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ABSTRACT: Macroscopically, the traditional Young—Lippmann equation is 070
used to describe the water contact angle under a weak electric field. Here we

report a new wetting mechanism of deionized water under a strong electric field 065 b N

that defies the conventional Young—Lippmann equation. The contact angle of [ N

the deionized water droplet on a model hexagonal lattice with a different initial o [ Lo * \

wettability is extensively modulated by the vertical electric field. The cosine of § 060 = £=goum. g +

water contact angle on a hydrophilic substrate displays an anomalous linear A szanm

relationship with the field, in contrast to the hydrophobic case, which shows an 055 e

inverse parabolic relationship. Such anomalous wetting is verified by E T/

experimental measurements of water droplets on a pyroelectric substrate. 050 ] . + T T I

Moreover, we identify that this anomaly arises from the linear modulation of the 10 05 0.0 05 10

solid—liquid interfacial tension of hydrophilic substrates by the electric field. Our E (Vinm)

findings provide atomistic insight into the fundamental laws and new phenomena

of water-surface interactions under extreme electric fields.

Interfaces play a central role in water science.' > Under- change at the atomic level to minimize the total energy. Kargar
standing the interactions between water and the substrate at et al’® found that the nanodroplets elongate in the field

the atomic level is essential for controlling processes such as direction when the amplitude of the applied field is larger than

self-cleaning, lubrication, corrosion, as well as chemical 0.8 V/nm, where the threshold of field will increase under the

reactions.’”” Various methods have been developed to influence of a gigahertz electric field. Recently, the wetting

manipulate the properties of water near the interface, including ability on several polarized solid surfaces has also been

surface polarization or modification, microstructuring, and investigated. Surblys et al.'' found that the polarization

chemical modifications.'*™"* direction of substrate affects the structures of the adsorbed
In particular, electrowetting'® and electrofreezing,'* which layer and the rotational mobility of water. Bistafa et al.'”

use the external electric field or surface charges to control the investigated the water droplets on hydroxylated silica surfaces

wetting state of water, have long attracted extensive attention. and pointed out that an increase of hydroxyl density improves

In this regard, some previous studies have focused on the
effects of the electric field or surface charges on the molecular
structure of bulk water. For example, Svishchev et al.'"* found
that the bulk sample of liquid water with a suitable density can
freeze into cubic ice when subjected to a homogeneous static

the wettability due to interfacial entropy loss.

In the usual experimental setup for electrowetting on the
dielectric (EWOD),”" a conducting water droplet spreads out
under a weak electric field, and the ions in water lead to an

 f 2 ! o 8 electrical “double layer” at the interface, restricting the field at
electric elfl; however, hquld' water with other dens.ltles will the bottom of the droplet. When the size of droplet is well
transform into amorphous ice. Many other studies have

. . . 3 16 below the Debye shielding length, or there are not enough ions

focused on the impact of an electric field on interfacial water. . .

17 , to form a double layer to shield the strong electric field (e.g.,
Yan et al.”* showed that a local electric field parallel to the . :
; j - . the deionized water), formulas such as the conventional
interface and acting only near the interface plays a major role . . .
. . . 18 Young—Lippmann equation, describing the water contact
in the nucleation of heterogeneous ice. Zhu et al.
demonstrated that the water overlayer on charged graphene
undergoes first-order ice-to-liquid and then liquid-to-ice phase
transitions with the increase of charge densities. In addition,
there are also research advances in the influence of the electric
field environment on water droplets.'” In an external electric
field, water molecules prefer to align their dipoles along the
direction of the field, so the behaviors of water droplets will
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Figure 1. (a) Schematic diagram for a water droplet on the model hexagonal (0001) facet under a vertical electric field. (b) Nonlinear variation of
the relative surface tension of water droplets on a hydrophobic substrate with electric field, obtained by MD simulations. Here the gas atmosphere
is simplified to a vacuum, and 7y represents the surface tension of liquid water without an electric field. (c) Parabolic relationship between the
cosine of WCA and the external electric field strength on a hydrophobic substrate. The insets show snapshots of the side view of the water droplet.

angle (WCA) of droplets in an electric field under the
assumption of double layer formation near the interface, are
not expected to be suitable. Therefore, a systematic study of
the atomic-scale wettability of deionized water in an electric
field is urgently needed.

