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Surface wettability is of fundamental importance to myriad applications including many spray systems. It repre-
sents a multiscale phenomenon with scales ranging from continuum to molecular. In this paper, we report mo-
lecular dynamics (MD) simulations to investigate wetting characteristics of a nanodroplet on a solid surface. The
shape of an initially spherical liquid droplet in contact with two solid surfaces has been studied by applying
continuous pressure from two atomistic moving surfaces. An efficient algorithm has been developed to track the
liquid-phase interface and the dynamic contact angle 6, and characterize the wetting properties under the forced
spreading of a droplet on a surface. Using a relatively small number of atoms (on the order of 1 04), the algo-
rithm has been demonstrated to reproduce the entire wetting regime 0° < @< 180° by varying the solid—liquid
interaction energy. Extensive simulations have been performed to investigate the effects of changes in surface
and liquid droplet characteristics on the wetting phenomena and contact angle. Results indicate a highly complex
relationship between the contact angle and many surface and liquid characterizing parameters. The present study
clearly demonstrates that MD simulations can be effectively used for a fundamental investigation of the wetting
phenomena under forced spreading, and for characterizing the effects of surface tension and other macroscopic

INTRODUCTION

Wetting of surfaces is of critical importance in
many diverse areas of fundamental and applied
sciences. Surface wettability is important in con-
trolling many important industrial processes, in-
cluding soldering, brazing, coating, and
composite processing. Wetting and interfacial
forces are responsible for the behavior of com-
monly used materials such as paints, adhesives,
detergents, and lubricants. Self (spontaneous) and
forced droplet spreading on a surface are impor-
tant to myriad existing and emerging technolo-
gies, including spray combustion systems,
material synthesis, and microelectronics. In many
recent studies of microfluidics and nanosystems,
droplet wetting has been shown to play an im-

properties on wettability by suitably changing the liquid and surfaces molecular parameters.

portant role [1]. Surface wetting is also an im-
portant consideration in agricultural sprays and
the application of pesticides.

Wetting is commonly characterized by the
contact angle 0, which is defined as the angle
where the liquid—gas interface contacts the solid
surface, or the angle subtended between liquid—
vapor and the liquid—solid interfaces. The contact
angle indicates the degree of wetting. The lower
the contact angle, the greater is the wetting. The
dynamics of the wetting or spreading process is
described by the variation of the instantaneous
contact angle with time or contact line (wetting)
velocity. The usual description of surface wetting
under ideal conditions is based on Young’s equa-
tion [2], which relates the equilibrium or static
contact angle 6 to the surface tension of the in-
terfaces, and is given by
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Here, v is the surface tension or surface energy
per unit area of the interface, and s, [, v, repre-
sent solid, liquid, and vapor, respectively. In ac-
tual experiments, the contact angle depends on
additional factors such as the static and dynamic
conditions, chemical heterogeneity, surface rough-
ness, swelling of the solid by the liquid, and
chemical reactions. For example, surface hetero-
geneity and/or roughness could well cause vari-
ations of the contact angle along the three-phase
contact line. The existence of these effects is
well known, but has not been investigated sys-
tematically. Many other theoretical approaches
based on Young’s equation have also been devel-
oped to account for other nonideal contributions.
However, direct experimental verification of
Young’s equation is still lacking [3]. Moreover,
despite its success in offering practical insight
into the wettability and spreading phenomena,
this equation has been the subject of considerable
controversy and debate.

Due to its diverse applications and fundamen-
tal importance, the phenomenon of surface wet-
ting has been extensively investigated from
different aspects. While Young [2] and Laplace
[4] reported pioneering work dealing with the
theoretical aspects of the contact angle in the
early nineteenth century, more systematic re-
search on the wetting phenomena started in the
1960s. A thermodynamic analysis of surface wet-
tability was reported by Zisman [5], Fowkes [6],
and Padday [7]. Studies on the dynamics of lig-
uid spreading started with the pioneering work of
Huh and Scrivan [8]. Heslot et al. [9] and Sikalo
et al. [10] experimentally investigated the dynam-
ics of spreading by considering the impact of a
droplet on a substrate. They observed that the ex-
isting empirical models do not predict the experi-
mentally observed changes in the dynamic contact
angle, especially at high capillary numbers (C,=
WV/y; here W is the viscosity of the liquid, V is
the spreading velocity of the contact line, and ¥
is the liquid surface tension).

