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Molecular Dynamics Study of Wetting of a Pillar Surface
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We present results of molecular dynamics simulations of water droplets at pillar surfaces comprised
of sheets of carbon atoms. We examine variations in the contact angle with the height of the pillars. A
crossover is observed between the Wenzel and Cassie—Baxter regimes when the height of the pillar is

changed.

Introduction

Wetting of a water droplet on a perfectly smooth ideal
surface is described by Young's equation. However, all
real surfaces are rough to some extent, and this changes
the wettability considerably. It is crucial whether water
molecules interact with all the solid substrate by pen-
etrating the hollows. If the liquid does penetrate and the
surface is dry ahead of the contact line, a useful ap-
proximation is that of Wenzel* who modified Young's
equation such that the contact angle, 69, is altered by a
roughness factor, r:

cos 6 = r cos 6, Q)

where 6, is the contact angle for a perfectly smooth surface.

If air is trapped in the hollows on the rough surface the
liquidisonly in contact with the “upper” part of the surface
and the droplet remains almost spherical (6 — 180°).
Wenzel's approximation then fails and an alternative
treatment starting from Young's equation is that of Cassie
and Baxter.? They considered the contact angle at
heterogeneous surfaces composed of two different materi-
als, for which the separate contact angles are 6; and 6,.
If the second of these is air, the contact angle 6, is 180°,
and

cos § =fcos 6, + (1 —f)cos 6,
= fcos 0, + (1 — f) cos 180°
=f(cos6,+1)—1 2)

where f and 1 — f are the fractional areas of the wetted
solid/liquid and liquid/air interfaces, respectively.

An example of the effect of surface roughness is the
highly repellent fluorinated surface with a well-controlled
pillar structure, studied by Yoshimitsu et al.® The
experimental contact angles for water on this surface are
>150° and vary with the pillar height and width. For low
roughness, Wenzel's regime is followed with a marked
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increase in the contact angle with roughness. At high
roughness, when the height of the pillars is increased, the
gaps between them are filled with trapped air rather than
liquid. The increase in height, thus, has only a small effect
on the contact angle, which remains effectively constant
in agreement with Cassie and Baxter. These super
hydrophobic surfaces, with contact angles close to 180°,
have been widely discussed,® ¢ and it appears that such
surfaces must have the appropriate surface roughness
and geometry. In this paper, we present results of
molecular dynamics simulations of wetting of an aniso-
tropic pillarlike surface consisting of sheets of hexagonally
arranged carbon atoms. The results are compared with
recent simulations on wetting at an atomistic flat surface.”

Methods

The model is a full atomistic representation and includes
long-range electrostatic interactions. The potentials and charges
used to describe the water molecules were taken, as in our
previous work on the behavior of water/ethanol droplets on a
graphite surface,” from the TIP-3P model of Jorgensen et al.®
The short-range intermolecular interactions are all of the
Lennard—Jones formwith a cutoffat 9 A. Values of the Lennard—
Jones parameters o and ¢ for the surface carbon atoms are taken
from the Optimized Potentials for Liquid Simulations force field,®
and the Lorentz—Berthelot geometric mixing rules were used to
determine the surface/water potential parameters. The long-
range Coulombic interactions were handled by direct summation
with a cutoff distance larger than the drop radius. The program
DL_POLY?* was used for the molecular dynamics simulations,
which were performed at a constant volume and temperature
(NVT). The temperature was set to 298 K and kept constant
using the Berendsen thermostat.'! The simulations were carried
out with a time step of 1 fs. The typical lengths of the production
runs were 500 ps.
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Figure 1. Top view of one pillar, showing how the carbon
sheets are layered. The black color represents a top atom layer
while the gray atoms are located in the lower layers.

The smooth, flat, solid slab consisted of three layers of carbon
atoms hexagonally arranged as in graphite, separated by
1.42 A and with a surface number density of 0.384 A-2. The
sheets of atoms were separated by 3.4 A and stacked as shown
in Figure 1. The pillar surface was constructed from a similar
slab consisting of layers of carbon atoms, from which pillars were
constructed by removing the appropriate atoms. Each pillar is
a cuboid with a side of 12 A. The height of the pillar was varied
from 3.4 to 61.4 A. All surface atoms were kept fixed in position
during the simulations.