In this work, the characteristics of WCA on a solid substrate
and the molecular structure of deionized water at the interface
under the influence of a static vertical electric field are
investigated by combining atomistic molecular dynamics
(MD) simulations and experimental approaches. It is found
that when the interaction between the substrate and water
droplet is weak, i.e., on the hydrophobic substrate, regardless of
the direction of the electric field applied (upward or downward
along the surface normal direction), the WCA will increase as
the field strength increases. However, on the hydrophilic
substrates, the WCA exhibits anomalous behavior, decreasing
in the gradually increasing upward electric fields but showing
the opposite in the downward electric fields. Also, this peculiar
wetting behavior is corroborated by experimental observations
of water droplets on a pyroelectric substrate at abrupt
temperature jumps. Our MD simulations at the atomic level
further reveal that the modulation of WCA results from the
change of the interfacial water structures of the droplet under
an external electric field. This work reports a new phenomenon
of anomalous wetting and sheds light on a comprehensive
understanding of water-substrate interactions in the presence
of external electric fields, driving further applications®~*" in
areas of microfluidics, electrowetting display, printing technol-
ogy, etc.

The WCA on a substrate is the key indicator to characterize
its wettability.”® The well-known Young equation is commonly
used to describe the WCA formed by the interfacial tensions,

(1)

where 6, is the inherent WCA on the solid surface without an
external field, and y.y, ysv, and yg;, are the surface tensions
between liquid—vapor, solid—vapor, and solid—liquid phases,
respectively. When the electric field is applied to the
conductive water droplet, the Young equation is modified to
the Young—Lippmann equation to describe the change of the
contact angle in relation to the electric field (E):

cos 6,

hv =lhv T

(€€, IE*)D

cos 8 = cos 0, +
2y

)

where € and D represent the dielectric constant and thickness
of the interfacial double layer respectively, and g, is the
permittivity of a vacuum. The equation indicates that the
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electric field usually makes the system more hydrophilic.
However, this equation only applies to aqueous electrolytes
and seems to fail for deionized water in a strong electric field or
droplets with the size below the Debye screening length.”” Tt is
thus natural to speculate that the morphology of deionized
water droplets may depend on the strength and direction of
the electric field in a distinct way.

The model system we adopt for the atomic level MD
simulations is illustrated in Figure la, where a water droplet
containing 2165 water molecules is placed on a model
hexagonal lattice with the (0001) facet. A simple point charge
(SPC/E) water model’® is used with the water-substrate
interaction described by the Lennard—Jones (LJ) potential,

%0 12 %0 6
Vi = 4ego (7> - (T) , where &5 and o0y represent

the depth of the potential well and the distance between
particles with zero potential energy. For the hydrophobic case,
a small value of 0.085 kcal/mol is assigned to €55 in the LJ
potential, which means a small adsorption energy of water
molecules on solid. We estimate the liquid—vapor surface
tension using the equation y1y = (Eqyp — Epu)/2, where Eg,
and E, are the energy of a slab of water and the same volume
of bulk water, under an electric field. We use y2y to denote the
liquid—vapor surface tension in the absence of an electric field,
which is estimated to be 12 X 107> N/m at 300 K, comparable
to the experimental value of 7.2 X 107> N/m. As shown in
Figure 1b, the estimated relative liquid—vapor surface tension
(yuv/7ly) for a hydrophobic substrate displays a nonlinear
growth with the rise of electric field strength E. Applying an
electric field of equal strength and opposite directions does not
change the total energy of the water slab, so the variation of the
average relative surface tension with electric field strength from
—1 to 0 V/nm is expected to be essentially symmetric with that
from 0 to 1 V/nm. Meanwhile, the relation between the cosine
of WCA and field strength E for water droplet on the
hydrophobic substrate is shown in Figure Ic, revealing a
negatively correlated parabolic relationship. Since y;y grows
nonlinearly with the electric field strength, the cosine of
contact angle will decrease with increasing electric field,
regardless of the direction in which the electric field is applied
along the surface normal direction. It is quite different from the
conventional EWOD cases which would follow eq 2. It is
worth noting that the response of contact angle to an upward
or downward electric field is slightly asymmetric, as also shown
in ref 19. This is owing to the existence of the solid—liquid
interface. The interaction between water molecules and the
substrate imposes a strong constraint on the dipole orientation

