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We perform molecular dynamics calculations to describe, at the molecular level, the formation of a water bridge
induced by an electric field. Restriction of orientational degrees of freedom (confinement) of water dipoles at the
interfaces leads to a polarizability that depends on the shape of the water system, that is, droplet versus pillar. Above
a threshold field of 1.2 V nm-1, the competition between orientational confinement and electric field leads to the sudden
formation of a water pillar. The formation of a water bridge is marked by a first order discontinuity in the total energy
of the system. The simulations offer a molecular explanation for the threshold voltage and hysteresis behavior observed
in the formation of nanoscale liquid bridges with a force microscope.

Introduction
At ambient pressure and below water saturation, the vicinity

of two surfaces can trigger spontaneous capillary condensation
followed by formation of a water bridge.1 The phenomenon occurs
even at the nanoscopic level between a surface and an atomic
force microscope (AFM) tip,2 where it may change the dynamic
response of the cantilever3 or lead to energy dissipation.4 The
bridge, in equilibrium with the vapor, forms a concave meniscus
of negative mean curvature defined by the Kelvin equation, which
seems to be valid for systems down to menisci of radius of 2-4
nm.5 This is remarkable because lattice gas Monte Carlo
simulations showed that thermal fluctuations set the minimum
width of a stable meniscus to 5 molecular diameters (1.9 nm)
even when the top surface reduces to an atomically sharp tip.6

The similarity of the dimensions implies the validity of the
thermodynamical equation down to the molecular level.

Thermodynamics therefore provides a sound understanding
of the morphology of the bridge. However, its manipulation,
at the nanoscale, can be both challenging and rewarding
because of its practical consequences in the fabrication of
structures and devices such as atomic force microscopy based

nanolithographies.7 For instance, in dip-pen nanolithography,
the meniscus serves as a channel for molecules to flow from
the tip to the substrate, while in local oxidation nanolithography
it confines spatially the anodic oxidation. Electric fields offer
one of the best experimental approaches to control and
manipulate the properties of liquid bridges at the macro-8 and
nanoscale.9Using an AFM setup, Gómez-Monivas et al.
demonstrated that above a critical field strength Eth of 0.7-1.9
V nm-1 water bridge formation is induced electrostatically.10

Considering that the distance between the tip and substrate
is several nanometers, the bridge formation seems to be initiated
by the deformation of the adsorbed water film under the
influence of field-induced polarization.

A significant number of simulations at the continuum level11

and at the molecular scale12–14 of interfacial water, with and
without external electric fields, exists. Molecular dynamics (MD)
simulations of electrowetting of nanosized aqueous droplets on
graphite found a high sensitivity of water contact angles to the
electric field.12 The interplay between an electric field and the
interfacial hydrogen bond network can even turn a hydrophobic
system into hydrophilic.13 A phenomenon hardly taken into
account in continuum approaches.

Here, we provide a description of the interaction of water
molecules with an electric field that eventually results in the
growth of a water bridge/pillar. The calculations show that the
formation of the pillar requires a threshold field of 1.2 V nm-1.
In a simple continuum picture, the growth starts when the
electrostatic pressure overcomes the surface tension. The pressure
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is caused by a variation of permittivity that originates from the
restriction of the rotational degrees of freedom of interfacial
water molecules that, however, conserve the hydrogen bond
network. Our findings are consistent with the experimental
measurements and complement the phenomenological description
provided by macroscopic models.