Ruijter et al. [11] investigated the spontaneous
spreading of a liquid using molecular modeling,
while Cheng and Ebner [12] performed two-di-
mensional Monte Carlo simulations to study the
dynamics of spreading under wetting and nonwet-

ting conditions. Thompson [13] used molecular
dynamics (MD) simulation to study two immis-
cible fluids confined in a Couette geometry to de-
termine the dynamic contact angle and contact
line as functions of shear rate. Koplik et al. [14]
also performed MD simulations to study low
Reynolds number flow of a Lennard-Jones fluid
in a channel. They found that the static contact
angle for an immiscible two-fluid system was pre-
dictable, and varied with flow velocity for an ac-
celerating flow. Fukai et al. [15] reported a
theoretical and experimental study on the defor-
mation of a droplet colliding with a flat surface,
and observed that the maximum spreading radius
decreases as the advancing contact angle in-
creases. Joanny and de Gennes [16] investigated
the dynamics of the contact angle and observed
the presence of hysteresis in the contact line for
strongly heterogeneous surfaces. Muller et al. [17]
found a strong correlation between the surface
roughness and wetting behavior of a solid. The
transition from complete wetting to partial wetting
was first predicted by Cahn [18]. Lenz and
Lipowsky [19] studied the morphological transi-
tions of wetting layers on imprinted surfaces, and
observed that a droplet in a single domain exhib-
its a contact angle that does not satisfy Young’s
equation. Nijmeijer et al. [20] performed MD
simulations of a liquid slab confined between two
surfaces in order to examine the transition from a
partially wet to completely wet and from a par-
tially dry to completely dry surface. Maruyama et
al. [21] performed MD simulations to study the
microscopic aspects of the liquid—solid contact
phenomena and phase-change heat transfer. Klier
et al. [22] measured the contact angle (0) of
super liquid 4He on a cesium-coated tungsten
plate as a function of temperature, and found that
0 decreases to zero at T=2 K. Werder et al. [1]
studied the behavior of a water droplet in a carb-
on nanotube using MD simulations, and reported
contact angles for tube radii ranging from 12.5 to
37.5 A. Verheijen and Prins [23] measured the
contact angle of a droplet by measuring the ca-
pacitance between a conducting droplet and a
subsurface counter electrode. Fan and Cagin [24]
performed MD simulations to study the wetting of
polymer surfaces, and computed the contact angle
from the droplet volume and the interfacial area
between the droplet and the surface.
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The wetting phenomenon involves scales rang-
ing from continuum to molecular, and has thus
been described in terms of both the hydrody-
namic [25] and molecular theories [26]. At the
continuum level, the droplet spreading is gener-
ally described in terms of inertial (in the case of
forced spreading), capillary, and viscous forces.
Accordingly, the continuum-based experimental
[27, 28], theoretical [29, 30], and numerical [31]
investigations have examined droplet spreading in
terms of the Weber number, capillary number,
and Reynolds number. For instance, the spreading
characteristics, such as spreading radius, contact
angle (both dynamic and equilibrium), and con-
tact line speed, have been obtained in terms of
the appropriate nondimensional parameters. The
wetting phenomenon has also been described in
terms of molecular processes [1, 11, 13, 32],
which play a fundamental role in determining the
fluid—solid interactions, dynamic contact angle,
and singularity at the moving contact line. More-
over, the global wetting behavior can also be de-
scribed in terms of molecular dynamics. For
instance, at the liquid-solid interface, if the liquid
molecules have a stronger interaction with the
molecules that constitute the solid surface than to
each other (i.e., if the adhesive forces are
stronger than the cohesive forces), then wetting
of the surface occurs. Alternatively, if the liquid
molecules are more strongly attracted to each
other, and not to the molecules of the solid sur-
face (the cohesive forces are stronger than the
adhesive forces), then the liquid beads up and
does not wet the surface.

The literature review indicates that the wetting
phenomena associated with a droplet in contact
with a solid surface has been extensively investi-
gated experimentally, theoretically, and numeri-
cally. While the experimental and theoretical
studies have considered macrosize droplets and
examined hydrodynamic aspects of wetting, the
numerical studies have employed both macrosize
and nanosize droplets using continuum and MD
simulations, respectively. With regard to the lat-
ter, most previous studies have considered a
droplet placed on a surface, and examined the
dynamics of wetting as this initially spherical
droplet equilibrates to a shape determined by the
droplet and surface properties. In the present in-
vestigation, we employ a rather novel configura-

tion to simulate the dynamics of forced spreading
of a nanodroplet on a surface. The configuration
involves an initially spherical nanosize droplet
that is squeezed between two surfaces that move
in the opposite directions. This type of wetting is
expected to play an important role in the design
and operation of nanomachines and nanolubrica-
tion. Moreover, this approach has allowed us to
reach the equilibrium state much faster than pre-
vious studies. In most of our simulations, equilib-
rium was reached in about 20,000 time steps,
while previous simulations required numbers of
time steps that were typically an order of magni-
tude higher [11]. Our algorithm also allowed us
to have two solid—liquid interfaces, which permit-
ted us to effectively have two independent contact
angles within a single simulation, leading to better
accuracy. We have been able to examine the en-
tire wettability regime ranging from 6 — 0 to
0 — 180 deg by changing the surface-liquid pa-
rameters. In addition, using detailed numerical ex-
periments, it has been demonstrated that this
configuration is quite effective for a fundamental
investigation of the dynamics of wetting under
forced spreading, and for characterizing the ef-
fects of surface tension and other macroscopic
properties on wettability by suitably changing the
liquid and surface molecular parameters.

