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ABSTRACT

We have given theoretical expressions for the forces exerted on a so-called Wilhelmy plate, which we modeled as a quasi-2D flat and
smooth solid plate immersed in a liquid pool of a simple liquid. All forces given by the theory, the local forces on the top, the contact
line, and the bottom of the plate as well as the total force, showed an excellent agreement with the MD simulation results. The force
expressions were derived by a purely mechanical approach, which is exact and ensures the force balance on the control volumes arbitrar-
ily set in the system, and are valid as long as the solid-liquid (SL) and solid-vapor (SV) interactions can be described by mean-fields. In
addition, we revealed that the local forces around the bottom and top of the solid plate can be related to the SL and SV interfacial ten-
sions ysp and ysy, and this was verified through the comparison with the SL and SV works of adhesion obtained by the thermodynamic
integration (TT). From these results, it has been confirmed that ys. and ysv as well as the liquid-vapor interfacial tension yrv can be
extracted from a single equilibrium MD simulation without the computationally demanding calculation of the local stress distributions and
the TL.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0011979
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I. INTRODUCTION

The behavior of the contact line (CL), where a liquid-vapor
interface meets a solid surface, has long been a topic of inter-
est in various scientific and engineering fields because it gov-
erns the wetting properties. ° By introducing the concept of
interfacial tensions and contact angle 6, Young’s equation’ is
given by

ysL. — Psv + yLv cos 6 = 0, (1)

where ysi, ysv, and yLv denote solid-liquid (SL), solid-vapor (SV),
and liquid-vapor (LV) interfacial tensions, respectively. The con-
tact angle is a common measure of wettability at the macroscopic
scale. Young’s equation (1) was first proposed based on the wall-
tangential force balance of interfacial tensions exerted on the CL in
1805 before the establishment of thermodynamics,” while recently,
it is often re-defined from a thermodynamic point of view instead of
the mechanical force balance.’

Wetting is critical especially in the nanoscale with a large
surface to volume ratio, e.g., in the fabrication process of
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semiconductors,” where the length scale of the structure has reached
down to several nanometers. From a microscopic point of view,
Kirkwood and Buff’ first provided the theoretical framework of
surface tension based on the statistical mechanics, and molecular
dynamics (MD) and Monte Carlo (MC) simulations have been car-
ried out for the microscopic understanding of wetting through the
connection with the interfacial tensions.'’*” Most of these works on
a simple flat and smooth solid surface indicated that the apparent
contact angle of the meniscus or droplet obtained in the simulations
corresponded well to the one predicted by Young’s equation (1)
using the interfacial tensions calculated through a mechanical man-
ner and/or a thermodynamic manner, where Bakker’s equation and
the extended one about the relation between the stress distribution
around LV, SL, or SV interfaces and the corresponding interfacial
tension have played a key role.”” On the other hand, on inhomoge-
neous or rough surfaces, the apparent contact angle did not seem
to correspond well to the predicted one”””* ** because the pinning
force exerted from the solid must be included in the wall-tangential
force balance.”

The Wilhelmy method’ has been applied as one of the most
common methods to experimentally measure the LV interfacial ten-
sion, e.g., surface tension, or the contact angle. ‘' In this method,
the force on a solid sample vertically immersed in a liquid pool is
expressed from the force balance by

L;mal =lyLv cos 0+ mg — pgV, 2)

where LL"‘“I is the total downward force (load) measured on the sam-
ple, the contact angle 6 is defined on the liquid side, [ is the CL
perimeter, m is the sample mass, V denotes the volume of the sample
immersed in a liquid of density p, and g stands for the accelera-
tion of gravity. The history of the Wilhelmy method and practical
issues mainly from a macroscopic point of view are well summa-
rized in a review article.”’ In the nanoscale, the gravitational force
and buoyancy, respectively, as the second and third terms on the
RHS of Eq. (2) are negligible, and it follows that

tot:

4l % yrv cos 6, 3)

where the force per CL length &% is defined by

total
total Lz

‘ I

4

From Eq. (3), one can estimate unknown yrv from E;mal and 0 deter-
mined by the apparent meniscus shape or unknown  from & and
yiv as a known physical property. Apparently, the sign of &% is
directly related to the wettability, e.g., the force is downward for a
wettable solid sample with 6 < /2.