Methods
We perform molecular dynamics simulations in the NVT-

ensemble using the SPC/E potential for water15 and a modified
version of the Tinker-Program Package.16 We assume that water
is adsorbed on a polar surface, which is simulated by a 3-9
potential. The coefficient of the attractive term is derived from
the Hamaker constant of water on silicon dioxide, 1.1 × 10-19

J, and is 22.6 kcal Å3 mol-1. The repulsive term, 400.0 kcal Å9

mol-1, is chosen to reproduce the contact angle of water on the
same surface, namely, ∼40°. The molecular dynamics were run
at constant temperature from a sample of 1014 water molecules
equilibrated for 500 ps on the planar surface. To minimize water
evaporation, a simple reflecting boundary was enforced. The shake-
up algorithm was used to freeze the internal degrees of freedom
of the molecules. The external electric field interacts with the
point charges of the SPC/E-water model. In order to compare
the field strength to the experimentally applied potential between
an AFM tip and the surface, we used a model based on a planar
capacitor geometry. The surface of the droplet is calculated by
the “rolling ball” algorithm. As the probe radius, we used a value
of 1.4 Å. Molecules that contribute to this surface are considered
as interfacial molecules in further calculations. In order to assign
hydrogen bonds, we used a definition that is based on the relative
geometry between two water molecules and gives reliable results
in simulations.17 This definition requires the oxygen-oxygen
distance to be less than 3.5 Å and the O-H · · ·O angle to be less
than 30°.

Results and Discussion

In our molecular dynamics simulation, the water droplet was
subjected to electric fields in the range between+0.25 and+2.25
V nm-1, with steps of 0.25 V nm-1. As an example, Figure 1
shows three snapshots from the formation of a pillar of molecules
induced by a field of 2.00 V nm-1. The simulation starts from
a configuration (droplet) equilibrated in the absence of the field,
where the average contact angle on a silicon dioxide surface is
40° (Figure 1a). The field perpendicular to the surface polarizes
and distorts the outermost water layer. The drop changes shape
(Figure 1b), and finally a water pillar is formed (Figure 1c). As
a parameter to monitor the change of the drop shape, we use the
size perpendicular to the surface (height), hz ) [(1/N)Σi(zi -
〈z〉)2]1/2, where N is the number of molecules and zi is the
molecule’s distance from the surface. The change of hz as a
function of time for different field strength is shown in Figure
1d. At 2.25, 2.00, 1.75, 1.50, and 1.25 V nm-1, the shape of the
droplet starts to change immediately. In contrast, no tendency
to form a column was observed at 1.0 V nm-1 even at longer
time scales (up to 1.0 ns, data not shown). The kinetics of the
displacement, hz, is sigmoidal in time. This behavior follows
from the presence of limiting factors during the growth process,
such as the tensile strength of water.18

In order to rationalize the threshold behavior, we analyzed the
total energy, Utotal, of the equilibrated system as a function of

the electric field. Figure 2a shows that in the droplet Utotal varies
only slightly, while in the pillar the energy decreases with
increasing field. This first order discontinuity in total energy
renders the droplet metastable once the field is above the threshold
and the pillar is formed. Notice that self-diffusion in these confined
geometries may differ substantially from the behavior in the
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(18) Lugli, F.; Höfinger, S.; Zerbetto, F. J. Am. Chem. Soc. 2005, 127, 8020–

8021.

Figure 1. MD evolution of 1014 SPC/E water molecules in the presence
of an external electric field on a hydrophilic surface. Snapshots from
the simulation at Ez ) 2.0 V nm-1(oxygen, red; hydrogen, white): (a)
equilibrated state without field; (b) 35 ps after switching on the field;
and (c) final equilibrated state (t ) 75 ps). (d) Height increase as a
function of time for six values of the electric field (2.25, 2.0, 1.75, 1.5,
1.25, and 1.0 V nm-1) (lines) and fit to sigmoidal function (dotted lines).

Figure 2. Influence of the field strength on averaged energy components.
(a) Total energy Utotal (squares) and sum of water internal components
(circles, UC, US, Uvdw; see text for details). The threshold field strength
for the transition into the column configuration (open symbols) is indicated
by the dotted line (Eth ) 1.2 V nm-1). (b) Polarization energy UP for
the simulated system (circles) and for unrestricted dipoles following the
Langevin equation (line). The inset represents the continuum model for
the rationalization of the column growth.
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bulk.19 The mobility of individual water molecules remains
roughly constant during the shape transition, which implies a
similar entropic contribution in the two conformations. We
extrapolate the curves for the two shapes to obtain a threshold
field of 1.2 V nm-1, which agrees with the experimental range
of values Eth ) 0.7-1.9 V nm-1.9,10 The inhomogeneous field
decay due to the AFM tip curvature causes the experimental
uncertainty.