MD SIMULATION MODEL

Previous investigations by others and us [33]
have demonstrated that molecular dynamics simu-
lation is one of the most powerful techniques to
investigate droplet dynamics and related behavior.
In the MD simulation, specifying the total num-
ber of particles and the initial average number
density for the simulated system yields the over-
all system volume, which in the present investi-
gation is the rectangular cube illustrated in Fig.
1. The dimensions of the simulation system are
L, = 69.880, Ly, = 34.940, and L; = 34.940,
which are approximately equal to L, =24 nm,
Ly,= 12 nm, and L, = 12 nm. Here G is the char-
acteristic length scale, and represented by the
Lennard-Jones (LJ) diameter of argon atom in
our simulation.

All the atoms are initially placed at the lattice
site of a face-centered cube (FCC) in the simula-
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Fig.1 Simulation system containing a liquid droplet placed between two parallel solid surfaces and ambient gas
atoms. For clarity, the ambient gas atoms are shown smaller than actual size.

tion system. The density and initial temperature
of the system were specified to correspond to the
state condition being investigated. The droplet is
then formed by removing all the atoms not fall-
ing within the boundaries of the droplet, which is
centered at (x, y, z) = (Ly/2, L,/2, L./2) with a
radius of L,/4. This results in a droplet contain-
ing 2123 Lennard-Jones (LJ) particles for the
present study. The region outside the droplet was
then filled with the ambient gas atoms, with its
density corresponding to the desired partial pres-
sure. This yields 976 atoms representing the am-
bient gas. The simulation system thus contains
6379 (Ny) argon atoms, of which 2123 (Ny) atoms
constitute the droplet, 3280 (»,,) atoms constitute
the two surfaces, and 976 (N,) atoms constitute
the ambient gas. The fluid particles can move
freely in the 3D system, as determined by the
prescribed potential energy equation. In order to
simulate a physically realistic system, periodic
boundary conditions are employed at the system
boundaries.

The liquid droplet is initially placed between
two atomistic surfaces parallel to the x— plane.
Each surface consists of two layers of atoms
forming two planes of fcc lattice, as shown in
Fig. 1. The droplet initially has a spherical shape
with a diameter d = 17.47c, or ~6.0 nm, which
is equal to L,/2. The droplet is located at the
center of the two solid surfaces, i.e., the solid
surfaces are initially tangent to the droplet sur-

face. The droplet is then squeezed slowly be-
tween the surfaces by moving the surfaces at a
constant speed V in opposite directions along the
y-axis. The surrounding vapor or ambient gas has
an initial density of p, = 0.0167pz.

Interactions between the fluids’ atoms were
modeled using the Lennard-Jones (LJ) potential.

\12 .\6
Uy (1) = 4g; (%] - (%] 2

Here € and ¢ are characteristic energy and size
parameters, respectively, and r is the center—cen-
ter distance. Foro argon atoms, €= 1.67 X 10_21 J,
and 6 = 3.405 A. In order to improve the com-
putational efficiency, the potential was truncated
at a cutoff distance of 30. The validity of this
approach has been demonstrated in several pre-
vious studies [11, 14]. The simulation details for
the first set of simulations are as follows. The
fluid density and initial temperature are 0.756
and 0.72¢/k, respectively. The surface-surface
interactions were also modeled with the LJ po-
tential. To maintain a well-defined solid struc-
ture, each surface atom was attached to its
lattice site with a simple harmonic potential,
with a spring constant of K=2OO£/G_2, and
was allowed to oscillate due to thermal fluctua-
tions around its lattice position. For the refer-
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Table 1 Parameters Used for Different Sets of Simulations

