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Molecular dynamics simulations of water at 298 K and 1 atm of pressure are used to investigate the electric-
field dependence of the density and polarization density of water between two graphite-like plates of different
sizes (9.8× 9.2 and 17.7× 17.2 Å) in an open system for plate separations of 8.0, 9.5, and 16.4 Å. The
interactions with water were tuned to “hard-wall-like” and “normal” C-O hydrophobic potentials. Water
between the larger plates at 16.4 Å separation is layered but is metastable with respect to capillary evaporation
at zero field (Bratko, D.; Curtis, R. A.; Blanch, H. W.; Prausnitz, J. M.J. Chem. Phys.2001, 115, 3873).
Applying a field decreases the density of the water between the plates, in apparent contradiction to
thermodynamic and integral equation theories of bulk fluid electrostriction that ignore surface effects, rendering
them inapplicable to finite-sized films of water between hydrophobic plates. This suggests that the free energy
barrier for evaporation is lowered by the applied field. Water, between “hard-wall-like” plates at narrower
separations of 9.5 Å and less, shows a spontaneous but incomplete evaporation at zero field within the time
scale of our simulation. Evaporation is further enhanced by an electric field. No such evaporation occurs, on
these time scales, for the smaller plates with the “hard-wall-like” potential at a separation of 8.0 Å at zero
field, signaling a crossover in behavior as the plate dimension decreases, but the water density still diminishes
with increasing field strength. These observations could have implications for the behavior of thin films of
water between surfaces in real physical and biological systems.

I. Introduction

A confined liquid has properties very different from those of
the bulk. In small quantities, only a few molecules across, the
discrete nature of matter becomes important and continuum
descriptions are no longer adequate. One manifestation of this
is the molecular layering observed in the classic experiments
of Horn and Israelachvili.2-4 Another is the water occupancy
of nonpolar cavities5 and carbon nanotubes.6-12 In a seminal
paper, Stillinger13 suggested that hydrogen bonding between
water molecules is partially disrupted near a hydrophobic
surface, inducing dewetting. This could lead to the evaporation
of a narrow film of water confined between the plates and has
been the subject of many theoretical14-16 and computational
studies.1,14,17-28 It has been suggested that it may also lead to
attraction between two hydrophobic plates.4,15,20,29

In this paper we discuss molecular dynamics (MD) simula-
tions to study electric-field effects on water between two plates
in an open system. Svischev and Kusalik30 and Xia and
Berkowitz31 have reported electric-field-induced freezing of
water in MD simulations, and Yeh and Berkowitz32 studied the
effect of electric fields on the dielectric constant of water
between plates. They observed no perceptible change in the
density of the water layers confined between two Ag(1,1,1)
plates when a constant electric field of 2.5 V/A was applied.33

Removing one of the plates, to soften the effect of confinement,
produced no significant change in the density of water near the
remaining plate from which an exponentially decaying electric
field emerged.33 Zhu and Robinson34 also studied water between
plates in the presence of an electric field and concluded that
the breakage of hydrogen bonds near the walls was enhanced
by the field because of molecular alignment. These simulations
were carried out in closed systems. Our observations of the
behavior of water between plates in an open system are
strikingly different. We find that an electric field decreases the
density of a narrow film of water several angstroms wide
between plates open to a reservoir. This is the opposite of what
is predicted from the bulk thermodynamics of electrostriction
when surface effects are ignored and, to our knowledge, has
not been reported before.

The thermodynamics of a dielectric bulk fluid open to a
reservoir35-37 and subject to an external electric field predicts
that the change in densityF with the field E is given by35,37

whereP is the polarization density,P is the pressure, andκT

[)(1/F) (∂F/∂P)E,T] is the compressibility of the fluid at a volume
V, a temperatureT, and a chemical potentialµ. The temperature
and chemical potential are identical to those of the reservoir
which is in thermal and chemical equilibrium with the dielectric
fluid. Combining this with the linear constitutive relation
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and integrating it with respect toE, one finds that the relative
change in the density of the fluid is proportional to the square
of the field E

with κT ) κT
0 + O(E2) and ∂ε/∂F ) ∂ε/∂F(0) + O(E2). This

well-known expression for electrostriction, discussed by Kirk-
wood and Oppenheim36 and Frank,35 can also be derived from
a molecular theory38,39and applies only at low electric fields to
the first order inE2. The density changes with the square of the
electric field, and the sign of this change is determined by the
sign of ∂ε/∂F(0). From experimental studies40 of water at 25
°C, ∂ ln ε/∂ ln P ) 4.7× 10-5, whereP is the pressure. Because
∂ε/∂F ) (1/FκT) (∂ε/∂P) and κT is positive, we conclude that
∂ε/∂F(0) is also positive for a macroscopic sample of water at
25 °C and the density should initially increase with the applied
electric field.

