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Using lattice gas Monte Carlo simulations, we studied the dewetting transition of water confined
between a spherical tip and a plate, which is relevant to atomic force microscopy measurements con-
ducted in water. The dewetting transition was investigated by varying the tip-plate distance, tip size,

and the pressure of water. With introduction of an atomic scale roughness (1 < nm) in the tip and the
plate, the dewetting transition significantly increased in range and yielded an enhanced hydrophobic
force between the tip and the plate. This finding is in agreement with the experimental results previously

reported by Singh et al.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

A liquid water droplet sandwiched between hydrophobic sur-
faces spontaneously evaporates when the surfaces are within a cer-
tain distance (D.). This dewetting transition occurs due to the
confinement of water and gives rise to a strong attractive force
between the two hydrophobic surfaces, which is known as the
hydrophobic force. The hydrophobic force is much stronger and
longer in range compared to the van der Waals force. The dewet-
ting transition and the resultant hydrophobic force are manifested
in various phenomena, including protein folding [1-3], self-
assembly of amphiphilic molecules into micelles and membranes
[4,5], and the opening and closing of ionic channels [6,7].

Given its ubiquity and importance, various theoretical and sim-
ulation studies have been carried out to understand the dewetting
transition [8,9]. Huang et al. [10] have used molecular dynamics
simulations to investigate the dewetting transition in ideal oD
de novo protein chains. Zhou and Berne have studied the dewetting
transition in the protein folding [ 11-14] by modelling mellitin tet-
ramers [13]. These theoretical studies assumed ideal geometries of
the surfaces such as two plates or two ellipsoids [11]. On the con-
trary, real surfaces are rough to some extent. In fact, the presence
of an atomic or nano-scale roughness on a surface is a rule rather
than an exception. However, it is not completely understood how
such a small roughness affects the dewetting transition and the
resultant hydrophobic force. Interestingly, Singh et al. reported
that the hydrophobic force acting between a spherical tip and a
plate [15] is greatly enhanced in its range and magnitude in the
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presence of a microscale (not atomic or nanoscale) surface
roughness.

Herein, we theoretically studied the effect of an atomic scale
surface roughness on the hydrophobic force between an atomic
force microscope (AFM) tip and a plate. Specifically, we performed
extensive Monte Carlo (MC) simulations by employing the lattice
gas model for water [16-21]. The lattice gas model enabled us to
simulate mesoscale tip and plate geometries that were not accessi-
ble in a fully atomistic simulation. By systematically varying the
pressure and the tip-plate distance, we examined the dewetting
transition and the hydrophobic force. Therefore, the effects of sur-
face roughness on the dewetting transition and hydrophobic force
have been investigated in this work.

2. Theory and Monte Carlo simulation methods

The present work focuses on the molecular simulation of the
dewetting transition of water confined between a spherical tip
and a plate (Fig. 1a). We however introduce a simple continuum
theory for the dewetting process to present a theoretical back-
ground and to compare with the present simulation. Suppose the
dewetting gives rise to a cylindrical cavity of radius r and height
D between the tip and the plate. Let Q, and Q; be the grand poten-
tials of the dewetted and wetted systems, respectively. Then, the
difference in the grand potentials, AQ, is given by Eq. (1) [22].

AQ = Qy — Q; = (AP)V — (AY)As + VA 1)

where V is the volume of the cylindrical cavity, As is the area of the
solid-vapor interface, A;y is the area of the liquid-vapor interface,
and AP is the difference between the pressure of the liquid (P;)
and vapor pressure (Py) (both have the same chemical potential
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Fig. 1. Geometry of the dewetting transition between a spherical tip (with a radius
R) and a plate. (a) Cylindrical cavity assumed in the theory of the dewetting
transition. The radius and height of the cylinder are denoted by r and D,
respectively. The tip-plate distance is given by h, and a = D — h. (b) Simulation cell
for the present lattice gas Monte Carlo simulation. Only the first quadrant (x, y > 0)
is simulated and the rest three quadrants are taken to be mirror images of the first
quadrant.

n). v,y is the liquid-vapor interfacial tension, and Ay = y;s — Vys
where 7,5 and y,s are the liquid-solid and vapor-solid interfacial
tensions, respectively. By inspection of the geometry, it can be
noted that V = 7r’D — Vyune, As = Apune + r?, and A,y = 27D,
where Vi, and Agyune are the volume and surface area of the tip
inside the cylinder, respectively. Vi = 7r(Ra2 —a/3) and
Atrunc = 27Ra, where a=D — h.