Case &f & of Ow pf Pw d
1 (Reference) 1.0 1.5-0.01 1.0 1.0 0.75 0.75 0.5di
2 1.0 1.5-0.01 0.9 1.0 0.56 0.75 0.5d;
3 1.0 1.5-0.01 1.0 0.9 0.75 0.56 0.5d;
4 0.75 1.5-0.01 1.0 1.0 0.75 0.75 0.5d;
5 1.0 1.5-0.01 1.0 1.0 0.75 0.75 0.4d;

ence case, we used pw=0.750_3. The dimen-
sions of the two surfaces were initially taken as
one-half of the system size in the x direction
(Ly—surface = Ly/2), and equal to the system size in
the z direction (L;—gurface= L;). Each surface
consisted of two layers of atoms, which corre-
sponds to a thickness of 0.64 nm. The initial dis-
tance between the surfaces is 17.476, or one-half
of the system size in the y direction, while the
final distance is one-half of the initial distance,
or one-fourth of the cube size in the y direction.
The tethering sites of the atoms are then moved,
which then drag the atoms constituting the sur-
faces, while they are allowed to fluctuate to en-
sure thermal equilibrium.

The initial velocities of all system particles are
assigned randomly as the Gaussian distribution
based on the desired initial temperature. During
equilibration, the system temperature is kept con-
stant and a well-defined droplet is formed. The
end of the initialization period corresponds to the
start of the production part of the simulation, and
therefore represents the origin of time for the re-
sults reported here.

The equations of motion were integrated using
Gear’s fifth-order predictor—corrector algorithm.
The time steg is Ar=0.051t (1.078 % 1072 Ps),
where T = (mG~/¢) V2 Wwith m being the mass of
an argon atom. The reduced initial temperature is
T" =kT/e=0.72. The porosity of the moving
surfaces was fixed to prevent any diffusion of
atoms across the solid surfaces. The system was
equilibrated for ~500 time steps before the sur-
faces began to move. The coordinates of all
molecules were subsequently sampled every 500
steps for later analysis. The two surfaces move
toward each other with a constant speed of

"This algorithm is described in the next section.

V=0218x 10 G per time step, or ~7.0 m/s.

Numerical experiments were conducted with
several values of Af to assure that the simulations
are reasonably independent of the time step. In
addition, in order to further validate our results
we performed simulations with surfaces larger
than those described earlier. The results for sur-
faces with dimensions of L, X L, were in agree-
ment with those of size Ly/2XxL.. All the
simulations were therefore carried out with a
smaller surface in order to reduce computational
time.

Several sets of MD simulations were per-
formed to determine the effects of droplet and
surface parameters on the contact angle and wet-
ting properties (see Table 1). The first set of
simulations focused on observing the dynamics
of droplet wetting and contact angle with the
solid surface by moving the surfaces at a fixed
velocity as discussed earlier. An algorithm] was
developed to track the interface based on the
computed density profiles, and thereby determine
the contact angle. Subsequently, the variation of
contact angle with the liquid—surface interaction
parameters was quantified.

In the second set of simulations, the liquid
molecular diameter (0y) was changed, while
keeping the rest of the simulation parameters
fixed. Note that a reduction in Of decreases the
liquid—liquid interactions relative to the liquid—
surface interactions, since the intermolecular dis-
tance between liquid particles is effectively
increased. In the third set of simulations, the ef-
fect of surface porosity on droplet wetting and
contact angle was investigated by changing the
diameter of the solid particles (G,,). By reducing
Oy, the porosity was increased while the droplet—
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surface interaction was decreased. In the fourth
set, the effect of the liquid—liquid interaction en-
ergy parameter (Gy) on the contact angle was in-
vestigated. By reducing o5 the effective
liquid—surface interaction is enhanced relative to
the liquid-liquid interaction. Another set of simu-
lations was performed to investigate the effect of
the extent of droplet compression on the contact
angle. For this purpose, the final distance be-
tween the surfaces was reduced further, while
keeping other parameters unchanged. The results
indicated no significant change in droplet—surface
interactions, providing another validation of our
simulations.

Theoretical studies show that the nature of the
solid—liquid interface is determined by the com-
petition between solid-liquid and liquid—liquid in-
teraction forces. Due to the presence of two
surfaces, there are two solid—fluid interfaces in
our simulations. In our approach, moving the sur-
faces instead of the droplet assures even spread-
ing of the droplet on the solid surface, leading
to, as mentioned earlier, a much more efficient
simulation. The liquid surface under the effect of
unbalanced forces on its interfacial molecules be-
haves like a stretched membrane characterized by
the surface or interfacial tension y. It is well
known that it is necessary to supply energy to
create this surface. This energy is known as the
surface free energy. In the case of two fluid in-
terfaces, this energy is defined by the work done
against the surface tension in expanding an inter-
face to create a new area of interface [34].

