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Eﬀect of an external electric field on capillary
filling of water in hydrophilic silica nanochannels†
Nabin Kumar Karna,ab Andres Rojano Crisson,a Enrique Wagemann,a
Jens H. Walthercd and Harvey A. Zambrano *e
Development of functional nanofluidic devices requires understanding the fundamentals of capillary driven flow
in nanochannels. In this context, we conduct molecular dynamics simulations of water capillary imbibition in
silica nanoslits under externally applied electric (E) fields with strengths between 0 and 1 V nm1. For increasing
E-fields, we observe a systematic lowering in the meniscus contact angle and a decrease in the corresponding
water filling rates. These results contrast markedly the classical Washburn–Bosanquet’s equation which predicts
an increase in filling rates for lower water contact angles. Our study provides evidence that the observed
decrease in water filling rates can be attributed to the interplay between two underlying mechanisms,
a reduced fluidity of interfacial water and a systematic alignment of the water molecules in the bulk as a
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response to the particular strength of the applied E-field. Therefore, during water capillary filling a
constant E-field applied in the direction parallel to the water imbibition leads to a lower than expected
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filling rate caused by a viscosity increase in the bulk and an altered solid–liquid friction on the channel
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manipulated for controlling imbibition of polar liquid solutions in nanofluidic devices.

walls. These coupled mechanisms governing capillarity under the action of applied E-fields could be

1 Introduction
Fabrication techniques have evolved dramatically over the last
decade1–3 making possible to build artificial liquid conduits on
length scales comparable to the size of ultra-efficient biological
channels.4 This realization offers new opportunities in the
development of functional multistage microdevices integrated
by nanoscale pores and channels5 which may have tremendous
implications in a number of foreseeable biological,6 chemical7
and technological applications.8 In fact, recent advances in nanofluidics have triggered a number of new high impact technologies
such as high throughput techniques,9 drug delivery10 and
biomolecular analysis.11
Water is an essential material in our everyday life and is the
most used solvent in technological applications.12 Moreover,
water in nanoconfinement plays a key role in the controlled
transport of species through biological cellular membranes,4 in
water desalination systems13 and in novel sensor technologies.14
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Therefore, achieving precise control of water imbibition and
transport in nanoscale structures is crucial to enable the design
of more eﬃcient processes and to develop a new generation of
promising microdevices. Nevertheless, there are a number of
challenges and opportunities associated with controlling water
flow in nanochannels. Several studies have shown that water
in nanoconfined geometries exhibits unexpected behaviors as
compared to those observed in macroscale systems.15–19 For
instance, the presence of interfaces distorts the near H-bond
network of water and as a result of the ultra high surface to
volume ratio inherent to nanoconfinement, altered interfacial
properties greatly influence the static and dynamic behavior of
water in nanochannels.2,20–23 In addition, water molecules are
highly polar and hence, molecular ordering of water within
ultraconfined structures can be altered by exposure to electromagnetic fields.23–25 In this context, a variety of techniques like
direct modification of the surface charge density,26,27 tuning the
solid–liquid interfacial tension by applying electric potentials,28
field effects induced by surface embedded electrodes29,30 and
electric,24,31,32 and magnetic far field effects33 have been used for
manipulation of aqueous solutions in nanoconfinement. Furthermore, recent studies have revealed the significant effect of varying
external applied electric fields on flow control by tuning the
electrical double layer thickness,29,34 the electro-osmotic flow
velocity35–37 and the pressurized water flow rates.38
In the present study, we analyze the eﬀect of an externally
applied electric field on capillary flow of water in hydrophilic silica
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Fig. 1 A snapshot of capillary filling for 7 nm silica nanochannel. The
electric field E is applied in the direction of nanocapillary imbibition.

nanochannels (cf. Fig. 1). It is well established that the driving force
in capillary flow is determined by a balance between the Laplace
pressure39,40 and a drag with variable contributions from inertia and
viscous friction.41,42 Indeed, the Laplace pressure is directly related to
the surface tension acting on the curved interface at the advancing
capillary front whose curvature in turn is dependent on the
surface wettability of the channel walls. Furthermore, wettability is
quantified by measuring the water contact angle which is mainly
determined by the particular strength of the solid–liquid interactions.32,43,44 In previous studies, we reported the relation between
dynamic contact angle, height of nanochannels and capillary filling
flow rates.42,45 Specifically, we found that the initial filling rate
depends upon the particular value of the contact angle made by
the fluid at the entrance of the nanochannel, and is given by:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