By imposing the condition that AQ = 0, it is possible to solve the
equations for the tip-plate distance at the dewetting transition h.
as given in Eq. (2).

Ap(Ra* — a3/3) — 7y, cos 6(2Ra + )

e = Apr? 42y, - @

where 0 refers to the intrinsic contact angle of a water droplet on a
flat surface. The Young equation (Ay = —y;ycos0) was used to
derive Eq. (2). Although Eq. (2) applies to a cylindrical cavity, a real
cavity is rather close to an axis symmetric meniscus for which a
simple analytical expression such as Eq. (2) cannot be obtained.

The present Monte Carlo simulation is based on the lattice gas
model, wherein water molecules reside on the sites of a cubic lat-
tice between a sphere and a plate. A molecule interacts with its
nearest neighbor (NN) with an attraction energy ¢ and has its
own chemical potential p. When it is located adjacent (nearest
neighbors) to the surfaces of the tip and plate, it experiences a
binding energy of b. The Hamiltonian in the lattice gas model is
given by Eq. (3),

H=-¢Y cg-bd ci—puN 3)

ij=nn i=surf
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where c; is the occupation number at the i™" lattice site (0 or 1). In
this model, the p value for the bulk vapor-liquid phase transition, pic,
is exactly —3e. The saturation of the system is defined as
exp[(u — pe)/(ksT)], which is exact in the ideal gas limit. The bulk
critical temperature, T¢, for the lattice gas is given by 1.128¢/kg.
In order to emulate a liquid, the saturation was set to 105%. Identi-
fying the liquid as water, ¢ was set to 4.8 kj mol~! (because T of
water is 647.3 K) and the lattice spacing, I, was set to 0.37 nm
(molecular diameter of water). The surface binding energy was set
to b =0.01¢, in order to mimic a hydrophobic surface and the tem-
perature was fixed to 300 K.

The present lattice gas model is a standard method to study
both gas and liquid phases and the transition between these
phases. Numerous previous studies [23-25] on the liquid-gas tran-
sitions employed the lattice gas model. This coarse-grained model
cannot capture the full molecular features of water such as the
dipole moment and the long-ranged Coulomb interaction. How-
ever, it has proven to reproduce the essential features of the phase
behavior of water. For example, the present lattice gas model was
used to successfully simulate the phase transition of water con-
fined in a carbon nanotube [26-28]. Also, the lattice gas simulation
reproduced the humidity dependence of the capillary force due to
the liquid water formed between an atomic force microscope tip
and a surface [22].

The Glauber single spin flip using the Metropolis importance
sampling was used for the MC move [29]. Initially, every lattice site
was taken to be in the liquid state (by setting its occupancy to 1). In
each simulation, 100,000 MC moves were attempted for every lat-
tice site. The initial 60,000 flips were discarded for equilibration
and the remaining 40,000 flips were used for calculating the aver-
age quantities. We used 5000 configurations to calculate the aver-
ages and standard deviations in the densities and cavity widths. A
lattice site with an average occupancy larger (less) than 0.5 was
considered to be in the liquid (vapor) phase. The density profile,
p (x,y, z), defined as the average occupancy of the site located at
(x, ¥, z), was also calculated. The width of the cavity was deter-
mined from the density profile as follows. For each horizontal posi-
tion (x, y), we checked vertically the average occupancies of the
sites of the column ranging from the lower plate to the upper
tip. If all the sites of a column were less than half-full on average,
it was declared to be a vapor column. A collection of such vapor
columns was cylindrically symmetric around the Z axis. The cavity
width was defined as the diameter of this cylinder, and half of this
diameter was the radius of the cylindrical cavity r used in Eq. (2). In
estimating the cavity width, we also estimated the stability of a
cavity. The standard deviation in the diameter relative to its aver-
age diameter was defined as the fluctuation of the cavity. A cavity
with a fluctuation of more (or less) than 20% was declared as an
unstable (or stable) cavity [28]. Only the stable cavities are consid-
ered for the calculation of the cavity widths. The unstable cavities
are taken to have zero widths.

By varying the tip-plate distance h, we investigated the forma-
tion of a stable cavity (with a fluctuation less than 20%). As h
decreased to a certain distance h,, a cavity appeared and broadened
with further decreasing h. The cavity width at h = h. was taken to
be the minimum width of the cavity.

The attractive force [24] between the tip and plate separated by
h was calculated by Eq. (4),

where V is the volume of the cavity, and p is the bulk pressure. The
value of Q was calculated by using the following thermodynamic
integration method [30],
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