The liquid phase was set up by “cutting out” a spherical droplet
with a radius of 20 A (33.5 nm3), approximately 1100 water
molecules, from a simulation cell of equilibrated bulk water. The
equilibrated water droplet was placed on top of the solid surface,
and when the simulation started, the droplet began to wet the
surface spontaneously. Wetting properties were calculated as
described previously,”

Results and Discussion

In previous simulations’ of a water droplet on top of a
perfectly smooth {0001} graphite surface, the water
droplet wetted the surface with a contact angle of
83.3 +5.3°, which is close to the macroscopic experimental
value.'? For comparison, we have carried out similar
simulations on the perfectly smooth surface formed by
cleaving vertically through the layers of the slab. This
surface is identical to the walls of the pillars. Because the
atom density is lower for this surface, the droplet spreads
out less and the contact angle calculated to be 111 + 3.2°
is larger than that for the {0001} surface.

The wetting properties change considerably for the pillar
structure. Figure 2 shows the time dependence of the
distance of the center of mass of the droplet perpendicular
above the surface with pillars of a height of 10.2 A. The
spreading mechanism for this surface can be divided into
three stages. During the initial stage of the simulation,
the drop moves down from its original position until it
makes contact with the surface (Figures 3a and 4a). In
the second stage, it spreads out and slides over the top of
the pillars without penetrating the gaps between them.
The wettability of the top of the pillars is higher than that
at the walls, so first the drop maximizes the contact with
the top of the pillars. The preferred configuration of the
droplet is such that it covers four of the pillars. After the
droplet attains its position on top of the pillars, in the
third stage, water molecules begin to diffuse into the gaps
between the pillars (Figures 3c and 4b). Eventually all of
the hollow is occupied by the liquid. The estimated contact
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Figure 2. Evolution of the center of mass of the droplet with
time. The top of the pillars are located at z = 0. Parts a, b, and
c refer to the three different stages of the wetting discussed in
the text. The pillar height is 10.2 A

(b)

Figure 3. Snapshots from the simulations. Part a shows the
initial configuration and position of the droplet. Part b shows
the intermediate stage of the wetting procedure, where the
droplet is wetting the top part of the pillars only. Part c is the
final stable position of the droplet, where the water molecules
have penetrated the pillars. The pillar height is 10.2 A. The
contact angle is determined, as shown, where the water is in
contact with the top of the pillars, as described in ref 7.

angle after the spreading and penetration into the pillar
surface is 110.8 + 3.1°. This should be compared with the
significantly lower value, 83°, for the smooth {0001}
surface.

Itisalsoof interest to investigate the effects of changing
the pillar height. The equilibrium contact angle varies
with the pillar height. Contact angles for a range of pillar
heights, from 3.4 to 61.2 A, have been calculated and are
shown in Figure 5. There is a clear change of behavior
between 10 and 20 A, where the contact angles become
essentially independent of the pillar height. As the height
of the pillars increases beyond 20 A, the water molecules
do not penetrate the gaps between the pillars. The
resulting final configuration of the droplet on top of
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Figure 4. Part a illustrates a snapshot viewing the surface
from above, showing the initial configuration of the droplet.
Part b is a snapshot of the equilibrated water droplet on top

of the pillar surface in equilibrium after spreading. The pillar
height is 10.2 A.

61.2 A high pillars is, for example, shown in Figure 6. The
droplet does not penetrate to the bottom of the gaps, and
the calculated contact angle is 128.4 + 1.6°. This is
considerably larger than the values for the separate
surfaces, which make up the top and the sides of the pillar.
We appear now to be in the Cassie and Baxter regime.

To sum up, our simulations have shown the effects of
surface structure and density on wetting phenomena. The
different wetting properties of the top and the sides of the
pillars play an important role in determining the contact
angle. The droplet spontaneously migrates from its
randomly chosen nonequilibrium configuration to its final
position, in which a stable droplet is formed on top of four
pillars. For low pillar heights, the system is in the Wenzel
regime and a change to that of Cassie and Baxter is seen
when the pillar height was increased. The contact angles
seem to be independent of the pillar height when h exceeds
15 A. The contact angles depend on the topography of the
surface. Both the pillar width and the gaps between the
pillars are clearly important factors,® and these will be
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Figure 5. Variation of the contact angle with the pillar height
for the carbon pillar surface.

Figure 6. Snapshots from the simulation for a surface with
tall pillars. The height of the pillars is 61.2 A.

addressed in future publications. It is also likely that the
sharp corners of the surface, where there is a particularly
high density of atoms, also influence the wetting proper-
ties.

Molecular dynamics simulations are, thus, clearly able
toprovide adetailed insight at the atomic level into wetting
phenomena. With calculations of this type, we can begin
to tackle many related questions such as the role of defects,
the effect of surfactants, and the dynamic processes
associated with the formation of the final droplets.
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