2g cos yi
Ui ¼
(1)
rH
where, Ui corresponds to the initial flow velocity and yi is the initial
value of the contact angle made by fluid at the channel entrance.
In capillary filling under the influence of an externally applied
electric field, the meniscus contact angle of the imbibing fluid
can be predicted by the Young–Lipmann (Y–L) equation46,47
cos y ¼

gsg  gsl he0 ejEj2 Di
þ
glg
2glg

(2)

where y is the equilibrium contact angle, D, the thickness of the
solid–liquid interfacial layers, g, the surface tension of the liquid, E,
the applied electric field, e, the dielectric constant of the liquid and
e0, the permittivity of free space. The subscripts l, g and s refer to the
liquid, gas and solid, respectively, and the angular bracket stands for
the average over D. The average interaction between a free dipole (m)
and electric field (E) at temperature T is B|m|2|E|2/(3kBT),47 where kB
represents the Boltzmann’s constant. The Y–L equation indicates
that contact angle depends only on the absolute strength of the
field regardless of its direction. However, deviations from these
predictions have been reported in studies of water contact angles
at hydrophobic surfaces under different electric field strengths at the
nanoscale.47–50 Qualitatively, the Y–L equation indicates lowering of
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contact angle for increasing applied electric field and hence predicts,
at first glance, higher capillary pressure with increase in electric field
strength during imbibition in hydrophilic nanochannels.
Nevertheless, the application of an electric field during the
capillary filling of water in nanochannels could affect not only
the meniscus contact angle49 but also other properties such as
viscosity,51 dielectric constant,52 temperature and surface
tension53 among others38,51 and therefore, it might be challenging to predict the effect of an electric field applied during the
water imbibition process at nanoscale.
In this work, from large scale molecular dynamics simulations
of water imbibition in the presence of an electric field applied in
the direction parallel to the flow, we report the time evolution of the
capillary front position and the instantaneous meniscus contact
angle during the capillary filling of a 7 nm high nanoslit. The
strengths of the electric fields applied to the system range from 0 to
1 V nm1. These field strengths are in the range of those produced
by charged electrodes,54 biological ion channels,55 electric-fielddirected assembly of biomolecules56 and electroporation
processes.57 It should be noted that in experiments the eﬀective
electric field diﬀers significantly from the applied field because
the actual field is lowered by the orientational polarization of
water.49,58 Therefore, in the bulk phase, the exact relation (for
the absolute values of the field) is given by59
E¼

3E0
er þ 2

(3)

where E0 is the applied electric field, and er is the relative
permittivity, defined as the ratio of eﬀective permittivity of the
medium (e) to the absolute permittivity of free space (e0). Moreover, the strength of the electric field used in the present study
are weak enough to avoid decomposition of water molecules.60
In our simulations, the application of an electric field exerts a
force F = qiE at the center of mass of each atom according to the
partial charge qi on each corresponding atom which is discussed
in detail elsewhere.29,49,58 As water molecules are electrically
neutral but highly polarized, the eﬀect of an external electric
field on water is a torque which reorients each molecule in the
direction of the applied field altering the overall hydrogen
bonding network.38,61 Furthermore, under the influence of an
increasing external electric field, water molecules may experience progressive reduction in the degrees of freedom.23,44,62

2 Computational method
To elucidate the eﬀect of externally applied electric fields in
capillary filling of water in hydrophilic silica nanopores, we
conduct a series of all-atom MD simulations using FASTTUBE,
a molecular dynamics simulation package which has widely
been used to investigate fundamental fluid dynamics under
nanoconfinement.29,42,45,63–65 Water molecules are described
using the simple point charge SPC/E model66 and the silica
atoms by the TTAMm model developed by Guissani and Guillot67
which is a modification of the original TTAM model.68 Water–silica
interactions are described using Coulomb and Buckingham
potentials calibrated in our previous study69 wherein the
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experimental value of the water contact angle reported by
Thamdrup et al.70 in studies of capillary filling is used as
criterion to calibrate the potential parameters. For further details
of the potentials used here, we refer readers to Zambrano et al.69
We have chosen the SPC/E water model not only to be consistent
with our previous works,42,45,63,69 but also due to its simplicity
and quantitative agreement with experiments to yield water
reorientation and hydrogen bond dynamics.44,51,71–73 Moreover,
studies have found that the value of the surface tension for the
SPC/E model is in good agreement with experimental results.74

