PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
= standard Terms & Conditions and the Ethical guidelines still

‘z?@ﬁs&é%: apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 4

Physical Chemistry Chemical Physics

COMMUNICATION

Physical Chemistry Chemical Physics

RSCPublishing

Dynamic Spreading of a Nanosized Droplet on a Solid

in an Electric Field

Cite this: DOI: 10.1039/X0XxX00000X

F. H. Song®, B. Q. Li”", Y. Li

Received ooth October 2014,
Accepted ooth January 2014

DOI: 10.1039/X0XX00000X

www.rsc.org/

Molecular dynamic simulations are performed for the
dynamic spreading of a nanosized water droplet subject to a
parallel electric field. Results show the droplet spreads
asymmetrically in a weak field but symmetrically in a strong
field. The initial conditions affect the dynamic spreading
behavior but not the final equilibrium shapes.

Wetting phenomena are ubiquitous and essential in a variety of
natural and technological processes. And the microscopic
mechanism of solid-liquid contact is characterized by th

liquid-solid contact angle '°. Equilibrium—contact—angle—is

insensitive—to-cxternal-ficlds—within-seme-—assumptions—on-—the
nature—of thesefields—. Currently, the electrowetting behavior
of ionic liquids has attracted a great deal of attentions, because
electrowetting is widely used to manipulate tiny amounts of
liquids on surfaces ®°. It has found applications ranging from
microeletronic cooling to miniaturized on-chip biosensing °. In
electrowetting, the wetting behavior of a droplet on a planar
solid surface is modified by an applied electric field.
Bormashenko '° derived the well-known Young-Lippmann
equation by imposing the transversality conditions on the
appropriate variational problems of wetting when interfacial
tension depends on electric field. The Young-Lippmann
equatli?n relates the change of the contact angle to the electric
field *.

cosg 2tV , (25 BE)D

Vi 2y, %))
where 6 is the contact angle, D the thickness of the interfacial
double layer, y the surface tension, E the applied electric field, ¢
the dielectric constant of the liquid and ¢, the dielectric constant
of free space. Also, the subscripts /, g and s refer to the liquid,
gas and solid, respectively, and the angular bracket stands for
the average over D. According to equation (1), the contact
angle depends solely on the field strength.

Recently, molecular dynamic (MD) simulations show that
the Young-Lippmann equation in general is not valid for a
nanosized droplet electrically-spreading on a solid substrate'"
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12 Perhaps, when it comes to nanosized droplet, the

macroscopic notions, such as surface tension, contact angle are
not applicable. For polar fluids like water, both the field
strength and the field direction can have a strong effect on the
equilibrium shape of the nanosized droplet. The interaction of
the water molecules with the field, combined with the
contributions from various intermolecular forces, can lead to
novel nanoscaled phenomena unencountered in electrowetting
of macrosized liquid droplets. For instance, under an electric
field, a nanosized droplet may electrowet the solid either
asymmetrically or symmetrically, depending on the field
strength and directions. This may potentially open up new
avenues to manipulate a nanosized droplet by the use of an
external electric field. To date, studies on electrowetting of
nanosized droplets on solids have been largely focused on the
behavior of static liquid-solid contact, which is characterized by
static contact angles. The dynamics of spontaneous
electrowetting of a droplet has been studied experimentally for
a macrosized droplet, whose static contact angle as affected by
an electric field obeys the Young-Lippmann equation '* ', The
dynamics of a nanosized drop, as it spreads on a solid in an
electric field, appears to have been elusive.

In this communication, the dynamics of the spreading of a
nanosized droplet on a solid substrate under the influence of an
electric field is studied using MD simulations. While
spontaneous spreading has been studied for macroscopic
droplets in an electric field, nanoscale droplets exhibit new
phenomena unseen in macrodroplets, due to the small scales
involved. For nanoscaled liquids, MD simulations offer a useful
tool for analysis. In comparison with the dynamic spreading of
a nanosized droplet on a solid in the absence of an external field
15:16 " some novel features of dynamic spreading as affected by
an electric field arise as a result of the molecular interactions
with the field.

In MD simulations, the solid substrate assumes a diamond-
like structure and the water molecule assumes a simple point
charge/extension (SPC/E) 7 The solid substrate consists of
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10,816 atoms arranged in diamond cubic lattice, with lattice
constant of 5.4307 A. The solid substrate is considered as rigid
in order to speed up the computer simulations'''>'8. The
molecule (SPC/E model) takes a tetrahedral shape with two
hydrogen atoms connecting to the oxygen atom through
covalent bonds. Hydrogen is positively charged, while oxygen
negatively. The intermolecular interactions are calculated as
follows. The electrostatic interaction is modeled using
Coulomb’s law, while the dispersion and repulsion force using
the Lennard-Jones (L-J) potential 17,18
3 3
9 =4, [Ty~ Gy L5 5 0
r r dre, T3 1 )
where the first term L-J potential is applied only for oxygen-
oxygen interaction, with o,, = 3.166 A and &, = 0.1556
Kcal/mole. The last term in Eq. (2) describes the Coulomb
force between the charged atoms, where ¢; is the charge on
atom i, r; is the distance between atoms i and j, and g, is the
dielectric constant for vacuum. In our studies, it is normalized
as 1.