https://doi.org/10.1021/acs.jpclett.3c03104
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Figure 2. (a) Variation of the cosine of WCA on a hydrophilic substrate with electric field E. The gray dashed line shows the quadratic fitting of the
data in region II and III. The red line represents the linear fitting of the data in region I. (b) Snapshots of water droplets under different electric
fields in region I and the corresponding water density profiles as a function of the distance from the substrate surface along normal direction. (c)
Distribution of OH orientation angle ¢ for the interfacial water molecules in the first layer of the droplet as a function of electric field E. Orientation
angle ¢ is defined as the angle between the OH bond and the interfacial normal direction.
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Figure 3. (a) The relative dipole moment of water molecules in the first and second layers of the droplet as a function of the electric field E. (b)
The average number of hydrogen bonds formed between the interfacial water molecules in the first layer (intralayer bonds) and between molecules
in the first and second layers (interlayer bonds), as a function of the electric field E. (c) Schematic diagram of the experimental setup for a water
droplet deposited on the z-cut surface of pyroelectric LiTaOj crystal, whose surface charge density is modulated by abrupt temperature changes.
(d) Variation of the cosine of WCA on LiTaOj crystals with temperature jump. The red dots and black squares represent the circumstances of
charged and uncharged surfaces, respectively.
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Figure 4. Schematic diagram of water wetting behavior under different conditions: (a) traditional behavior of water under an electric field described
by the Young—Lippmann equation; (b) “normal” wetting behavior of deionized water on hydrophobic surfaces, where WCA is governed by liquid—
vapor surface tension yy, and (c) abnormal wetting behavior of deionized water on hydrophilic surfaces under weak electric fields, where WCA is

mainly modulated by the solid—liquid interface.

of the water molecules and eventually results in this
asymmetric behavior.

The behavior of WCA on a hydrophilic substrate is shown in
Figure 2a. The cosine of WCA exhibits a parabolic relation
with E when the field strength is strong enough (E < —0.6 V/
nm or E > 0.4 V/nm), but it displays a linear relation under the
weak electric field (region I, —0.6 V/nm < E < 0.4 V/nm). The
gray dashed line is a quadratic fit to the data of both region II
(E < —0.6 V/nm) and III (E > 0.4 V/nm), and the red solid
line is a linear fit to the data of region I. The wetting behavior
in region I for the hydrophilic substrate is unconventional.
From eq 2, it is expected that the behavior of water droplets on
a hydrophilic substrate will be similar to the hydrophobic case,
where the cosine of WCA will decrease with the increase of
field strength E, but the asymmetric behavior will be more
pronounced. However, the results of the MD simulations
shown in Figure 2a deviate surprisingly from this trend.
Therefore, a reasonable explanation is needed to understand
the wettability of water droplets on the hydrophilic substrates
in a relatively weak electric field.

We thus explore the molecular structures of water droplets
at the water—solid interface at the atomic level. The first row of
Figure 2b exhibits the side view snapshots of water droplets
under various electric fields in region I from MD simulations,
and the second row displays the corresponding density profiles
along the normal direction of the substrate. According to the
position of first minimum of the density profiles, the water
molecules within § A from the substrate surface are defined as
the first layer of the droplet, and the rest is referred to as the
second water layer. Within region I, the maximum density of
the first layer water varies with the electric field, demonstrating
a similar trend to the wetting behaviors shown in Figure 2a;
i.e, the maximum density of the first layer water increases
continuously when the electric field changes from —0.4 to 0.4
V/nm. As the density of water molecules within the first layer
increases, the droplet behaves more hydrophilic.

To achieve insight into the structure of interfacial water, the
orientations of first-layer water molecules are analyzed and
shown in Figure 2c, where the definition of OH orientation
angle ¢ is shown on the left, namely, the angle between the
OH bond and the interfacial normal. Distribution of OH
orientation angle ¢ in Figure 2c suggests that as the electric
field strength increases from —0.8 V/nm to 0.8 V/nm, the
distribution of OH bond orientation is mainly maintained
around 96°, but a small fraction of OH bonds tend to align
along the normal direction under the electric field and show a
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linear variation with increasing electric field. This suggests that
the interfacial water structure is modulated by the electric field
at the microscopic scale.