In this study, we find just the opposite effect when an electric
field is applied to a narrow water sample between two graphene
plates open to a water reservoir. The field acts only on the water
between the plates. In addition, we observe spontaneous
evaporation of water between large graphene plates at a
separation of 9.5 Å at zero field, when the plate-water
interaction is tuned to be more repulsive than the “normal”
carbon-water interaction. Evaporation is further enhanced by
applying an electric field between the plates. The zero-field
effect disappears for smaller plates, signaling a crossover with
decreasing plate size, but the density depletion with the presence
of an electric field remains.

We note that a statistical mechanical theory of electrostriction
has been developed using integral equation approximations for
the wall-particle (in this case water) correlation function. The
hypernetted chain approximation for the wall-particle closure
also predicts electrostriction proportional to the square of the
electric field, but with a different positive proportionality
constant.41,42Comparison with the thermodynamic theory, after
addition of the bridge diagram ofO(E2) to the wall-particle
correlation functions, leads to a differential equation for the
dielectric constant whose solution is an exact expression for
the dielectric constant43 first proposed by Ramshaw.44 The
integral equation theory, however, is not directly relevant to
the present study because it applies to a dipolar fluid that is
infinitely far away from a charged wall and not to a fluid
between plates at a finite distance apart. In a different sense,
this is also true of the thermodynamic theory of electrostriction
discussed above because surface effects are ignored.

The apparent contradiction with the bulk thermodynamics of
electrostriction suggests that the water between the plates
considered in our study may be at or near a metastable region.
The free energy of water between or near such surfaces in the
absence of an electric field has been discussed theoretically by
Chandler and his group15,45-47 in the context of hydrophobic
solvation and dewetting. The dynamics of water evaporation
between plates has been studied by Lum and Luzar21 and by
Luzar et al.23-25,28

The critical distanceDc below which water between plates
of lateral dimensionL is thermodynamically unstable15,21 is
given by

This could be as large as 1024 nm for infinitely large plates
under ambient conditions, assuming a contact angleθc of 135°.

Here∆γ ) -γ cosθc, γ is the surface tension of the free liquid,
F is the number density of the liquid, and∆µ is the difference
in chemical potentials between liquid and vapor. However, liquid
water can coexist in a metastable state with a surface vapor
film between large hydrophobic plates at much smaller separa-
tions. Lum et al.15 estimate this limit of metastability to be about
5 nm for water between hard walls at room temperature and a
pressure of 1 atm. Grand canonical Monte Carlo (GCMC)
simulations by Bratko et al.,1 at ambient conditions, suggest
that the limit of metastability (spinodal region) over practical
simulation times occurs at separations of 1.27 nm for weakly
attractive hydrocarbon-like plates with about three intervening
water molecule layers when the plate dimensionsL are much
larger than their separation. Smaller plates shift the critical
distance for thermodynamic stability to lower values when the
plate size dominates the denominator in eq 4. Spontaneous
evaporation occurs at plate distances below the metastable
limit.25 This was seen in GCMC simulations22 of water between
hard walls and in MD simulations19 of two hydrophobic
ellipsoidal surfaces immersed in water. More recently,20 the
collapse of ellipsoidal particles induced by dewetting and the
evaporation of water between plates25 have been observed in
MD simulations.

Equation 4 reduces to the Kelvin equationD ∼ 2∆γ/F∆µ in
the limit L f ∞. Dzubiella and Hansen48 have generalized this
to include the effect of an electric field in studying the stability
of charged colloids and find that it suppresses water expulsion.
This is also the opposite of what we observe for water between
plates.