It is often modeled, typically with a macroscopic schematic
illustrating the balance of forces acting on the solid sample, as if
the solid sample is “pulled” locally at the CL toward the direction
tangential to the LV interface. In such a model, the wall-tangential
component of this force lyLv cos 0 in Eq. (2) seems to act on the solid
locally at the CL; however, it is not correct from a microscopic point
of view."' ™ As a straightforward example, consider the case with

ARTICLE scitation.org/journalljcp

0 = 71/2: such model claims that the local wall-tangential force from
the fluid around the CL must be zero because cos 6 = 0, whereas the
fluid density p along the wall-tangential direction z changes with
Op/Oz # 0 around the CL, which should form an inhomogeneous
force field for the solid in the z-direction. Probably due to the diffi-
culty of the direct experimental measurement, few studies have been
carried out specifically about the local force on the solid in compar-
ison with Young’s equation so far. Among them, Das et al.”” and
Weijs et al.”’ proposed a model that describes the local force on the
solid around the CL per unit length as yrv(1 + cos 8), which was
based on the density functional theory with the sharp-kink approx-
imation.**"” This model was later examined by MD simulations for
a simple liquid."”

In this work, we revisited the forces exerted on the Wilhelmy
plate with non-zero thickness and derived theoretical expressions
of the local forces on the CL and on the top and bottom of the
plate as well as the total force on the plate. The derivations were
done by a purely mechanical approach, which ensured the force
balance on the arbitrarily set control volumes, and the connection
to the thermodynamics was given by the extended Bakker equa-
tion.”” We also verified the present theoretical results by MD sim-
ulations. As a major outcome of the expressions of the local forces,
we will show in this article that all the interfacial tensions involved
in the system, yrv, ps., and psv, can be measured from a single
equilibrium MD simulation without computationally demanding
calculations.

Il. METHOD
A. MD simulation

We employed equilibrium MD simulation systems of a quasi-
2D meniscus formed on a hollow rectangular solid plate (denoted
by “solid plate” hereafter) dipped in a liquid pool of a simple fluid,
as shown in Fig. 1. We call this system the “Wilhelmy MD sys-
tem” hereafter. Generic particles interacting through a LJ poten-
tial were adopted as the fluid particles. The 12-6 LJ potential

given by
o\ (o) £\2
" (ry) —46[() —(—) +c§](l) +cé]] 5
Tij Tij Tc

was used for the interaction between fluid particles, where rj; is the
distance between particles i at position r; and j at r;, while e and
o denote the L] energy and length parameters, respectively. This
LJ interaction was truncated at a cutoff distance of r. = 3.50, and
quadratic functions were added so that the potential and interac-
tion force smoothly vanished at r.. The constant values of ¢5 and ¢}/
were given in our previous study.'’ Hereafter, fluid and solid parti-
cles are denoted by “f” and “s,” respectively, and the corresponding
combinations are indicated by subscripts.

A rectangular solid plate in contact with the fluid was pre-
pared by bending a honeycomb graphene sheet, where the solid
particles were fixed on the coordinate with the positions of the
2D-hexagonal periodic structure with an inter-particle distance
of 0.141 nm. The zigzag edge of the honeycomb structure was set
parallel to the y-direction with locating solid particles at the edge
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to match the hexagonal periodicity. The right and left faces were
set at x = +x; parallel to the yz-plane, and the top and bottom
faces were parallel to the xy-plane. Note that the distance between
the left and right faces 2x; ~ 1.7 nm was larger than the cutoff
distance r..