SW = ydA 3)

For an interface that is bounded at least on one
side by a solid, the above definition of surface
free energy may not necessarily be true. As dis-
cussed by Woodruff [35], an alternate way is to
assume that a crystal consists of atoms interacting
attractively in pairs by means of forces of finite
range, and then the surface energy is given by the
sum of the energies of all bonds broken by the
surface and passing through unit area of the sur-
face. The free surface energy is then given by

F=U-TS “4)

where U is the internal energy, 7T the absolute

temperature, and S the entropy. Using the as-
sumption of constant temperature and employing
the first and second laws of thermodynamics
yields dF =PdV. Since PdV represent the work
done on the system, the definition of free surface
energy for any closed surface leads to Eq. 3,
which can be integrated to yield

F=[yn) dA 5)

Here n is outward normal to the elemental sur-
face dA. The thermodynamic equilibrium is
reached when the shape corresponds to the mini-
mum value of F. In the present study, we have
examined both the equilibrium and dynamic wet-
ting characteristics.

RESULTS AND DISCUSSION

For the results reported in this paper, all vari-
ables are reduced w1th argon parameters reported
earlier (¢ =1.67 X 1072 J o =3.405 A and m =
39.948 amu). In the first set of simulations,
which is referred to as the reference set, the re-
duced o for the surface and droplet atoms have
the same value, i.e., G, = Or = 1, and & = 1.
Table 1 lists the values of various parameters
used in our simulation.

The wetting properties of the system were
then investigated by varying the energy parameter
g, of the surface, which affects the surface—h%
uid interaction via the mixing rule, &;=(gg))
The dynamics of the wetting process for two
rather extreme values of €, is depicted in Fig. 2,
which presents instantaneous two-dimensional (x—

y) snapshots of all particle positions (droplet and

the two surfaces) at four different instants during
the simulation, corresponding to wettable (g, =
1.0) and nonwettable (g,, = 0.01) surfaces. As the
two surfaces move toward each other, the droplet
between them is squeezed and the interface as-
sumes a spheroidal shape to satisfy the minimum
energy requirement. As the droplet is squeezed
further due to the movement of the surfaces, its
surface (interface between the droplet and ambient
gas) assumes a concave or a convex shape corre-
sponding to a hydrophilic (wettable) or hydropho-
bic (nonwettable) surface, respectively. After
20,000 time steps, the system was allowed to fur-
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Fig. 2 Instantaneous 2D snapshots (x—y view) of particle positions at time (a) t=10Az, (b) ¢=10,000Az, (c)
t=18,000Az, (d) t=25,000At. Where At= 1.078 x 10_14 s. Snapshots indicate the dynamics of the surface wetting as
the droplet is squeezed by moving the surfaces for two cases: €, = 1.0 (hydrophilic surface) and 0.01 (hydrophobic

surface).

ther equilibrate while the two surfaces remained
stationary. Such equilibrium was reached in about
5000 steps.

The contact angle (0) of the interface between
solid, liquid, and vapor can be determined by
measuring the slope of the curve passing through
the interface. Depending on the strength of the
interaction between solid and liquid (i.e., the
magnitude of g,), the contact angle can vary
from 0 to 180 deg, with the former correspond-
ing to high energy of interaction between the
solid and liquid and resulting in complete wet-

ting. The four images on the left of Fig. 2 for
€y = 1.0 correspond to a relatively high wetting
surface. As €, is reduced, the surface-liquid in-
teraction decreases and the contact angle thereby
increases. For contact angles between 0 <0<
1/2, the surface is characterized as hydrophilic or
wettable. As €, is reduced further, interaction be-
tween the liquid atoms becomes stronger than that
between the liquid and surface atoms, and the
contact area between fluid and surface therefore
decreases. In this case, the contact angle becomes
greater than 6 >mn/2 and the surface is charac-
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Fig.3 Average positions of the droplet atoms and the data points showing the liquid—vapor interface and contact
angle for hydrophilic (¢,, = 1.0) and hydrophobic ¢, = 0.01) surfaces.

terized as partially wettable, and as g,, is reduced
further, 0 becomes closer to 180 deg, and the
surface is characterized as nonwettable or hydro-
phobic. The four images on the right of Fig. 2
for g, = 0.01 correspond to a nonwettable sur-
face. Therefore, the results in Fig. 2 clearly illus-
trate that our MD simulation scheme can
reproduce the entire wettability regime under
forced wetting by suitably changing €,,. Figure 2
also indicates considerably more evaporation for
€y = 0.01 compared to that for g, = 1.0. A
weaker interaction with the surface shifts the
phase equilibrium and a higher vapor pressure is
necessary for equilibrium, resulting in more
evaporation for the former case. This is because
the decreased interaction between the droplet and
the surface effectively decreases the system criti-
cal temperature, which leads to higher vapor
pressure for the system.