II. Simulation Details

The package DL_POLY49 was used to conduct constant-
pressure and -temperature MD simulations with the Nose´-
Hoover algorithm. Simulations were performed with SPC/E
water50 at pressureP ) 1 bar, temperatureT ) 300 K, and
time step ) 1 fs. Systems of two different sizes were
investigated. The smaller one had 500 water molecules in a
cubical simulation cell that was about 25 Å on each side.
Embedded in this cell, parallel to theX-Y plane and sym-
metrically along theZ axis, were two plates of dimensions 9.8
× 9.2 Å with 45 atoms in a graphene structure. The plate
separationD was 8.0 Å. The larger system had 1372 water
molecules in a cubical cell that was approximately 35 Å on
each side. These plates (Figure 1) of dimensions 17.7× 17.2
Å had 133 atoms in the same graphene structure. Simulations
were carried out at plate separationsD of 8.0 (data not shown),
9.5, and 16.4 Å.

The atoms on the plates interacted with the oxygen atoms in
the water molecules via a Lennard-Jones potential. Two different
sets of parameters for the effective sizeσ and well depthε were
studied. The first hadσ ) 3.283 Å andε ) 0.000 28 kcal/mol.
This mimics a hard wall at the position of each plate because
ε is small, finite, and positive. The second had the sameσ value
with ε ) 0.116 kcal/mol. This potential corresponds to the
standard C-O interaction obtained from the Lorentz-Bertholet
mixing rules applied to carbon atoms in graphite and oxygen
atoms in water, and it is more hydrophilic and less hydrophobic
than the former. We refer to these sets as “hard-wall-like” and
“normal” C-O potentials. In keeping with common usage, both
of these may be termed hydrophobic potentials, but we use them
only in a relative sense. We have also carried out a few
simulations for a soft repulsive potential between the atoms of
the graphene sheet and water in which the attractive dispersion
term in the Lennard-Jones potential is suppressed by setting it
equal to zero.

F(E) - F(0)

F(0)
)

κT
0F(0)
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The region between the plates is thus an open system that is
free to exchange matter and energy with the surrounding bath.
To study the effect of an external electric field on a fluid in an
open system, a uniform field ranging from 0 to 8.68 V/nm was
turned on perpendicular to the plates along theZ axis and acted
only on the water between the plates. To place this in
perspective, we note that a surface charge density of one
electronic charge per 1000 Å2 corresponds to a field of 1.8
V/nm. Periodic boundary conditions were applied with Ewald
sums for the long-range electrostatic interactions. Equilibration
runs were at least 500 ps long, with the time step gradually
increasing from 0.1 to 1 fs. After equilibration, data were
collected for 300-500 ps for each system. Temperature fluctua-
tions were found to have standard deviations of∼4.66 K,
irrespective of the plate-water interaction or the applied field.
Pressure fluctuations were insensitive to the plate-water
interaction but increased with the field strength. The standard
deviations were∼0.3 bar atE ) 0 V/nm and∼1.2 bar atE )
8.68 V/nm. These very large pressure fluctuations can be
attributed to the low compressibility of water.

MD trajectories were saved every 50 steps for further analysis.
Density profiles〈F(z, E)〉 ) 〈N(z, ∆z, t)〉/A∆z were calculated
from histograms of the number of water molecules along theZ
axis, whereN(z, ∆z, t) is the number of water molecules at time
t in a bin of width∆z at positionz along theZ axis andA is the
area of each plate. Similar profiles were calculated for thez
component of the molecular dipole moment,〈µz(z, E)〉 )
〈∑i)1

N(t)µz,i(z, ∆z, t)/N(t)〉, and for the component of the molecu-
lar dipole moment parallel to the plates. The polarization density
was also calculated from〈Pz(z, E)〉 ) 〈∑i)1

N(t)µz,i(z, ∆z, t)〉/A∆z,
which is also equal to〈F(z, t) µz(z, ∆z, t)〉.

III. Results and Discussion

1. Larger Plates of 17.7× 17.2 Å.Figure 2 shows snapshots
of the large equilibrated system with “hard-wall-like” plates at
a separation of 16.4 Å with and without an external electric
field between the plates, along theZ axis. The polarization of
the water by the external field along with a reduction in the

density can be clearly seen. In Figure 3, we plot the number of
water molecules between the plates, averaged over 300-500
ps, as a function of the applied field. The steep drop in this
number when the field strength exceeds∼2.2 V/nm along with
the nearly two-state behavior suggests a liquid-to-vapor-like
phase transition. Density profiles for different field strengths
and plate separations (16.4 and 9.5 Å) are shown in Figure 4.