In our simulation, the contributions to the total energy come
from four interactions: (i) the electrostatic interaction between
water molecules, UC, (ii) the van der Waals interaction between
water molecules, Uvdw, (iii) the interaction of water molecules
with the hydrophilic surface, US, and (iv) the interaction with the
external field due to polarization of the water molecules, UP )
-Ezµ〈cos Θ〉 , where Θ is the angle between the dipole µ and
the electric field, Ez. The water internal contributions UC and
Uvdw and the interaction with the solid surface US increase during
the shape transition (Figure 2a). The driving force for the shape
transition is the reduced polarization energy UP in the pillar. Its
dependence on the external field can be compared to the Langevin
case, where a single dipole interacts with the field and is only
disturbed by thermal motion, without any other restrictions due
to an intermolecular potential:

UP,L )-Ezµ [coth( µE
kBT)- kBT

µE ] (1)

Using the dipole moment of the SPC/E water molecule, one
obtains a perhaps surprisingly good agreement between eq 1 and
UP in the pillar configuration (Figure 2b, empty circles). Instead,
in the droplet, the polarization of the water dipoles is reduced
(Figure 2b, filled circles) and eq 1 is not fulfilled. We conclude
that the dipole reorientation is strongly restricted in the droplet.

The mechanism of column formation can be rationalized by
a simple continuum picture (see inset of Figure 2b). In an electric
field, a pressure is created between two dielectric materials of
different permittivities. The effect has, for example, been used
to explain surface instabilities in liquid polymer films.20 The
difference of the polarization energies ∆UP of the two configura-
tions corresponds to a change in permittivity. The pressure in the
direction of the external field can be calculated by assuming that
the system behaves as a linear dielectric material:

pE )
1
2

∆εε0E
2 )∆UPn (2)

where n is the number density of liquid water. Extrapolation
of Figure 2b gives, at the threshold field, ∆UP ) 0.67 kcal
mol-1, which corresponds to ∆ε ≈ 27. For the rise of a column
of diameter d, the Laplace pressure due to the surface tension
pγ ) -4γ/d has to be exceeded. At the threshold field, the two
pressures balance one another and Eth can be estimated: Eth )

(8γ/∆εε0d)1/2. Using γ ) 70 J m-2 (Table 1) and d ) 1.9 nm
(s.o.) gives Eth ≈ 1.1 V nm-1, which is consistent with the MD
result.

In the following, we investigate the liquid structure in order
to explain the difference in rotational restriction in the two droplet
conformations. First, we analyze the average number of hydrogen
bonds per water molecule, njHB, as a function of the field strength.
For the averaging, we distinguished between molecules that reside
at one of the two different interfaces or in the interior, bulklike
parts of the droplet. Figure 3 shows that njHB for molecules in
the bulk and at the liquid-gas interface display only minor
fluctuations when the field is increased and even the shape
transition at 1.2 V nm-1 has no effect. Only the few molecules
that are at the interface with the solid surface show a different
behavior. This case is discussed below. The average values are
njHB ) 3.63 ( 0.04 in the interior and nHB ) 2.93 ( 0.04 at the
liquid-gas interface. A similar response has already been
described in studies based on molecular simulations and on
statistical models.21–23 Albeit the absolute values for njHB depend
on the definition of hydrogen bond, also these works show no
significant influence on hydrogen bonding for fields below ∼5
V nm-1.22 Further evidence that the system maintains the
hydrogen bond network comes from the oxygen-hydrogen pair
correlation function. For the droplet and for the column
conformation, it exhibits the characteristic features of the hydrogen
bond network of the SPC model (peaks at 0.18 and 0.34 nm; see
the Supporting Information).