3 Results and discussion
Influence of electric field in wettability
We first study the eﬀect of electric field strength on water
wettability of a silica slab by evaluating the water contact angle
(WCA) on a hydrophilic amorphous silica surface. For this purpose,
we perform simulations of a cylindrical nanodroplet,75 consisting
of 3000 water molecules mounted on a silica slab of 37.92 nm 
2.584 nm  3.5 nm in vacuum using a time step of 2 fs.
To equilibrate the water droplet–silica system, we follow the
methodology described by Zambrano et al.69 and references
therein. Further, we allow a cylindrical water droplet to spread on
a frozen silica slab under different electric field strengths with the
field applied parallel to the solid surface. A Berendsen thermostat76
is connected to the water molecules with a weak coupling constant
of 0.1 ps to maintain a constant temperature of 300 K. We use the
Berendsen heat bath to control the system temperature as this
thermostat may have advantages over other methods used in
nonequilibrium simulations of viscous flow.38,77 The equilibrium
value of water contact angles are obtained as the average value for
snapshots extracted every 50 time steps from trajectories computed
after 5 ns of equilibration.48,49 The values of the water contact
angles on the silica surface in either the absence or presence of
externally applied fields are plotted in Fig. 2. The equilibrium WCA
in absence of electric field is measured to be ca. 201 which is in
accordance with the value previously reported.69 Meanwhile, a
significant decrease in WCA can be observed with increasing
electric field strength, which indicates that the magnitude of the
applied electric field has a strong effect in the final equilibrium
state of the droplet.49,72
Influence of electric field in the bulk viscosity of water
In the present study, we calculate the viscosity of bulk water
using the periodic-perturbation method developed by Hess,78
where the viscosity of liquid water is calculated by applying an
external force on each water molecule. The applied force is a
function of height (z) of the simulation box. For details of the
viscosity calculation using this method, readers are referred to the
studies by Hess78 and Sunda et al.79 We plot the scaled viscosity (ms)
of bulk water at diﬀerent field strengths as shown in Fig. 3, where,
ms ¼

mf
m0

(4)

mf and m0 represent the bulk viscosities of water, with and without
imposed electric field respectively. Within the range of electric field
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Fig. 2 Water contact angle (WCA) on a hydrophilic silica slab at diﬀerent
electric field strength. The electric field is applied parallel to the surface.

Fig. 3 Scaled viscosity calculated from the periodic perturbation method
at diﬀerent electric fields. The dotted lines represent the linear tendency of
the change in viscosity while the points are the measured values.