At zero field, with a plate separation of 16.4 Å (Figure 4a),
the water between the plates is layered with four peaks visible
at densities close to that of the bulk liquid, 1 gm/cm3. Water
on either side of the plates is also perturbed, with two peaks
visible in the density profile on each side. Applying an electric
field to the water between the plates has the unexpected and
dramatic effect of reducing the density between the plates
gradually and then rapidly at fields just beyond 2.17 V/nm. At
this point, the layers next to the plates are more sharply defined,
with merging of the layers in between. At a slightly larger field
strength of 2.82 V/nm, the intervening fluid has a greatly
reduced density, with the layers immediately next to the plates
still well-defined but showing a marked asymmetry, reflecting
the charge asymmetry of the oriented water molecules in the
layers next to the plates. At or near this field strength, the fluid
between the plates is in transition to a lower-density vaporlike
phase accompanied by large density fluctuations, as seen from
the error bars in Figure 3. Long-lived density fluctuations in

Figure 1. Large graphite plate with 133 carbon atoms and dimensions
17.7× 17.2 Å.

Figure 2. Snapshot of the larger system with “hard walls” at zero
field (left) and an electric field ofE ) 4.34 V/nm (right). The field is
directed along theZ axis, as indicated by the arrow. Only water
molecules between or directly above and below the plates are shown
for clarity.

Figure 3. Number of water molecules between the plates as a function
of the applied electric field for the large system for the two potentials
studied. The plates are 16.4 Å apart, and the volume between them is
304.4 Å3.
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confined water have also been observed earlier by Bratko et
al., but in the absence of an electric field.1 The compressibility
of the fluid between the plates, calculated from fluctuations in
the number of water molecules (〈N2〉 - 〈N〉2), shows a maximum
at a field of 2.82 V/nm (Figure 5), resembling a liquid-vapor
phase transition. The water density decreases to about 0.5 gm/
cm3 at a field of 3.47 V/nm, with only a further small decrease
as the field strength increases to 8.68 V/nm. At these high fields,
the water between the plates, which is open to a reservoir,
becomes more vaporlike, and the density remains constant with
increasing field (Figure 3). The water in the region immediately
outside the plates is insensitive to the electric field (Figure 4a).

The fluctuations in the number of water molecules as a
function of time for differing electric fields are illustrated in
Figure 6. At a field of 2.82 V/nm, which coincides with the
observed shift in the average density, the number of water
molecules (dark curve in Figure 6) changes between the average
number observed at low (0.87 V/nm) and high (4.34 V/nm)
fields. Our simulations over equilibrated times of 500 ps are
too short to provide a more detailed picture of the dynamics of
these transitions.

These calculations for water between large plates at a
separation of 16.4 Å were repeated51 using only the repulsive
part of the Lennard-Jones potential between the plate atoms and

the oxygen of the water molecules but with the sameσ andε

as the “normal” C-O potentials. On average, slightly fewer
water molecules were observed between the plates, but the
fluctuations and density depletion in the presence of an electric
field are similar to what we observe for water between plates
with “hard-wall-like” potentials.

When the separation between the plates is reduced to 9.5 Å,
spontaneous evaporation of water between “hard-wall-like”
plates at zero field occurs, which is shown in Figure 4b. The
fluid between the plates is structureless, with a greatly reduced
density of∼0.2 gm/cm3 at this separation. Evaporation of water
between closely spaced hydrophobic surfaces has been reported
earlier in MD19 and Monte Carlo1,22,23,25simulations. The system
in Figure 4b is comparable to the ones studied by Wallqvist
and Berne19 and Huang et al.,20 with plates of similar size and
at the same center-to-center separation. We observe a further
reduction in the density when an electric field is applied between
the plates. To our knowledge, this has not been reported before.

We next consider our simulations of water between plates
with the “normal” C-O potential corresponding to the regular
C-O interaction. Figure 3 shows that the number of water
molecules between the plates again decreases with increasing
field strength, as with the more hydrophobic “hard-wall-like”
plates. However, while the latter had a phase-transition-like
character between liquid- and vaporlike phases, the density
change with the presence of an electric field is less abrupt for
the more attractive and less hydrophobic (“normal” C-O
potential) plates. The density profiles (Figure 7) show that the
water between these plates retains its layering at all fields, with
the density in each layer close to or exceeding the density of
bulk water, 1 gm/cm3. The stronger interaction between the plate
carbons and the water molecules corresponds to a smaller
contact angle than that for the “hard-wall-like” potential. This
prevents field-induced evaporation and leads to more sharply
defined water layers between and immediately outside of the
plates. The water density in the first layers next to the plates
exceeds 3 gm/cm3 at zero field. Correspondingly, the first
minima next to the plates are deep,∼0.5 gm/cm3. At zero field,
the water between the plates exists in four well-defined layers.
With an increasing field strength, the number of layers also
increases; there are five at fields of 2.17 and 4.34 V/nm and
six at the highest field of 8.68 V/nm. As the electric field
increases, an asymmetry develops in the density profile that is
due to the charge asymmetry of the water molecule, as reported
above for “hard-wall-like” plates.