The solid-fluid (SF) interaction, which denotes SL or SV inter-
action, was also expressed by the L] potential in Eq. (5), where
the length parameter oy was given by the Lorentz mixing rule,
while the energy parameter ¢ was changed in a parametric man-
ner by multiplying a SF interaction coefficient # to the base value

0
€sf = \/ Eff€ss AS
0
€sf = NEst. (6)

This parameter 7 expressed the wettability, e.g., # and the contact
angle of a hemi-cylindrically shaped equilibrium droplet on a homo-
geneous flat solid surface had a one-to-one correspondence, ”**”
and we set the parameter # between 0.03 and 0.15 so that the cor-
responding cosine of the contact angle cos § may be from 0.9 to
0.9. The definition of the contact angle is described later in Sec. IIL.
Note that due to the fact that the solid-solid inter-particle distance
rss shown in Table I was relatively small compared to the L] length
parameters og and oy, the surface is considered to be very smooth,
and the wall-tangential force from the solid on the fluid, which
induces pinning of the CL, is negligible.” "

In addition to these intermolecular potentials, we set a hori-
zontal potential wall on the bottom (floor) of the calculation cell
fixed at z = zq, about 5.3 nm below the bottom of the solid plate,
which interacted only with the fluid particles with a one-dimensional
potential field ®f> as the function of the distance from the wall
given by

1{ o 10 1{ao ¢ ] ?
1D/ 7\ _ 0 2 sf sf flr i
Dy, (Zi)_4ﬂpn€sfasf|:5(z{) _E(?) +C (Zcﬂr)

1 1

!
fir[ Zi flr '
+C (ﬁ)*’co :|, Zi = Zi — Zr> (7)
Z,

C

~4.2 nm

5.0 nm

FIG. 1. Equilibrium molecular dynamics
(MD) simulation systems of a quasi-2D
meniscus formed on a hollow rectangu-
lar solid plate dipped in a liquid pool of
a simple Lennard-Jones (LJ) fluid: the
Wilhelmy MD system.

temp.
control
at 90 K

where z; is the z-position of fluid particle i. This potential wall mim-
icked a mean potential field created by a single layer of solid particles
with a uniform area number density p,. Similar to Eq. (5), this poten-
tial field in Eq. (7) was truncated at a cutoff distance of z?r = 3.504,
and a quadratic function was added so that the potential and interac-
tion force smoothly vanished at z™". As shown in Fig. 1, fluid particles
were rather strongly attracted on this plane because this roughly
corresponded to a solid wall showing complete wetting. With this
setup, the liquid pool was stably kept even when the liquid pres-
sure is low with a highly wettable solid plate. Furthermore, we set
another horizontal potential wall on the top (ceiling) of the calcu-
lation cell fixed at z = z; about 4.2 nm above the top of the solid
plate exerting a repulsive potential field ®.2) on the fluid particles
given by

e 10 2 2
1D, _rr 0 2 sf ceil i
CDceil(zi ) = 477Pﬂ€sfosf g ( ?) T (Zceil )

1 C

"
ceil [ Zi ceil " _
ta ( ) +0 ]> Zi = Zeell = Zis ®)

deil

TABLE I. Simulation parameters and their corresponding non-dimensional values.

Property Value Unit Non-dim. value
off 0.340 nm 1

Ogf 0.357 nm 1.05

€ 1.67 x 102! ] 1

% 1.96 x 10~ 2! J 1.18

€5t nx e

n 0.03-0.15 .. ..

me 6.64 x 10 %° kg 1

T. 90 K 0.703

N¢ 10 000-15 000
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ceil

where a cutoff distance of z{ = gy was set to express a repulsive
potential wall.

The periodic boundary condition was set in the horizontal
x- and y-directions, where the system size in the y-direction I,
~ 3.66 nm matched the hexagonal periodicity of the graphene sheet.
The temperature of the system was maintained at a constant tem-
perature T, of 90 K, which was above the triple point temperature,
by velocity rescaling applied to the fluid particles within 0.8 nm
from the floor wall regarding the velocity components in the x- and
y-directions. Note that this region was sufficiently away from the
bottom of the solid plate, and no direct thermostating was imposed
on the solid plate so that this temperature control had no effects on
the present results.