The interaction between the water and solid substrate is also
modeled by the modified L-J potential '°. With an electric field
E present, the electric force f;, = g; E is exerted on each atom
according to its charge ¢; which is treated in the MD
simulations as discussed in 2°. For the results presented below, a
nanosized droplet of 2,000 water molecules was used, as
suggested in reference®'. The electrowetting calculations start
with a droplet of perfect sphericity, which is obtained through a
separate MD simulation with gravity neglected. The Nose-
Hoover thermostat >> was used at every time step to make sure
that the ensemble is kept at a desired temperature 300K, which
can take the energy created by the exerted electric fields in
simulations. Other MD simulation details, such as periodic
boundaries, are standard and thus be omitted. Unless otherwise
indicated, the electric field is applied in parallel to the solid
surface (in the x-direction) before the liquid droplet attaches the
solid. Under electric field, the dynamic contact angle is
obtained as the average value for 10 snapshots extracted every
50 time steps around a time point.

Besides, one dimensionless constant &, describing the
interrelation of electric field and surface tension effect could be
introduced as >3,

g EEV
2yS 3)
where V and S are the volume and surface of the droplet
respectively. For the water droplet in the present paper, V/S is
assumed to be about 1/3R, surface tension y=71 mJ/mz,
dielectric constant &=79, the vacuum dielectric constant
£5=8.85x10"> F/m.**

Firstly, when electric field is free, the equilibrium contact
angle of water droplet on silicon solid substrate is measured to
check our simulation model. It was 86.4 degree, which is well
consistent with experimental data reported in literatures 2> 26,

The applied electric field strengths warrant explanation. In
the paper, electric field of 0.1 and 0.5V/A were applied to study
the dynamic spreading process of water droplet on a solid
substrate. The actual strength of electric field differs
significantly from the unperturbed applied field. The actual
electric field E is lowered by orientational polarization of water
molecules. For example, when the normal input electric field
strength is 0.2 V/A, the corresponding average actual field E
equals to 0.005V/A in equilibrium with a field-free aqueous
reservoir . These actual fields E applied here are too weak to
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polarize significantly. Water molecules cannot be decomposed
under this strength of electric field.

In Figure 1, the dynamic spreading of a nanodroplet on a
solid, as illustrated by several time-snapshots, is contrasted for
two different electric field strengths applied. Here the x-
coordinate points from the left to right. Clearly, the droplet
electrowets the solid rather differently for these two cases and
the electric field strength has a strong effect on both the final
equilibrium states and the dynamics of the spreading. For a
weak field (0.05 V/A), the droplet dynamically spreads
asymmetrically along the field direction. For the trailing surface,
that is, the surface of the droplet whose outward normal forms
an acute angle with the field (or x+) direction, the electric field
helps the droplet in wetting the solid. In this case, the leading
angle, that is, the angle formed between the tangential of the
surface contour line of the droplet and the solid on the x-y plane,
reduces from obtuse to acute as the spreading evolves,
exhibiting the electrowetting effect. For the leading surface,
whose outward normal forms an obtuse angle with the field
direction, the eventual electrowetting never occurs. The final
equilibrium shape of the droplet is asymmetric with respect to
the y-z plane. During the entire process of spreading, the droplet
remains symmetric with respect to the x-y plane.

Time=50 ps Time=100 ps

Time=200 ps Time=400 ps

Time=600 ps
Figure 1(a). Snapshot plots of droplet spreading with E, = 0.05
V/A.

Time=50 ps Time=100 ps

Time=200 ps Time=400 ps

Time=600 ps
Figure 1(b). Snapshot plots of droplet spreading with E, = 0.1
V/A.
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To further understand the dynamics of the droplet spreading,
the evolution of the dynamic leading and trailing contact angles
is shown in Figure 2. It is seen from Figure 2(a) that the
asymmetry starts as soon as the liquid droplet starts to spread
on the solid and difference between the leading and trailing
contact angles continues to increases until the final equilibrium
state in spreading is reached. For this particular case, the
equilibrium reaches at t=400 ps.

Turning to the case of the strong field (E, = 0.1 V/A), we see
from Figure 1(b) that the droplet spreads on the solid in a
different manner than the case of E, = 0.05 V/A. The droplet
remains symmetric with respect to both the x-y and y-z planes
and the leading and trailing contact angles remain about the
same. It eventually electrowets the surface. Figure 2(b) plots
the evolution of the dynamic contact angles at the leading and
trailing positions, which confirms that the symmetric spreading
behavior of the droplet with a stronger field.
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Figure 2. Dynamic contact angles (leading and trailing) for (a)
E. = 0.05 V/A and (b) E, = 0.1 V/A, diamond represents
leading contact angle and triangle represents trailing contact
angle.