Figure 4. Density profiles for the larger system (1372 water molecules)
with “hard walls” of dimensions 17.7× 17.2 Å at separations of (a)
16.4 Å and (b) 9.5 Å.

Figure 5. Compressibility of water in the region between “hard-wall-
like” plates at 300 K calculated from the particle fluctuations in this
region at a constant volume.

Figure 6. Time dependence of water molecule population in the region
between “hard-wall-like” plates at a separation of 16.4 Å and 300 K at
electric fields of (a) 0.87 V/nm, (b) 2.82 V/nm, and (c) 4.34 V/nm. To
improve the clarity of the figure, the time interval between data points
for parts a and c was chosen as 5 ps, while that for part b was 0.05 ps.
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The polarization density profiles (not shown) of the water
between the plates were seen to be in phase with the density
profiles. Figure 8a shows the polarization density in the middle
layer (z ) 0) between the plates as a function of the field for
both the “normal” C-O and “hard-wall-like” plates. This is
calculated directly in our simulations and compared with the
approximation〈Pz(z, E)〉 ≈ 〈F(z, E)〉〈µz(z, E)〉52 in the same
figure. The two are virtually identical for both types of plates,
showing that the approximation is excellent. The same ap-
proximation holds for a Stockmayer fluid in a closed system in
the presence of an electric field that was shown in studies by
one of us with Lee and Hubbard.52 Figure 8b displays the local
density〈F(z, E)〉 and the averagez component of the molecular
dipole moment of water〈µz〉 in the middle layer, both of which
are used in the above approximation. The density variation with
electric field follows nearly the same trend as that of the total
number of water molecules in the region between the plates
(Figure 3), while thez component of the dipole moment is the
same for both plate types and is well represented by the Debye
theory of ideal dipoles with〈µz〉 ) µL(y), whereL(y) is the
Langevin function andy ) (µ|E|/kBT), in which kB is Boltz-
mann’s constant,T is the temperature in degrees Kelvin, andµ
()2.35 D) is the dipole moment of an SPC/E water molecule.
This behavior was also observed earlier for a Stockmayer fluid
in a closed system.52

The orientational polarization of the water molecules by an
electric field affects their spatial correlation. We investigated
this by calculating the pair correlation function between oxygen
atoms of distinct water molecules in a 1 Åthick layer halfway
between “hard-wall-like” plates at zero field and a field of 4.34
V/nm. Figure 9 shows that the height of the first nearest-
neighbor peak is sharply reduced when a field of 4.34 V/nm is
applied and is accompanied by a wider and enhanced distribution
of molecules at larger distances.

2. Smaller Plates of 9.8× 9.2 Å. Smaller “hard-wall-like”
plates have a qualitatively different effect on the interstitial fluid.
Figure 10 displays the density profiles, averaged over 300 ps,
for the smaller system of 500 water molecules with parallel
plates immersed at a separation of 8.0 Å. These plates have
dimensions of 9.8× 9.2 Å and, have less than one-third the
surface area of the larger plates discussed above. At zero field,
two well-defined water layers are observed between the plates
with a local density of∼1.5 gm/cm3, in contrast to the larger
plates at the same separation, which peak at a density of∼0.1
gm/cm3 (data not shown). The local density of water in the
layers between the smaller “hard-wall-like” plates is thus greater

Figure 7. Density profiles for the larger system (1372 water molecules)
between walls with “normal” C-O potentials. The plates have
dimensions of 17.7× 17.2 Å and are at separations of (a) 16.4 Å and
(b) 9.5 Å.