From these findings, we conclude that the first coordination
shell of the water molecules remains nearly undisturbed by the
field and the system fulfills the requirement of conserving the
hydrogen bond network. Over the applied field range, the local
structure can be regarded as more or less tetrahedral with three
to four hydrogen bonds per molecule. The electric field changes
the average orientation of the dipoles with respect to the laboratory
frame and hence leads to polarization; however, in the local
frame of a water molecule, the geometry remains intact. The
collective ordering in the field is not in contradiction with local
tetrahedral coordination. Instead, due to the C2V symmetry of the
molecule, it is even predicted that stronger fields lead to an
increased hydrogen bonding21–23 and finally electrofreezing24 of
the liquid. In conclusion, changes in the liquid structure are not
at the origin of the observed change in restriction of the rotational
degrees of freedom during the pillar formation.

To investigate if the rotational restriction is interface-induced,
we calculated the dipole distribution function for interfacial
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Table 1. Properties of Liquid Water: Values Used by
Gómez-Monivas et al.10 in Their Continuum Model and

Calculated Values for The SPC/E Water Model Used Here

SPC/E
experimental/continuum

model

surface tension γ 64 mJ m-2 73 mJ m-2

density (25 °C) F 0.998 g cm-3 0.995 g cm-3

permittivity ε 68.2 ( 5.8 79.0
Hamaker constant A 11 × 10-20 J m 11 × 10-20 J m
contact angle Θ 40° 0°
evaporation enthalpy ∆VH 11.4 kcal mol-1 10.52 kcal mol-1

Figure 3. Average number of hydrogen bonds per water molecule as
a function of the field strength. Above E ) 1.2 V nm-1, the sample is
in the column conformation.
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molecules. Figure 4 shows the distributions at the water-gas
and water-solid interfaces at zero field. The distribution has a
maximum for the dipoles roughly parallel to the interfaces. In
this preferred alignment, three of the four hydrogen bond
acceptors/donors are oriented toward the bulk and participate in
the hydrogen bond network.25 This rotational restriction leads
to an anisotropic polarizability with respect to the interface normal:
If the field is perpendicular to the interface normal, orientational
polarization is accompanied by a breaking of the hydrogen bond
network.

A combination of the findings of Figures 3 and 4 enables us
to give a molecular interpretation of the threshold effect and the
accompanying electrostatic pressure. In the droplet configuration,
most of the water interface is oriented perpendicular to the field.
As a consequence, also the orientation of the dipoles is restricted
and they cannot align with the field. The polarizability of a system
that cannot react to an electric field is low. At the threshold field,
the outermost dipoles start aligning with the field. The alignment
could weaken the hydrogen bonds with the molecules underneath.
However, the alignment also triggers a domino process that ends
with the formation of the water bridge. In this configuration,
most of the interface is parallel to the field. In this way, the
system fulfills the double requirement of retaining the interfacial
hydrogen bond network and allowing orientational polarization.

An insightful exception to the invariability of the hydrogen
bonding occurs to the few molecules that are at the solid-liquid
interface (see Figure 3). Here, the average number of hydrogen
bonds starts to decrease once the field exceeds the threshold.
Since this interface is constrained to be perpendicular to the
field, the system can no longer fulfill the double requirement of
keeping the hydrogen bond network and allowing orientational
polarization. Above the threshold, the polarization force starts
to prevail over the interfacial hydrogen bonds that wants the
dipoles oriented parallel to the interface. Hence, the average
number of hydrogen bonds decreases (note that during shape
transition also the amount of molecules at the solid-water
interface is reduced considerably).