Computation of Contact Angle

In order to quantify the effects of various surface
and liquid properties on the wetting charac-
teristics, an algorithm was developed to deter-
mine the contact angle using the computed
density profiles. For this analysis, the simulation
system was divided into a large number of 3D
parallelepiped bins with 40 and 80 bins in the x
and y directions, respectively. Therefore, each bin

volume is (Ly/40) (L,/80)L;. The interface was
determined by identifying the bins that belong to
the droplet surface. The positions of the atoms
were monitored during the last 5000 steps of the
simulation (when the droplet was relatively sta-
tionary). The average density profiles were com-
puted by counting the number of particles in
each bin. The bins were examined for this analy-
sis by traversing the system box systematically
along the x direction (in the x—z plane), starting
from the bottom surface. The liquid—vapor inter-
face was then determined by comparing the den-
sity in each bin with the density in the core bin
(at the center of the droplet) in each x—z plane,
and defining the interface at the position where
Pbin is reduced to <0.2pcore. Considering the
system symmetry with respect to the y—z plane
(at x=L,/2) and x—z plane (at y=Ly/2), the in-
terface thus obtained was then smoothed by fit-
ting a single curve through the interface bins of
both solid-liquid surfaces. The contact angle,
which is the angle of intersection between the
surface of the droplet and the surface, was ob-
tained by determining the slope of the interface
curve at y = yyay. Figure 3 shows plots for the
computed interface and the contact angle for the
typical wettable and nonwettable surfaces. The
contact angle reported in this paper (cf. Fig. 4)
was taken as the average of the four contact an-
gles between the liquid and solid, as indicated in
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Fig. 4 Plot of contact angle as a function of the surface-liquid interaction energy parameter (g, ) for the reference

case.

Fig. 3. This further improves the accuracy of the
computed results. The equilibrium contact angles
computed using this procedure are 22.5 deg and
137.3 deg, respectively, for the wettable (g, =
1.0) and nonwettable (g, = 0.01) surfaces de-
picted in Fig. 3.

Effect of Surface—Liquid Interaction
Energy Parameter (ewr)

The surface wetting characteristics were then in-
vestigated by performing simulations with the
reference parameter set (see Table 1) for values
of g, ranging from 1.5 to 0.01, and computing
the wetting dynamics and contact angle. Figure 4
presents the contact angle plotted as a function
of g,. The contact angle is observed to vary
from 0 = 12.78 deg to 6 = 137.3 deg, as g, is
varied from 1.5 to 0.01. The corresponding range
for &, is 1.224 to 0.1. The maximum uncertainty
in the computed contact values is 10%. For g,, =
1.5, simulations indicate a relatively large wetting
surface, since there is high degree of interaction
between droplet and surface, and the droplet
spreads over a large area and the contact angle is
small. As g, is decreased from 1.5 to 0.01, the
droplet wetting or spreading area on the surface
becomes smaller, and the contact angle increases.

For €, <0.1, the contact angle becomes greater
than /2, i.e., the slope of the interface becomes
negative, and the wetting characteristics change
from a wettable to a nonwettable surface. For
g, = 0.01, the contact angle 6 = 137.3 deg indi-
cates a highly nonwettable or hydrophobic sur-
face. Figure 4 further indicates that the contact
angle would vary from 0 = 0 (completely wet-
table) to 6 =m (completely nonwettable surface)
if €,, is varied from e to 0. In addition, it is ob-
served that the relationship between the contact
angle and surface interaction energy €, is highly
nonlinear. For g, < 0.1, the contact angle changes
quite rapidly with g,,, while for g, > 0.1, the rate
of change of O becomes relatively small. This
also explains the large variation in wetting char-
acteristics observed in materials with rather simi-
lar structures. These results qualitatively agree
with previous theoretical and experimental stud-
ies. During the simulation, it was also observed
that vaporization could affect the contact angle
dynamics. Vaporization results in a fuzzy inter-
face, which results in some uncertainty in deter-
mining the contact angle. Indeed, the high rate of
vaporization and the nonisothermal nature of the
vapor—liquid interface can generate variation in
surface tension that eventually leads to the insta-
bility of the contact line. However, this aspect
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was not examined in the present study.

Effect of Droplet Compression
on Contact Angle

Simulations were also performed to examine the
sensitivity of the computed contact angle to the
degree of droplet compression by the two sur-
faces. For this purpose, the surfaces were al-
lowed to continue their motion toward each other
until the distance between them reached 40% of
the original distance (50% in the reference case).
Figure 5 presents the variation of contact angle
with €, for two different values of the final dis-
tance. Results indicate that the wetting charac-
teristics are relatively insensitive to the amount
of droplet squeezing. This provides further vali-
dation of our numerical algorithm.