With this setting, a quasi-2D LJ liquid of a meniscus-shaped
LV interface with the CL parallel to the y-direction was formed as an
equilibrium state, as exemplified in Fig. 1, where a liquid bulk with
an isotropic density distribution existed above the bottom wall by
choosing a proper number of fluid particles Ny, as shown in Fig. 2.
We checked that the temperature was constant in the whole sys-
tem after the equilibration run described below. Note also that in
the present quasi-2D systems, effects of the CL curvature can be
neglected.''*'*?>*>*7> The velocity Verlet method was applied
for the integration of the Newtonian equation of motion with a time
increment of 5 fs for all systems. The simulation parameters are sum-
marized in Table I with the corresponding non-dimensional ones,
which are normalized by the corresponding standard values based
on €, ofr, and my.

(a) fluid density
distribution

(b) side
shapshot

(c) downward force and SF
potential energy distributions

potential energy, ug [x107> J/m?]
-30 -20 -10

— Uy

— d& /dz

sol.-fluid interface
X =+Xxgp

10

Ezlop

SV interface
dé /dz=0

Ugp =CONSt.Zugy

fluid density, p [kg/m’]

position, z [nm]
o

SL interface
d¢&, /dz=0
g =const.Zug; bl bot

-10

-75 -5 -100 0 100

force density, d&, /dz [x10° N/m?]

position, x [nm]

FIG. 2. (a) Distribution of the time-averaged fluid density, (b) half side snapshot,
and (c) distributions of the time-averaged downward force density acting on the
solid plate and solid—fluid (SF) potential energy for the system with a SF interaction
parameter # of 0.15.
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The physical properties of each equilibrium system with var-
ious 7 values were calculated as the time average of 40 ns, which
followed an equilibration run of more than 10 ns.

I1l. RESULTS AND DISCUSSION
A. Contact angle and force on the solid plate

We calculated the distribution of force exerted from the fluid on
the solid particles by dividing the system into equal-sized bins nor-
mal to the z-direction, where the height of the bin 6z of 0.2115 nm
was used considering the periodicity of the graphene structure. We
defined the average force density d¢./dz as the time-averaged total
downward (in the —z-direction) force from the fluid on the solid par-
ticles in each bin divided by 21,8z, where I, is the system width in the
y-direction. Except at the top and bottom of the solid plate, d¢./dz
corresponds to the total downward force from both sides divided by
the sum of the surface area of both sides, e.g., the downward force per
surface area. We also calculated the average SF potential energy per
area uy as well, which was obtained by substituting the downward
force by the SF potential energy.

Figure 2 shows the distribution of time-averaged fluid density
p around the solid plate for the system with the solid-fluid interac-
tion parameter # = 0.15 and a snapshot of the system. The time-
averaged distributions of the downward force acting on the solid
plate d€./dz and the SF potential energy us are also displayed in the
right panel. Multi-layered structures in the liquid, called the adsorp-
tion layers, were formed around the solid plate and the potential wall
on the bottom, and a liquid bulk with a homogeneous density is
observed away from the potential wall, the solid plate, and the LV
interface.

The downward force d¢,/dz on the solid plate in Fig. 2(c) was
positive around the top as filled with brown, was zero below the top
up to the CL, and had smoothly distributed positive values around
the CL as filled with blue. As further going downward, it became zero
again below around the CL and showed a sharp change from posi-
tive to negative values as filled with red. On the SV interface between
the plate top and the CL and on the SL interface between the CL
and the plate bottom, the time-averaged downward force was zero.
Regarding the SF potential energy, uy was constant in the region
where d€./dz = 0. This is because the time-averaged fluid density in
these regions was homogeneous in the z-direction, e.g., p/0z = 0
was satisfied within the range where the intermolecular force from
the fluid on the solid particles effectively reaches, and no surface-
tangential force in the z-direction was exerted on the solid. This
point will be described more in detail in Subsection 11T B. Such two
regions with zero downward force were formed for all systems in
the present study, and thus, the total downward force as the inte-
gral of d&;/dz can be clearly separated into three local parts, e.g.,
& around the top, & around the contact line, and &' around
the bottom. As indicated in Fig. 2(c), E;Op and E;l are positive, e.g.,
downward forces, and EIZ)O' is negative, e.g., an upward force. Note
that the distributions of d¢,/dz and u around the top and bottom
had less physical meaning because they included the top and bottom
faces in the bin, and these parts for u are not displayed in this fig-
ure. However, the local integral of d¢,/dz indeed gave the physical
information about the force around the top and bottom parts. Note
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also that &, has the same dimension as the surface tension of force
per length.