To reveal the mechanism behind the abnormal behavior of
WCA on a hydrophilic substrate in electric fields, we analyze
the variation of the relative dipole moment and the number of
hydrogen bonds with the electric field strength in the
simulations. We define the distribution of the relative dipole

moment of water as , where M, and My o denote the

“Mp,0

value of the total dipole moment along the interface normal
direction and the dipole moment of single water molecule,
respectively, and N is the number of molecules. The responses
of water molecules in different layers to the electric field are
quite distinct. The relative dipole moments of water molecules
in both the first and second layers, as shown in Figure 3a, vary
linearly with the electric field E. Notably, the total dipole
moment of the first layer of the water droplet shows a
hysteresis, changing sign at —0.6 V/nm, which is located on
the dividing line between region I and region II. This clearly
suggests that the first layer of water droplet is the dominant
factor in determining the solid—liquid surface tension yg;, and
the rest possesses the properties of bulk water. For the case of
hydrophilic substrates, when the external field E is weak, the
surface tension yg dominates the change of WCA, while the
surface tension y;y plays only a minor role (as shown in Figure
1b, with a slight increase at small E). Therefore, the linear
increase of the dipole moment of the first layer without
changing signs leads to the linear change of y5; and eventually
results in an increase of cos @ in region I. As the field strength
E increases to region II and III, the influence of the liquid—
vapor interface will overwhelm that of the solid—liquid
interface, so the wetting behavior of water droplets under
large electric fields reverts to a trend similar to that of the
hydrophobic substrate.

The characteristics of hydrogen bonds in the droplet are also
presented in Figure 3b. The average number of hydrogen
bonds formed between the interfacial water molecules in the
first layer (i.e., intralayer bonds) and those formed between the
molecules in the first and second layers (i.e., interlayer bonds)
are reported. The number of intralayer hydrogen bonds
increases with rising field strength E and becomes saturated at
E > 0.4 V/nm. In contrast, the interlayer bonds change slightly
and decrease with increasing E. In a gradually increasing
electric field, combining the increase in the number of
intralayer bonds and the decrease in the number of interlayer

https://doi.org/10.1021/acs.jpclett.3c03104
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bonds, water droplets are prone to remain layered rather than
getting higher, which also leads to enhanced hydrophilicity.

In order to verify the anomalous wetting behavior on a
hydrophilic substrate under an electric field found in the
theoretical simulations, we perform experimental measure-
ments on water droplets deposited on the z-cut surface of
pyroelectric LiTaO, crystal with a controlled temperature,™ as
schematically shown in Figure 3c. The surface charge density is
related to the pyroelectric coefficient of the crystal and can be
modulated by abrupt temperature changes. Our analysis shows
that a large net surface charge of up to 0.1 C/m* can be
nominally achieved with an abrupt temperature jump AT = 40
K, which imposes a strong electric field on water droplets on
the surface of LiTaOj; crystal. The correlation between the
cosine of WCA on charged or uncharged surfaces and
temperature difference is demonstrated in Figure 3d. For the
case of uncharged substrates, the cosine of WCA remains
constant and independent of substrate temperature jump
(black squares) so that the effect of temperature can be
excluded. When the substrates are charged, the relationship
between cos @ and AT shows a linear correlation, as indicated
by red dots in Figure 3d, with the same trend found in
simulations with low external fields, shown in region I of
Figure 2a. The values of two data sets (uncharged vs charged)
in Figure 3d are not equal at AT = 0 K, due to the different
sample cleaning histories. However, the crystals in each data
set have the same cleaning history to ensure that the trend
displayed by each line is reliable.

In contrast to the conventional EWOD cases, where an
electric double layer is formed and the WCA decreases with
increasing strength of electric field (Figure 4a), the WCA of
deionized water droplets behave in the opposite way under a
strong electric field where the electric double layer cannot
shield the field completely (Figure 4b). More importantly,
when the applied field is weak, the water droplet on a
hydrophilic substrate shows an anomalous wetting tendency,
where the cosine of WCA is linearly related to the electric field
value (Figure 4c). This anomaly can be explained by the fact
that for a hydrophilic substrate, the solid—liquid interfacial
tension is linearly modulated by the electric field and plays a
dominant role.

In summary, by combining atomistic simulation and
experimental study, we provide a comprehensive picture of
the wetting behavior of deionized water under an electric field
and gain insight into the functions of an electric field in
modulating water wettability at the microscopic level. The new
mechanism of electrowetting identified here can be used in a
variety of circumstances. For example, we can increase the
WCA instead of decreasing it in the traditional EWOD case,
which will help in cleaning because one can dissolve
contaminants in the hydrophilic case and allow them flow
away in the hydrophobic case. In addition, the WCA can be
linearly modulated in the abnormal region, which can be
designed for microfluid control, since the flow rate is related to
the contact angle. We emphasize that substrate surface
polarization and screening are not considered here so that
the pure effect of electric fields on the wetting behavior of
deionized water is investigated. Surface screening and field
effects are subjects deserving further study, but they are
beyond the scope of this work. We expect our findings may
contribute to the design and application of electrowetting and
microfluidics, and inspire further exploration of novel physical
phenomena in interfacial water under electric fields.