Regarding the stability of the hydrogen bond network, it is
interesting to consider why the polarizability of the column
conformation is nonetheless well-described by the Langevin
equation (eq 1). Free rotation of a single molecule is hindered
by the hydrogen bonding with its first coordination shell. However,
the system remains in the liquid state, and therefore, the
distribution of dipoles is in thermal equilibrium and governed
by Boltzmann statistics, which ultimately yields the Langevin

formula. For macroscopic dipolar liquids, this methodology is
not applicable, as one neglects, in this way, the long-range
correlations due to dipole-dipole interactions. It has been shown26

that water dipole correlations have a range of around 1.5 nm.
The axial radius of the water pillar is below this range (r ∼ 1.0
nm), and therefore, we suppose that correlation effects are reduced
so that the Langevin equation gives an accurate description of
the dielectric response.

Besides the threshold field strength, at which the column starts
to rise, experiments provide a lower field strength at which the
meniscus breaks.9,10 The effect has a dynamic response as a
function of the field (hysteresis). To investigate the dynamic
response of the water column to a varying field, we performed
a simulation in which the electric field was varied at a rate of
4.0 V nm-1 ns-1. Figure 5a shows the structural displacement
hz for scans with increasing and decreasing field strength. Pillar
formation sets in at 1.3 V nm-1, close to the extrapolated value
for Eth ) 1.2 V nm-1, and the plateau of the pillar height is
reached at 1.7 V nm-1. The reverse scan finds that the collapse
field is substantially lower at 0.9 V nm-1. The calculated
metastability of the column configuration can be related to the
hysteresis effects observed in AFM experiments and continuum
model simulations (Figure 5b).9,10

The present MD simulations are in good qualitative and
quantitative agreement with the experiments. They show that a
water droplet can be manipulated by an electric field to form a
pillar that is similar in appearance to that observed in AFM
experiments.9,10 Two important differences exist between the
present simulations and the experiments. The first is the lack of
the tip in the calculations. The absence in the simulations of a
top surface proves that the field is able to manipulate the liquid
and can therefore exert an action when it forms spontaneously
a meniscus. The influence on the calculated threshold field strength
is negligible, as the exerted dispersion force is orders of magnitude
lower than the electrostatic pressure at typical experimental tip
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Figure 4. Alignment of the water molecules at the drop interfaces at
0 V nm-1 (red, silicon dioxide surface; black, air interface). The angle
Φ is between the dipole moment of a water molecule and the normal
to the surface; see the inset. The distribution is normalized by sin(Φ)
to account for the purely statistical probability.

Figure 5. (a) Simulated hysteresis effects during column formation. The
electric field is varied with 4.0 V nm-1 ns-1; arrows indicate the scan
direction. The height of the nanodroplet in the direction perpendicular
to the surface. (b) Hysteresis values of the bridge formation at a relative
humidity of 30% (adapted from ref 10).
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distances (>5 nm).27 It has been shown that at closer distances
(<4 nm) interactions with local charged surface groups come
into play.28 This is an effect that is neglected in our approach.
The second difference is the existence of an initial drop in the
calculations, while in the experiments condensation occurs from
the air. The presence of the drop can be considered equivalent
to assume a relative humidity above 80% and a wetted surface
or a surface bound water film. However, due to the hydrophilicity
of the surface, a water film can also be expected at lower
humidity.29

A simple explanation of the consistency of the results of the
present calculations and AFM experiments is in the physics
underlying the present model. Table 1 lists a set of macroscopic
parameters derived for this approach and compares them with

the values used by Gómez-Monivas et al.10 in their continuum
model to rationalize the AFM experiments. The similarity of the
values implies that the long-time physical behavior of the
molecular dynamics and the continuum model should be similar.

The molecular dynamics calculations provide an explanation
of the threshold behavior observed in field-induced liquid bridge
formation. The rise of a pillar is induced by an electrostatic
pressure that overcomes surface tension at the critical field
strength. The increased permittivity of the pillar is a consequence
of the interface orientation parallel to the field. In this way, the
molecular dipoles reorient without decreasing the amount of
hydrogen bonds. The predicted threshold field of 1.2 V nm-1

agrees with the experimental values. Furthermore, the simulations
reproduce the hysteresis behavior also observed experimentally.
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