considered in this study, the viscosity increases linearly with
increasing field strength. The maximum change in viscosity
between the cases with the maximum applied field and without
electric field respectively is found to be ca. 20%. These results are in
line with those reported by Zong et al.51 using non-equilibrium
molecular dynamics, who observed that the dipole moment of the
water molecules in bulk align along the direction of the applied
electric field resulting in a monotonic increase of the bulk viscosity
of water with electric field strength.
Eﬀect of electric field on capillary imbibition in silica
nanochannels
To study the capillary imbibition of water in silica nanochannels in the presence of an external electric field we build a
channel with height of 7 nm using parallel walls consisting of
amorphous silica slabs as shown in Fig. 1. For the details of the
slab construction and amorphization, readers are referred to
our previous studies.45,69 Simulations are conducted in a
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periodic orthorhombic cell with size of 2.52 nm  43.0 nm 
20.88 along the x, y and z axis. Part of the simulation box is
filled with 23 600 water molecules to reproduce the density of
water in bulk. In all the simulations of imbibition, the water
molecules are coupled to a Berendsen76 heat bath with a
coupling constant of 0.1 ps at 300 K during 1 ns; then, the
thermostat is disconnected and the simulations are conducted
in the microcanonical ensemble (NVE) for 3 ns until the system
is equilibrated. Next, the electric field is applied and the system is
further allowed to relax for 1 ns after which the water slab is
released from rest to move spontaneously towards the silica
channels. We notice that the electric fields are imposed, for all
the cases, in the direction parallel to the water capillary imbibition.
The viscous Joule heat is extracted during the filling connecting
a Berendsen thermostat to the water molecules with a weak
coupling constant of 0.1 ps while atoms of the channel walls are
fixed to their equilibrium positions.58 In particular, the use of a
Berendsen heat bath to control temperature could not be ideal58
however previous studies have reported, for water under electric
fields, satisfactory results using a Berendsen thermostat with
proper values of the coupling constant which ensures maintaining
the target temperature without large oscillations.58,80,81
During water spontaneously filling the channels, the instantaneous positions of the advancing capillary front along the
direction of the water flow are tracked to estimate the penetration length of the liquid as a function of time (cf. Fig. 4). The
initial capillary front velocity (ui), the duration of the inertial
time (ti) and the dynamic contact angles for each simulation
during nanocapillary imbibition are computed from the atomic
trajectories. The physical mechanisms behind the dynamics of
water filling a nanochannel with an applied electric field can be
rather complex owing to coupled factors such as the water
molecules–electric field interactions, the intermolecular forces
between species in the system and the variable population of
hydrogen bonds in water.47,82 Therefore, to evaluate the effect of
an applied electric field on the contact angle of the advancing

Fig. 4 Nanocapillary imbibition length as a function of time in a 7 nmhigh channel for diﬀerent strength of electric field. The constant filling
rates for all the cases of electric field indicates an inertial regime independent of initial conditions.
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Fig. 5 Measured dynamic contact angles in a 7 nm-high channel at
various electric field strengths.

capillary front, we compute the dynamic contact angle (DCA)
during water imbibition in the silica nanochannel (cf. Fig. 5). For
details about extracting DCA values during the water imbibition,
the readers are referred to our previous study.45
We observe that the dynamic contact angles measured during
the capillary imbibition in either the absence or presence of
externally applied fields (cf. Fig. 5) are consistent with the values
computed of equilibrium WCA of nanodroplets as shown in
Fig. 2. For instance, Fig. 5 shows that the DCA value for the case
without applied field (black squares) evolves from an initial value
of ca. 841 until attaining a constant value of ca. 211 while for the
case with the highest applied field (blue triangles), the DCA
evolves from the same initial value until attaining a constant
value of ca. 131, similar to the corresponding equilibrium WCA
values shown in Fig. 2. Therefore, our results reveal a substantial
decrease in both the dynamic and static contact angles as higher
electric field are applied suggesting a significant field-dependent
increase in the Laplace pressure at the capillary meniscus.
In Fig. 4, we plot temporal evolution of the imbibition length
for diﬀerent electric field strengths. The time evolution of the
imbibition lengths during the initial stage of the filling is linear
irrespective of the strength of the imposed electric field which
indicates a capillary flow with constant velocity at the channel
entrance confirming, for all the cases, the existence of an
inertial regime as predicted by Bosanquet.41,42,45,83,84 This
insensitivity of the meniscus speed to the particular strength
of the imposed electric field implies that the initial contact
angle (ca. 801) at the channel entrance does not depend upon
the strength of the applied field and should remain constant
during the inertial regime, in line with the results in our
previous study.45 Nevertheless, Fig. 4 also indicate that the
inertial time,42 during which retarding inertial forces dominate
capillary filling, decreases with increasing strength of the
applied field. These shorter transition times suggest that
properties in the imbibed water vary systematically with the
strength of the applied electric field.
Once the flow transitions from the inertial to the viscous
regime, the results clearly reveal that water filling rates decrease
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for higher magnitudes of the applied field in channels with the
same height. We observe a diﬀerence of 40% in the maximum
imbibition velocity, measured at the center of the channel,
during the viscous regime for the two extreme cases i.e. the case
without applied electric field and the one with the maximum
applied field of 1.0 V nm1 (see ESI†). It should be noticed that a
capillary meniscus with lower contact angle would imply a
higher Laplace pressure83,85 and thus, a higher filling speed.
Therefore, a decrease in filling rates (Fig. 4) is in contradiction
with the observed lowering of contact angle under increasing
electric fields as shown in Fig. 2 and 5.
Another important aspect related to capillary imbibition is
the surface tension of the imbibing liquid which for water, is
closely related to the number of interfacial hydrogen bonds and
has been reported in detail elsewhere.49,86,87 Indeed, in presence
of external electric fields, changes in the meniscus surface
tension could potentially alter the Laplace pressure during
capillary filling88 and consequently modify the flow rates in
the channel. Recently, the surface tension of water has been
reported to increase within the range of electric field strengths
under study here.87 Therefore, indicating that the eﬀect of the
applied electric field on water surface tension is not an explanation of the decrease in filling rates observed in the present study.
Simulations of Poiseuille like flow in silica nanochannels
To understand the causes of this apparent contradiction, we
performed further MD simulations of Poiseuille like flow in
silica nanochannels with height of 7 nm. Considering water
flow suﬃciently far from the channel entrance and also far
behind of the capillary front position is a scenario wherein it is
acceptable to assume Poiseuille flow to study the influence of
an electric field on viscosity during capillary filling. All the
conditions during the study of Poiseuille like flow are maintained constant except for the strength of the axial electric field
in the flow direction. We perform simulations at various field
strengths viz. 0.0, 0.3, 0.5, 0.7 and 1.0 V nm1. We equilibrate
the water for 3 ns in NVT and 3 ns in NVE ensembles,
respectively. After water is equilibrated, a constant acceleration
(gravity field) is imposed to each water molecule to reproduce a
Poiseuille like flow through the silica channel. In order to
extract the viscous heat, a Berendsen thermostat76 with a
coupling time constant of 0.1 ps at 300 K is connected to the
water molecules. For additional details about the setup of
the Poiseuille flow simulations, the readers are referred to
Wagemann et al.63 The production simulations are performed
for 20 ns with an electric field applied in the flow direction. In
all the simulations with Poiseuille like flow, a gravity field is
applied to impose an acceleration of 9.83  1011 m s2,
equivalent to a pressure gradient 10 bar nm1. Velocities are
computed by averaging over the axial length after steady state
velocity profiles have been reached, more details regarded the
methodology can be found in our previous studies.63
The velocity profiles across the channel at various field
strengths shown in Fig. 6 indicate that the maximum velocity
decreases with increase in the strength of the imposed electric
field. These results confirm our previous observations of reduced
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Fig. 6 Velocity profile of Poiseuille flow for a slit silica channel with height
of 7 nm at diﬀerent applied field strengths. The maximum velocity
computed at the center of the channel decreases with increasing applied
field strength.