The LV interface had a uniform curvature away from the solid
plate to minimize the LV interface area as one of the principal prop-
erties of surface tension. Considering the symmetry of the system,
the hemi-cylindrical LV interface with a uniform curvature is sym-
metrical between the solid plates over the periodic boundary in the
x-direction. Regarding the SF interface position xsr, which was dif-
ferent from the wall surface position x;, we defined it at the limit
that the fluid could reach. With this definition, Young’s equation
holds for quasi-2D droplets on a smooth and flat solid surface, as
shown in our previous study.zz The xsg value was determined as
xs¢ = 1.15 nm from the density distribution, whereas the curvature
radius R was determined through the least-squares fitting of a circle
on the density contour of p = 400 kg/m” at the LV interface exclud-
ing the region in the adsorption layers near the solid surface.'”***’
We defined the apparent contact angle 6 by the angle at x = xsp
between the SF interface and the least-squares fit of the LV inter-
face having a curvature y = +1/R, with R being the curvature radius.
Note that the sign + corresponds to the downward or upward convex
LV-interfaces, respectively. The relation between the SF interaction
coefficient # and the cosine of the contact angle cos 8 is shown in
Appendix B, and the following results are shown based on cos 8
instead of 7.

Figure 3 shows the above-defined local downward forces EEOP,
& and £ and their sum &°% = £ 1 & 4 £ on the cosine

n=003

Aé, szl _é_ é:ztolal ‘
# étop _§_ grzbot -

downward force, & [N/m]

T

-1 -0.5 0 0.5 1

cosine of contact angle, cosf

FIG. 3. MD results of the local downward forces exerted around the top, the contact
line, and the bottom of the solid plate and their sum as a function of the cosine of
the contact angle. The corresponding half-snapshots and density distributions for
three cases are also displayed on the top.
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of the contact angle cos 6 obtained by MD simulations. The cor-
responding half-snapshots and density distributions are also dis-
played on the top. Regarding the force around the top &, it was
almost zero except for cases with a small contact angle. This is obvi-
ous because almost no vapor particles were adsorbed on the top of
the solid plate for non-wetting cases as seen in the top panel for
1 =0.03. However, in the case of large cos 6, f;‘)p had a non-negligible
positive value, e.g., downward force comparable to f;ml, because an
adsorption layer was also formed at the SV interface as seen in the
top panel for # = 0.15. In terms of the force around the contact line
f;l, it was positive even with a negative cos 0 value, meaning that the
solid particle around the CL was always subject to a downward force
from the fluid. On the contrary to & and &, which were both posi-
tive, rflz"’t was negative and its magnitude increased as cos 0 increased,
meaning that the upward force to expel the bottom side was exerted
from the liquid and that the upward force was larger for the larger
SL interaction #. Finally, the sum of the above three &%l seems to
be proportional to cos 6. We will show later that it actually deviates
from a simple Wilhelmy relation (3).

B. Analytical expressions of the forces
on the solid

1. Definition of the solid-fluid forces

In order to elucidate the origin of the forces exerted on the solid,
we examined the details of the forces &P, £, and £2° from the fluid
as well as the force balance on the control volumes (CVs) surround-
ing the fluid around the solid plate with taking the stress distribution
in the fluid into account as in our previous study.”>”” We supposed
three CVs surrounding the fluid around the solid plate, as shown
with dotted lines in Fig. 4: a CV on the top in dark-yellow dotted
line, one around the CL in blue dotted line, and one on the bottom
in red dotted line. All the CVs have their right face at the bound-
ary of the system in the x-direction at x = Xenq at which symmetry
of the physical values is satisfied, and the faces in contact with the
solid are set at the limit that the fluid could reach. The remaining
left sides of the top and bottom CVs are set in the center of the sys-
tem where the symmetry condition is satisfied. The z-normal faces

