are displayed as a function o
the electric field.

In the following, there are a few observations to
made.

First, with the switching on of the field (E50.5
3107 V/cm) there is an abrupt reduction, by almost fo
times, of the reorientational relaxation times for all thr
molecular axes, which acquire nearly equal values. In f
the dynamic picture here is in accord with the structural p
ture derived previously, about the weakening of the mole
lar local environment with the application of the field. Th
reduction in particular of thetCE3 reorientational time of the
dipole axis, namely the increase of the flexibility of the tum
bling motions of the individual molecules, is of great impo
tance since it facilitates the molecular reorientation from r
Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject to A
-

of
out

-
s

l

A
d
e
ab-

-

t,
-
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-

dom orientations atE50, to preferential directions along th
field at EÞ0.

Second, the variation of the reorientational times w
the field is profoundly nonmonotonic. Small values of t
decay times are a rough indication of a disordered local
vironment. In contrast, larger values indicate the existenc
a more stiff and ordered structure. For all fields but the str
gest, at 108 V/cm, all decay rates are faster than for the n
field case, despite the partial ordering observed in the fus
cubes phase.

Third, the variation ofb exponents for the CE1 and CE
axes as a function of the field is quite similar. We observe
initial drop to small values atE51.03107 V/cm and an
abrupt increase to values approaching 1 forE larger than
that. Note that this initial drop ofb is associated with the
increase of translational diffusion@Fig. 12~a!# a fact that
lends support to the scenario that the weakening of the
work at the weak-field regime enhances molecular diffus
and favors the development of cooperative motions. Wh
ever diffusion is enhancedb takes small values, and vic
versa. This constitutes a clear example of coupled tran
tional and orientational relaxations, where orientation
quantities have a chance to relax only by a changing lo
environment. Such a coupling has been observed in su

FIG. 12. ~a! Longitudinal and transverse diffusion coefficients;~b! b expo-
nent; and~c! reorientational relaxation times as a function of the elect
field.
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cooled liquid water,45 and in the motion of probe molecule
in polymer matrices.46 Cooperativity is a prerequisite fo
structural rearrangements. AtE51.03107 V/cm the cluster,
although not significantly polarized, is already considera
elongated. Its average length along thez axis jumps to 41ao
at E51.03107 V/cm, from 25.6ao atE50.53107 V/cm,
whereas its radius in thex–y plane remains unchanged
about 10ao. The transition from nearly spherical to stretc
conformations with the concomitant rearrangements in
hydrogen-bonding pattern should require the cooperation
larger groups of molecules, and this effect is described by
drop in the value of theb exponent.

As seen before@Figs. 4 and 11~b!#, for E>1.53107

V/cm there is an abrupt increase in cluster polarizati
which is the result of the molecular dipole axis flipping fro
random orientations to a distribution of angles less than
deg with respect to thez axis. There is also a progressiv
ordering of the molecular dipoles along the field direction
a head-to-tail fashion. Thus, for these fields the hydrog
bonding network is developing preferentially along thez
axis, with the lateral molecular interactions gradually dim
ished. At the same time the cluster also shrinks along
perpendicular to the field directions. The resultant patt
facilitates molecular spinning rather than molecular tu
bling, and theb exponent corresponding to the reorientatio
of the CE1 and CE2 axes takes values approaching 1, s
fying an near-independence of this kind of motion. Howev
this is not the case for the reorientation of the dipole ax
where cooperativity plays a very crucial role for the achie
ment of dipole alignment.

V. SUMMARY AND CONCLUSIONS

Before ending, we would like to give a summary of th
major processes that are taking place in a water cluster u
the influence of an external electric field. For fields in t
0 – 108 V/cm range, a relatively small water cluster unde
goes a structural phase transition atE51.53107 V/cm which
is related to a partial ordering of water molecules into fus
cubic structures. For fields larger thanE533107 V/cm there
is a collapse of the fused-cubic framework into more op
disordered structures that progressively become pro
ordered cubic forms atE5108 V/cm. Although dipole flip-
ping takes the characteristics of a phase transition, the t
sition to the cubic quasicrystalline phase, which is a
observed in the liquid, occurs in a continuous manner.

Observation of thegOO(R) RDFs, of the evolution of the
oxygen atom coordination number, and of the distribution
the angles between the dipole moment vectors and the
direction as a function of the external field, leaves no do
that the resulting configurations can be classified into th
distinct, well-separated groups, each of them sharing sim
structural characteristics.

Apart from structural transformations, we have also e
amined the dynamic behavior of the cluster at the differ
field regimes, in terms of diffusion coefficients and sing
molecule reorientational times.

In the weak-field regime, a clear synergy between tra
lational and rotational diffusion is observed. With field i
crease, there is an increase in diffusion both in the transv
Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject to A
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and longitudinal directions, a reduction of the orientation
relaxation times, and an increase in cooperativity of tumbl
and spinning molecular motions, which in this way facilitat
the dipole axis flipping process from random directions
directions closer to thez axis. Together, these effects all poi
in the same direction, namely the weakening of the lo
tetrahedral structure in the cluster and the loosening of
cage of the near neighbors. In fact, a net increase in clu
volume has been calculated.

In the intermediate-field regime, the appearance of a p
tially ordered phase results in a sharp decrease of s
diffusion coefficients. The reorientational times, however,
main small compared to theE50 case, probably due to th
nonrigidity of the nanotube conformations. The cubes do
stay very stable, since they are destroyed and reformed
eral times during the simulation time.

Finally, in the strong-field regime, the gradual transiti
to another ordered phase, atE5108 V/cm, is reflected on the
Dz falloff to smaller values. The same is observed in reo
entational decay rates as well. Regarding theb exponent, we
observe a continuing loss of cooperativity in the reorien
tions of the CE1 and CE2 axes~spinning motions!, but an
abrupt increase in the cooperativity of the CE3 axis~tum-
bling motions!. This lack of cooperativity in the molecula
spins is attributed to the severe impairment of the molecu
neighborhood in directions transverse to the field. ForE>3
3107 V/cm, all molecules are transferred at a larger distan
in thex–y plane and the meaning of a lateral hydrogen bo
is lost. In contrast, the cooperativity of the tumbling motio
is strengthened in order to facilitate the transition to t
proton-ordered cubic phase (E5108 V/cm).

As for our main conclusion, an external electric fie
applied to a water cluster can induce significant structu
and dynamic changes in a nonmonotonic way. As is evid
all of these changes can have a profound effect on the r
tivity and solvation capacity of the cluster. The richness
phenomena observed makes this system worth a closer l
Systematic examination of the temperature dependenc
the field-induced phase transitions is the scope of a wor
progress.
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