capillary filling rates with higher applied electric fields. We note
that the B20% increase in bulk viscosity at 1 V nm1 reported in
the previous section cannot account for the ca. 40% decrease in
maximum velocity observed for the cases with Poiseuille flow
(see ESI,† S1 for the plot of maximum velocity observed during
visco-inertial regimes at diﬀerent electric fields).
Orientation of water molecules under the influence of an
external electric field
Now that we have discussed the eﬀect on imbibition of viscosity
and surface tension under an externally applied electric field,
we turn to the eﬀect of electric field inducing water orientation
and its influence on the observed lower than expected nanocapillary imbibition. To shed light into the problem, we measure
the orientation of water molecules under nanoconfinement. The
orientation profiles, describing water angle distribution, are
defined by two specific angles: a1 and a2 as illustrated in
Fig. 7, a1 is the angle between the dipole vector (nd) of a single
water molecule and the normal vector (nn) for the surface, while
a2 is the angle between (nHH), the vector from one H atom to
the other in the same water molecule, and (nn). The preferred
orientation of water molecules under external electric fields has
been studied extensively in diﬀerent systems.38,47,51,89 Specifically,
the response of nanoconfined water molecules to an externally
applied electric field can be inferred from the orientation of the
water dipole moment (cf. Fig. 8). In this figure, the probability
distribution function (PDF) of the angle between the vector normal
to the silica surface and the water dipole has been calculated at the
distance between 1.5 and 2.0 nm from the silica surface. We choose
this distance as, for pure water, the eﬀect of a solid surface does not
significantly aﬀect the water density beyond 1.5 nm (cf. Fig. 9) and
hence, is considered to have bulk properties beyond this
distance.90,91 In fact, as shown in ESI† (Fig. S2 and S4), we observed
a high preferential orientation of water molecules near the channel
walls for all the cases with and without applied electric fields, in
line with previous experimental studies.91 However, the molecular
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Fig. 9 Coeﬃcient of self-diﬀusion of water along channel width. The
solid line represents the density of water and the dots with error bars
represent the scaled self-diﬀusion coeﬃcient of water calculated using
Stokes–Einstein relation.
Fig. 7 The angles considered to determine the orientation of the water
molecules are given in terms of the angles a1 and a2. nd, nn and nHH are the
vectors corresponding to the dipole moment, normal to the surface and
that connecting the two hydrogen atoms, respectively.