Effect of Liquid Molecular
Diameter (cy)

The preceding simulations have clearly demon-
strated the feasibility of our approach for exam-
ining the wetting dynamics and contact angle
associated with the forced spreading of a droplet
on a surface. We now present a series of simula-
tions to characterize the effects of various liquid
and solid properties on the contact angle. In the
next set of simulations, the effect of droplet mo-

lecular diameter (Gp) on the contact angle is in-
vestigated by changing of from 1.0 to 0.9. Even
with the smaller 65 we ensured that no diffusion
occurred across the surfaces. All other parameters
of the system are kept unchanged. The surface-
liquid interaction energy parameter €,, is again
varied from 1.5 to 0.01. Figure 6a shows the vari-
ation in the contact angle with respect to g,, for
oy = 0.9 and 1.0. For €, <0.2 (corresponding to a
nonwettable surface), the contact angle values are
nearly the same (within our error bars) for the
two cases, while for €, >0.2 (corresponding to a
wetting surface), the contact angle decreases, i.e.,
the wettability increases as the droplet molecular
diameter is decreased. This is because reducing
oy effectively increases the interatomic distance
between the droplet molecules (relative to the size
of the molecules), making the cohesive forces
weaker relative to the adhesive forces, and
thereby decreasing the contact angle. It is interest-
ing to note, however, that this effect is only no-
ticeable in the wetting regime.

Effect of Surface Porosity (ow)

The effect of surface porosity was investigated
by changing the molecular diameter of the atoms
constituting the surfaces. By decreasing G,, from
1 to 0.9, the porosity of the surface increased
from 0.75 to 0.85. All other simulation parame-

—— d,=0.5d, (Ref.)
----o---- d,=0.4d,
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Fig. 5 Plot of contact angle as a function of the surface-liquid interaction energy parameter, illustrating the effect

of the amount of droplet squeezing on contact angle.
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Fig. 6 Effect of liquid and solid molecular properties on contact angle plotted as a function of the surface-liquid
interaction energy parameter; (a) effect of droplet molecular diameter (decrease in cohesive energy), (b) effect of
surface porosity, (c) effect of liquid interatomic energy parameter (decrease in cohesive energy).

ters were kept unchanged. The effect of surface
porosity on the contact angle is illustrated in Fig.
6b, which shows the variation of 6 with g, for
the two cases. For g,, < 0.5, the contact angle in-
creases as the surface porosity is increased (sur-

(or a nonwettable surface more nonwettable).
This may be expected since higher porosity re-
duces the fluid-surface interaction, and thus has
an inverse effect on the surface wettability. This
effect can be explained by considering the rela-

face molecular diameter is decreased), while for g,, > Otfye distance between the droplet and surface

the contact angle is relatively insensitive to the
variation in surface porosity. Moreover, the tran-
sition from wettable to nonwettable surface oc-
curs at slightly higher €,. This is an interesting
result indicating that increasing the porosity
makes a hydrophobic surface more hydrophobic

molecules. In this case, by lowering the size of

the surface molecules, the surface—fluid interac-

tion strength is lowered because of the increase

in relative distance between surface—fluid mole-
%

cules ryr= (ryy/0yp, where G,r= (0, +0p/2,

making the adhesive force weaker, while the
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fluid cohesive force remains essentially constant.
It is also important to note that the present simu-
lation model can be used to examine the effect
of surface roughness (i.e., by varying o,, and
other surface characteristics such as topology) on
wettability. For instance, our results indicate that
decreasing o, effectively increases the surface
roughness, and this increases the hydrophobicity
in the nonwettable region, which is consistent
with the results of previous studies [36]. This as-
pect will be examined in a subsequent investiga-
tion.

Effect of Liquid Interatomic
Interaction Energy (g

In this set of simulations, the effect of the inter-
action energy of the liquid atoms (€g) on the wet-
ting behavior was studied. Figure 6¢ presents the
variation of contact angle with g, for & = 0.75

180
160 1
1401
1201
100
80 -
60 -
40

Contact angle, 6, (deg.)