B METHODS

Molecular Dynamics Simulations. The model system for MD
simulations contains a water droplet of 2165 molecules placed
on a model hexagonal lattice with the (0001) facet. The lattice
constant of the substrate is 2.46 A, and the size of the supercell
used in the simulations is chosen to be 40 nm X 40 nm X 100
nm to avoid the interactions between periodic images.’’
Periodic boundary conditions are applied in all three
dimensions. For simplicity, all atoms of the model substrate
are fixed. The water—substrate interaction is modeled by a 12—

]
where £go represents the depth of the potential well that is
set to be 0.085 and 0.14S kcal/mol for the hydrophobic and
hydrophilic cases, respectively, and o5 represents the distance
between particles with zero potential energy, which is set to be
0.34 nm for both cases. All the short-range forces are truncated
at 1.0 nm and the Particle-Particle-Particle-Mesh Ewald
method® is used for the summation of long-range Coulomb
interactions. A velocity-Verlet integrator with a time step of 1.0
fs is used in the simulations. The system is pre-equilibrated for
7 ns in a constant volume and temperature (NVT) ensemble
with a Nosé—Hoover thermostat®” at 300 K in the absence of
an external electric field. Then we apply the electric field and
continue the MD simulation for 7 ns. The trajectories of the
last 2 ns are used for further analysis. The strength of electric
field is set in the range of —0.8 V/nm to 0.8 V/nm to avoid
significant shape changes of water droplet deviating from the
sphere. WCA is estimated according to Werder’s method,**
with a statistical error of up to +1.5° All simulations are
carried out using the LAMMPS programﬁ’4 and visualization is
implemented by the OVITO package.”

To exclude the influence of size effects on our findings, we

also performed simulations for larger droplets composed of
11225 water molecules. The results show that the phenomena
revealed in our work are independent of the droplet size.
Although evaporation of nanodroplet is typically significant
due to Kelvin effect and vacuum environment, previous studies
have shown that for a nanosized water droplet in an open
environment, complete evaporation requires a microsecond
time scales,”® beyond the time scale of our simulations. In
addition, we also find during the pre-equilibration of the
system at 300 K for 7 ns that the droplet evaporates about 2%
of water molecules before reaching evaporation saturation.
Therefore, the evaporation effect has a negligible impact on the
nanosecond processes we study.
Experimental Procedures. Wetting experiments under the
electric field are performed to verify the theoretical predictions.
Due to the insulating property of deionized water, an
ultrastrong electric field (much stronger than the air break-
down threshold of 0.003 V/nm) is required to obtain
significant changes in the water droplet. However, only a
weak electric field can be applied in EWOD (otherwise the
electrical breakdown happens).” To this regard, the pyro-
electric LiTaO; crystals are chosen to obtain an enormous
surface charge density’’ (corresponding to a field strength up
to 0.02 V/nm in the crystal) via abrupt temperature changes
(estimated to be 40 K/s). Water droplets are deposited onto z-
cut LiTaO; crystals (to avoid the abrasion between the bottom
surface of crystal and the holder), which is supported by an
insulating holder in controlled aerosols.
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Prior to transfer to the holder, the crystals are rinsed with
deionized water and soaked in acetone-isopropyl-alcohol-
ethanol-water for two cycles of ultrasonic cleaning, followed
by UVO treatment to remove organic impurities. Through
heating the holder and transferring the crystals to the holder,
net charges accumulate on the crystal surface due to
pyroelectric coefficient and temperature change. The LiTaO;
crystal used here has a pyroelectric coefficient of 2.3 X 107* C/
(m2K),*® which is constant below 100 °C. Because of the
finite size effects, the field effect will not be completely
screened as in the infinite parallel plate capacitor, which only
persist in the vicinity of the substrate. Then 0.5 uL of
deionized water, with electric resistivity greater than 18 MQ-
cm, is deposited through the insulating syringe needle within a
minute. The diameter of the water droplets is estimated to be
several millimeters. The value of WCA is obtained from the
first frame when the spherical cap droplet appears on the
crystal to avoid the effect of evaporation on shape of droplets.
The measurements are performed in a room temperature
environment, and the relative humidity is kept below 3%.
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