Fig. 8 Probability distribution function of water dipole moment at a
distance between 1.5–2.0 nm from the lower wall surface.

orientation quickly vanishes in the bulk in absence of an external
electric field (see Fig. S2 of the ESI†). Conversely, in the presence of
electric fields (see Fig. 8 and Fig. S3 of the ESI†), we observe that the
water molecules in the bulk orient themselves along the field with
the oxygen atoms against, and the hydrogen, along the field
direction.38,49,51 Moreover, in the bulk, the water molecules for
the highest strength of applied field display a preferential orientation of 801–1101 indicating that the dipole moment is nearly
tangential to the channel wall surface.
To further study the structure of the water molecules in the
channel, we consider the orientation of the vector that connects
the two hydrogen atoms (nHH in Fig. 7) which in other words
indicates the particular plane wherein water molecules are
localized. Our results show that the plane of water molecules
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tends to be oriented perpendicular to the wall surface with
increase in the applied electric field strength (see ESI,† S3). The
position of the plane is indicated by the increased probability of
orientation of the vector nHH which points perpendicular to the
surface wall. This preferential orientation suggests that the
water molecules are highly structured with oxygen atoms
oriented against the applied field with one OH bond pointing
towards the surface and other towards the bulk. Nevertheless,
we infer that the interaction with the partial charges of surface
silicon and oxygen atoms leads to water molecules with suppressed translational and rotational freedom near channel
walls which results in a slowdown of the interfacial water
dynamics.92 In accordance with this, the distribution function
of water dipole angle with the normal to the wall surface reveals
that the water molecules in the bulk are more prone to respond
to the particular strength of the applied field51 (cf. Fig. 8)
compared to water molecules near the wall surface (see ESI,†
S4). This diﬀerential response of water molecules across the
channel to externally applied electric fields can aﬀect the overall hydrogen bond distribution in the system and thus resulting
in interfacial water with a fluidity intrinsically distinct than that
in bulk water.24,25,72,90,93 Furthermore, highly structured water
at the solid–liquid interface91 might result in an increased
friction coefficient.23,94 Therefore, an altered fluidity of the
interfacial water95,96 combined with an increase in the viscosity
in bulk may govern hydrodynamics during water capillary
filling of nanochannels under external electric fields.
To estimate the mobility of water under these conditions,
we measure the self-diﬀusion coeﬃcient of water along the
channel cross section at diﬀerent electric field strengths (cf.
Fig. 9). We calculate the three components of the self-diﬀusion
coeﬃcient in the box viz. Dx, Dy and Dz representing x, y, and z
components respectively, which are calculated from the asymptotic slope of the time-dependent mean-square displacement
(MSD). However, we assume the eﬀective self-diﬀusion of the
fluid in the direction parallel to the electric field as Deﬀ = Dx.
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We consider only the x-component of the self-diﬀusion coeﬃcient
taking into account the direction of the capillary flow.
We find that the self-diﬀusion coeﬃcient of water is aﬀected
by the presence of walls and decreases at the wall–fluid interface (cf. Fig. 9). The self-diffusion coefficient of water can be
related to the viscosity using Stokes–Einstein relation51,97 as
shown in eqn (5).
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meff ¼

kB T 1
3prw Deff

(5)