20

and 1.0. The results indicate a strong influence
of & on the surface wetting characteristics. This
is primarily because the interaction energy be-
tween the droplet atoms is reduced by 25% from
its reference value, while the liquid—surface inter-
action energy decreases by only 13%. As a re-
sult, we observe significant wetting for even low
values of g,

Wetting Dynamics and Comparison
with Previous MD Results

In the preceding sections we have reported re-
sults from our simulations focusing on the wet-
ting dynamics and the effects of various liquid
and surface parameters on the contact angle. In
this section we compare our results with avail-
able MD simulation results. The dynamic contact
angle has been studied previously by Ruijter et
al. [11]. We have also used our simulation to
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Fig. 7 (a) Temporal variation of the dynamic contact angle for a droplet spreading on a hydrophilic surface (ref-
erence case), and approach to equilibrium. (b) Variation of the dynamic contact angle with respect to the contact

line velocity for the same case.
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Fig. 8 Effect of solid-liquid interaction energy on cosine of contact angle for the reference case. As indicated in
the inset, there is a linear relationship between cos (9) and ewf in the partially wetting regime.

study the temporal variation of contact angle as
the simulation progresses. The results are pre-
sented in Fig. 7a, which shows a rapid initial de-
crease in the contact angle within the first 10,000
steps, and then a more gradual approach to equi-
librium in the next 10,000 steps. Over the next
30,000 steps, we observe only expected thermal
fluctuations. This behavior is consistent with pre-
vious observations and further demonstrates the
increased efficiency of our scheme.

In many previous studies [27, 32, 37, 38], the
wetting dynamics have been characterized by ex-
amining the variation of contact angle (0) with
contact line velocity (Vcr). We computed the
contact line velocity in our simulation by calcu-
lating the wetting diameter as a function of time.
Figure 7b presents the variation of 0 with V¢p
for the case discussed in Fig. 7a. As the droplet
is squeezed, its wetting diameter increases rapidly
while it spreads on the surface. The contact line
velocity is high in the beginning of the simula-
tion. Subsequently, both the spread rate and the
contact line velocity decrease rapidly. However,
as the simulation proceeds further, the contact
angle approaches equilibrium, and the rate of de-
crease in Vp, becomes small. In addition, as the
contact line velocity approaches zero, i.e., near
equilibrium, it exhibits significant fluctuations, as
indicated in Fig. 7b. These fluctuations may be
attributed to the pinning and depinning of the
contact line as discussed in Ref. 32. Also, uncer-

tainty in determining the contact diameter, while
the system approaches equilibrium, contributes to
fluctuations in the computed values of Vr.

Ruitjer et al. [11] also examined the contact
angle behavior in the partially wetting regime,
characterized by relatively weak solid—liquid inter-
actions compared to liquid-liquid interactions, and
observed a linear relationship between cos (0) and
the strength of the liquid—solid interaction in this
regime. In our simulations, the solid-liquid inter-
action is represented by &, The results of our
simulation are plotted in Fig. 8, which also ex-
hibits a linear relationship in the partially wetting
regime (&, = 0.075-0.375), as indicated in the
inset of this figure. However, as solid—liquid in-
teractions become stronger, the relationship be-
comes nonlinear, and ultimately cos(0)
approaches a value of unity corresponding to a
completely wettable surface. This confirms that
the solid—vapor and liquid—vapor interfacial ten-
sions are independent of the solid—liquid interac-
tions, as they should be, thus further validating
our simulations.

CONCLUSIONS

We have reported MD simulations of the wetting
phenomenon associated with nanodroplets. The
dynamics of forced spreading of a droplet on a
surface have been examined by squeezing an in-



14 N. SEDIGHI ET AL.

itially spherical droplet between two moving sur-
faces. A new efficient algorithm has been devel-
oped to track the liquid-gas interface and the
contact angle based on the computed density pro-
files. The algorithm has been shown to reproduce
the entire wettability regime (0 ranging from O to
180 deg). Simulations have been carried out to
investigate the effects of various molecular pa-
rameters on the wetting phenomena and contact
angle. The parameters include the interaction en-
ergy of surface and liquid atoms, surface poros-
ity, and the droplet molecular diameter.

Results indicate a highly nonlinear relationship
between the contact angle and the surface-liquid
interaction energy parameters. The wetting char-
acteristics are also strongly influenced by the in-
teraction parameters of droplet atoms. As the
droplet molecular diameter is reduced, the surface
wettability is enhanced in the hydrophilic (wet-
table) regime, while there is little effect in the
nonwettable regime. The surface porosity has a
relatively minor effect on the contact angle in the
wettable regime, but has noticeable influence in
the nonwettable regime, i.e., when the surface-
liquid interactions are weak. The present study
clearly demonstrates that MD simulations can be
used quite effectively to investigate the wetting
phenomena under forced spreading, and for char-
acterizing the effects of surface tension and other
macroscopic properties on wetting characteristics.
Simulations using a relatively small number of
atoms (on the order of the 104) demonstrated
properties similar to the corresponding wetting
phenomena on hydrophilic and hydrophobic sur-
faces. Results for the changes of fluid interfaces
were also consistent with experimental observa-
tions and macroscopic theory.
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