are set, respectively, at z = z{’,lk, zsv, zs1, and zlflk, where z{’,]k and

22 are at the vapor and liquid bulk heights, whereas zsv and zs; are
set at the heights of SV and SL interfaces, respectively, as shown in
Fig. 3, at which d€,/dz = 0 is satisfied. These heights can be set rather
arbitrary as long as the above conditions are satisfied. We define the
forces from the solid to liquid by F?, FS, and F° on the top, mid-
dle, and bottom CVs, respectively. In addition, we also categorize
the right-half of the solid plate into top, middle, and bottom parts
shown with dark-yellow, blue, and red solid lines, respectively, with
zsv and zgst, as the boundaries, as shown in Fig. 4, where forces ;(’P )

<l and £2°' in the z-direction are exerted from the fluid, respectively.
Specifically note that £ = FZ, £2° = F2*', and & # F.® because, for
instance, F<' also includes the forces from the top and bottom parts
of the solid, whereas £§1 includes the forces from the top and bottom
CVs. In other words, the force between the middle solid part and
the middle fluid CV is in an action-reaction relation, but F&' and &
include different extra forces above. This will be described more in
detail in the following.

J. Chem. Phys. 153, 034701 (2020); doi: 10.1063/5.0011979
© Author(s) 2020

153, 034701-5

6€:€1:00 Y202 Joquialdas 2o


https://scitation.org/journal/jcp

The Journal
of Chemical Physics

ZgL

5 = nas o R el

Zhot

. ZElk

P P ————

= L .y
0 XSF Xend
FIG. 4. Top, contact line (middle), and bottom parts of the solid plate subject to

downward forces &%, £, and &>t from the fluid, respectively, and the control vol-

umes (CVs) surrounding the fluid particles in contact with these solid parts subject
to upward forces FyF, F<!, and F2°t from the solid.

z 1Lz

2. Capillary force ff’ around the contact line

We start from the comparison between MD results and ana-
Iytical expression of the wall tangential force on the solid particles
& on the right face of the solid plate. The full derivation is pro-
vided in Appendix A, and only the summary and final result of the
derivation are described in the following. The mean number density
per volume p!, (27, x¢) (= p/my) of the fluid is given as a function of
the two-dimensional position (zs, x¢) of the fluid, whereas a constant
mean number density per area pj of the solid is used considering the
present system with a solid plate of zero-thickness without volume.
Assuming that the fluid particles are homogeneously distributed in
the y-direction with a number density p', (2, x¢) per volume, the
mean potential field from an infinitesimal volume segment of dz¢
x dxg to a solid particle at (xs, ys, z;) is defined by using Pi/(Zf, Xf),
and the mean local potential ¢(z'r, x'¢) as

P (zn %) dzedx; - ¢(25, %),
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where ¢(z'r, x'¢) is given by
(nx') = [ oy ©)
By using the relative position (x'¢, y';,2'¢) and distance r,

(') 02e) = (=% ye—ys 26— 25), r=|(x'5)y 26 (10)

where 0 = 0 and € = ¢, are used for the solid-fluid interaction
®1(r) in Eq. (5). Using this mean local potential, the tangential force
density f; (zs, zs, x¢) exerted on the solid at z; from the fluid at (zg, x¢)
is given by

0¢(z'e, x's)

92 (11)

£ (25 20,x5) = =plap'y (26, %0)
as a function of the solid area density pj, the fluid volume den-
sity pl, (25, ), and the relative position (z', x'¢). This schematic is
shown in the inset of Fig. 8.

In addition, since ®rj(r) is truncated at the cutoff distance r. in
the present case,

B(p(z'f, x'f)
0z,

|2 >\/12-x2=z(x"s) or xg>rc

holds, where zc(x'f) as a function of x’¢ denotes the cutoff with
respect to z'r. Hence, the analytical expression of the local tangen-
tial force f; (', x'r) dzedxedzs exerted on an infinitesimal solid area-
segment of dz, can be derived by calculating the double integral of
1z (2s, zf, x¢) with respect to zr and x; (equivalently, Z'¢and x’¢) within
a finite cutoff range.