meff is the effective viscosity of water, where rw is the effective
molecular diameter which is a function of the size and shape of
the molecule (for water molecules, rw = 0.17 nm98,99), and Deff is
the self-diffusion coefficient. Moreover, using the Einstein’s
relation (eqn (5)), it can be inferred that the viscosity of water is
higher at the wall–water interface compared to the viscosity in
the bulk. We observe that the change in interfacial viscosity is
less than changes reported in other studies100 and that the
contribution of the interfacial viscosity to the effective viscosity
is relatively low and decreases with an increase in electric field
strength. Indeed, we calculate the contribution of interfacial
viscosity to the total effective viscosity using height dependent
viscosity of water in nano-conduits100 as shown in eqn (6)


meff
2Li mapp
¼1þ
1
(6)
mbulk
H mbulk
where mbulk is the viscosity of the bulk, and mapp is the interfacial viscosity. Li represents the width of the interface while H
is the height of the channel. In this study, we consider interface
to be with 0.6 nm from the channel walls, where maximum
water density is found. For the magnitudes of electric field
under study, the values of the parameters in eqn (6) are listed in
Table 1. We noticed that this increase in total effective viscosity
due to contribution of the higher interfacial viscosity still
cannot explain the lowering of maximum velocity observed
during the capillary imbibition under the influence of electric
field. All the above results suggest the contribution of an
additional interfacial phenomenon that slows down the filling
rate of water in the hydrophilic nanochannels.
Influence of electric field on solid–liquid interfacial friction
The increased ordering and lower mobility of water at the
interface suggests a higher friction at the walls as compared
to systems without external electric fields. To further shed light
into this, we calculated the interfacial friction coeﬃcient (l)
near the silica walls in a parallel silica channel with water
confined at 300 K. According to linear response theory, l can be

Table 1 Parameters of eqn (6) under diﬀerent magnitudes of electric field
at 300 K

E-Field (V nm1)

Dbulk
Dapp

meff
mbulk

Contribution (%) to the
eﬀective viscosity (%)

0.0
0.5
1.0

1.66
1.41
1.30

1.10
1.06
1.05

10
6
5
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Fig. 10 Interfacial friction coeﬃcient in water–silica wall interface.

obtained from the equilibrium fluctuations of the friction
force, using a Green–Kubo (GK) relation94,101
l ¼ lim lGK ðtÞ
t!1

(7)

with
lGK ðtÞ ¼

1
2AkB T

ðt

hFðt 0 Þ  Fð0Þidt 0

(8)

0

where, A is the surface area of the wall, T is the temperature, and
F(t) is the total tangential force acting along the x-axis at the liquid/
solid interface and the factor of 1/2 comes from the averaging over
the two spatial dimensions parallel to the sheets. The friction
coefficients calculated using GK relation for sufficiently long time
plateaus to a constant value of lGK. We obtain the value of lGK from
the plateau of the integrated force autocorrelation function in the
range of 0–0.15 ps. We take this plateau value as the equilibrium
value for the friction coefficient following the methodology presented
by Falk et al.102 We plot these calculated values of the friction
coefficients for three different cases in Fig. 10. We observe a
significant increase in the calculated values of friction coefficients
with increase in electric field in the direction parallel to the silica
surface. For the case with applied electric field of 1.0 V nm1, we find
approximately ca. 33% increase in lGK, compared to the case with no
applied field.

4 Conclusions
In summary, we have presented a study on the eﬀect of externally
applied electric fields on capillary flow of water in amorphous silica
nanochannels. We compute lower equilibrium DCAs of the capillary
meniscus as electric fields with increasing strengths are applied.
Furthermore, we find that the overall filling rates decrease with
increasing electric field strengths. We attribute this to an increase in
eﬀective viscosity due to the alignment of water molecules in the
bulk and also to the particular structure of the interfacial water
molecules under combined eﬀect of the silica wall surface and the
presence of the external electric field. Our results indicate that the
ordering induced by the electric field results in an altered solid–
liquid friction which combined to a substantial increase in bulk
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viscosity dominate the capillary force balance during water imbibition. In particular, our study suggests that the ordering of water
molecules affects the ‘‘propagation’’ of momentum dissipation
between the solid surface and liquid water such that the friction is
readily transferred to the bulk in highly oriented water molecules.
This finding from our atomistic simulations enriches the general
discussions of the solid–liquid interface related phenomena and its
critical effect in transport of fluid in hydrophilic nanochannels.
Moreover, our results are helpful for a comprehensive understanding
of the complex phenomenon of water capillary filling of nanopores
under the effect of externally applied electric fields.
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