Figure 8. (a) Polarization densities atz ) 0. (b) DensityF and〈µz〉 in
the middle layer for both wall-particle potentials. Solid symbols refer
to the left ordinate, and open symbols refer to the right ordinate. The
smooth curve in part b is the prediction of the Debye-Langevin
equation for a dipolar fluid in an electric field. Circles apply to the
“hard-wall-like” potential and squares to the “normal” potential.

Figure 9. Pair correlation function of oxygen atoms on water molecules
in the middle layer of thickness, 1 Å between “hard-wall-like” plates
of dimension 17.7× 17.2 Å at zero field and at a field of 4.35 V/nm.

Water between Plates in an Open System J. Phys. Chem. BE



than the water density in the reservoir, unlike the density
lowering due to the spontaneous evaporation of water between
larger plates at a 9.4 Å separation. This signals a crossover as
the plate dimensionL decreases, when the second term in the
denominator of eq 4 becomes dominant, and the critical distance
Dc, at which the intervening fluid is metastable, becomes
smaller. It is like the crossover associated with the formation
of a liquid-vapor interface as the size of a nonpolar solute
increases.46

When an electric field is applied between the plates, we again
see a transition to a vapor phase with an average density of
∼0.3 gm/cm3 and a complete loss of layering. With field
strengths of 0 and 4.34 V/nm, there are on average∼14 and
∼4 water molecules, respectively, between the plates.

IV. Conclusions

We have studied the behavior of thin films of water between
plates of different hydrophobicity by MD simulation, both in
the presence and in the absence of an electric field and at
different plate separations. The contrast between our results and
the bulk thermodynamics prediction36 of an increase in density
of a dipolar fluid with the presence of an electric field in an
open system is striking. The thermodynamic theory treats the
fluid as a continuum dielectric, neglecting boundary effects
associated with the plate-particle interactions at the interfaces.
The increase in density with the presence of an electric field is
commonly described as “electrostriction”. We observe just the
opposite behavior in our simulations; an electric field decreases
the density of a water film between plates and, moreover,
enhances its evaporation, when it occurs, at small plate
separations in the absence of a field. The extent of water
depletion in an electric field depends critically on the plate-
water interaction. A strongly repulsive, or more hydrophobic,
plate-water potential is more effective in expelling water when
an electric field is applied and promotes a sudden drop in the
number of water molecules between the plates at a critical value
of the electric field. This is accompanied by large density
fluctuations and a sharp rise in the compressibility, resembling
a liquid-vapor phase transition. We also observe a crossover
to spontaneous evaporation of water between “hard-wall-like”
hydrophobic plates at zero field as the plate size increases when
their separation is small. This surface-induced evaporation is
further enhanced by an electric field.

These observations are related not only to the special
properties of water, characterized by hydrogen bonding and

dewetting at large hydrophobic surfaces, but also to the
metastability or instability of thin films between finite-sized
plates at separations below the critical distance for thermody-
namic stability.14,15,25This has interesting implications for the
behavior of narrow films of water between surfaces and
membranes in real physical and biological systems.53

Our simulations suggest that the free energy barrier for
capillary evaporation between narrowly separated plates is
reduced by the application of an electric field. A qualitative
explanation of water depletion between such plates, when open
to a reservoir, follows from a consideration of its orientation
polarization in an electric field. At zero field, the average
component of the dipole moment perpendicular to the confining
plates,〈µz〉, and in the middle layers of water between the plates
is also zero. The intervening fluid is polarized as the field
between the plates increases, and at the highest fields investi-
gated here, the water molecules are almost completely oriented
with the field. The mutual repulsion between the water dipoles
in the same layer promotes fluid transfer from the region
between the plates to the surrounding bath. Evaporation is
enhanced when the fluid is metastable and the plate-water
interaction is strongly repulsive. This interpretation is consistent
with our calculations of the “in-plane” distribution functions
of water (Figure 9) near the middle of the fluid film between
large “hard-wall-like” plates.

Water molecules near a hard wall reorient spontaneously to
maximize hydrogen bonding.13,54When this occurs, the preferred
orientation near the wall could be disrupted by an external
electric field and modified by changing the wall-particle
potential to include van der Waals or other interactions. At very
large plate separations, the surface contributions to the ther-
modyanmics of the fluid are less evident, and its behavior
approaches that of a bulk fluid in an electric field. A quantitative
theory of electric field effects on narrowly confined water or
polar fluids between plates that takes into account surface effects
including reorganization and polarization near the interface has
yet to be developed.
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