MD simulations also have been conducted of the droplet
spreading with its equilibrium shape on the solid without an
electric field to investigate the effect of the initial conditions. It
is found that the initial conditions do not affect the final
equilibrium shapes but do affect the dynamic behavior during
spreading. Figure 3 plots the evolution of the dynamic leading
and trailing angles of the nanodroplet as it spreads on solid with
E,=0.1 V/A. Comparison of Figure 2(a) and Figure 3 indicates
that when the droplet starts with its equilibrium spreading
condition without E field, the dynamics entails a different
leading wetting process than the trailing, as the droplet spreads
on the solid with E, = 0.1 V/A, until almost the point when the
final equilibrium is reached. During the initial stage of dynamic
spreading, the leading angle experiences an increase before
joining the trailing angle eventually (see Figure 3).
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Figure 3. Dynamic contact angles (leading and trailing) for E,
=0.1 V/A applied after the free droplet on solid surface reached
to the equilibrium state, square represents leading contact angle
and circle represents trailing contact angle.
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Figure 4. Distribution of the water molecular dipole moment
vector near the liquid-solid interface in the presence of electric
fields: E, = 0.05 and 0.1 V/A.

The physical mechanisms for the dynamic spreading of the
nanodroplet on solid with an F field can be rather complex. The
interaction of the electric field with the polar water molecules,
the intermolecular forces and the hydrogen bonds all contribute
to the droplet deformation process. Detailed analysis of MD
simulations reveals that the surface tension is related to the
number of hydrogen bonds on the surface of a water droplet. To
be specific, a bigger number of hydrogen bond leads to a
weaker surface tension %28 A water molecule consists of one
heavy oxygen atom and two light hydrogen atoms. The oxygen
atom 1is electronegative and the hydrogen electropositive,
forming an electric point dipole. In water, hydrogen bonds exist
to network the entire water droplet. The oxygen of a polar water
molecule has two lone pairs of electrons, each of which allows
a hydrogen bond to be formed with a hydrogen atom on another
water molecule. Every water molecule is hydrogen-bonded with
up to four other molecules in its neighborhood, two being
through its two lone pairs, and the other two through its two
hydrogen atoms.

With an applied electric field, the electric force realigns the
polar water molecular dipole such that the heavy oxygen atom
moves against the field and the light hydrogen atom along the
field direction. This realignment causes the oxygen atoms to
collect on the leading surface and the hydrogen atoms on the
trailing surface. During the realignment process, the hydrogen
bonds are broken or generated, with a net reduction in hydrogen
bonds to cause the droplet to spread. Calculated from the
simulation data, the distribution of dipole moment vector p as a
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function of the angles between dipole vector and solid surface
was shown in Figure 4. As it is expected, the distributions of p
peak at dipole orientations parallel to the interface. For a weak
electric field (E=0.05 V/A), the dimensionless constant &
calculated from equation 3 is 1.0, indicating that the electric
field and surface tension have the same induced effects on the
spreading process. The water molecule realigns itself only
partially. Consequently, more hydrogen bonds associated with
the oxygen atom are broken than those associated with the
hydrogen. This imbalance on hydrogen bonds between the
leading and trailing surfaces leads to the asymmetric spreading
of the nanodroplet on solid in response to a weak electric field.
For a stronger electric field (£=0.1 V/A), the dimensionless
constant & calculated from equation 3 is 4.1. The electric field
plays a more decisive role on the spreading. The polar
molecules re-align themselves almost completely with the

molecular dipole point to the same direction as the electric field.

This results in a balanced net reduction in hydrogen bonds on
both the leading and trailing surfaces of the droplet, and as a
consequence the droplet spreads symmetrically on the solid.
This is consistent with the results on hydrogen bond data
obtained from simulations in the present study. For example, at
E=0.05 V/A, the mean hydrogen bond numbers in the interface
near the leading and the trailing edges of the droplet are 2.826
and 2.708 respectively. This suggests a smaller y;, and thus a
larger leading contact angle, since vq —s, is affected equally at
both sides '"?’. In contrast, at E=0.1 V/A, the mean hydrogen
bond numbers umbers in the interface near the leading and the
trailing edges of the droplet are 2.643 and 2.641, which clearly
suggest a symmetric spreading, that is, the leading and trailing
contact angles being the same.

Conclusions

This paper has presented an MD study of the dynamical
spreading of a nanosized water droplet on a solid substrate in an
electric field. Polar water molecules interact with the applied
electric field and re-orient their point dipoles, which determine
the spreading behaviors. The applied electric field strength has
a strong effect on both the final equilibrium states and the
dynamics of the spreading. For a weaker field of 0.05V/A, the
droplet spreads asymmetrically with the leading contact angle
being greater than the trailing contact angle. While for a
stronger field of 0.1V/A, in the dynamic spreading process, the
droplet remains symmetric with respect to both the x-y and y-z
planes and the leading and trailing contact angles remain about
the same. Case studies indicate that the initial conditions do not
affect the final equilibrium shapes but do affect the dynamical
behavior of the droplet during spreading. The dynamics of the
droplet spreading is controlled by a competing mechanism
among the electric field force, water-water, and water-solid
intermolecular forces.
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