Regarding the fluid density pg/(zf, x¢) in Eq. (11), it decreases
with the increase in z¢ within a certain range around the CL, as
shown in Fig. 2, and outside this range, p}, is given as a unique
function of x¢ by

¢('nx's) =0, =0 (12)

for

P (xr)

PV () (zsv — 2z < 26 < zsv + 2c),

(zsL — ze < zr < zsL + 2c),

PE/(Zf,xf) = { (13)

which is satisfied around a height at zs;, both away from the CL and
top of the plate or around a height at zsy both away from the CL
and bottom of the plate. Thus, the capillary force —&' is obtained by
integrating the force density f; (2, zp, x¢) in Eq. (11) for z; between
zsv and zsy. as well as integrating z's and x'¢ within the cutoff ranges
mentioned in Eq. (12). As shown in Appendix A, this results in

S = F — ust + usy, (14)

which is expressed by the force F&! on the fluid from the solid around
the CL as well as the SL and SV potential energy densities us. and
usv, e.g., potential energy per SL- and SV-interfacial areas at zs; and
zsv, respectively, given by

s e ze(+'r)
MSLEPA_/ (P@SL)(x’f)f ¢(Z,f>x,f)dzlf)dx,f> (15)
0 —z(x's)
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and
e z(x'r)
usy = pi f (pgsv) (X/f) f ¢(Z,f, x'f)dzlf)dx'f. (16)
0 —z(x'r)
By further using FS' = 0 (see Appendix A for details),

& = —ugy + usy = (—usp) — (—usy) (17)

is obtained as the analytical expression of £, where the final equality
is appended considering that the potential energy densities us. and
usy are both negative.

Figure 5 shows the dependence of the SL and SV potential
energy densities usr, and usy, respectively, as the potential energies
per interfacial area, on the cosine of the contact angle cos 8 and com-
parison between the force on the solid around the CL & and the
difference of potential energy density —us. + usy. Very good agree-
ment between f;l and —usy, + usy is observed within the whole range
of the contact angle, and this indicates that Eq. (17) is applicable for
the present system with a flat and smooth surface. It is also quali-
tatively apparent from Eq. (17) that & is positive regardless of the
contact angle because the SF potential energy is smaller at the SL
interface than at the SV interface. It is also interesting to note that for
the very wettable case with large cos 6, e.g., large wettability param-
eter 1, & decreased with the increase in cos 6. This can be explained
as follows: the changes in —usy and —us.. are both due to the change
in 7 and the fluid density especially in the first adsorption layer,
while the density change in the SL adsorption layer due to 7 is rather
small. Thus, for a higher # value, the effect of density increase in the
SV adsorption layer on —usy upon the increase in 7 overcomes the
increase in —usL.

N
o
T

-
o
T

downward force around the CL, &°,
energy per area, —uUsy, ~Ugy,~Us; + gy [N/m]

or f I . 1
-1 -0.5 0 0.5 1

cosine of contact angle, cosd

FIG. 5. Dependence of the SL and SV potential energy densities us, and usy as
the potential energies per interfacial area on the cosine of the contact angle cos 6
and the comparison between the force on the solid around the CL &' and the
difference of potential energy density —ug, + ugy.
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3. Total force £°*® and local forces £°°t and £'°P
on the bottom and the top

Before proceeding to the analytical expression of £&° and &7,
we derive their relations with F2°" and FP. Through the compari-
son between the regions of double integration for £&° and F2° with
respect to z¢ and z in Fig. 8, e.g., the red-filled region and one sur-
rounded by a red-solid line, it is clear that the difference between rflz"’t

and F2* corresponds to the integral of hatched regions around zs;
in the bottom-left. Thus, it follows that

20 = By gy (18)
and
P = B — ugy. (19)

Note that the sum of Egs. (17)-(19) satisfies

S L AR (20)
Considering that feature, we examine the total force f;"tal
ones &2 and &P on the bottom and the top. We consider the dis-
tribution of the two-dimensional fluid stress tensor 7 averaged in
the y-direction by the method of plane (MoP)"*”” based on the
expression by Irving and Kirkwood”' (IK), with which an exact force
balance is satisfied for an arbitrary control volume bounded by a
closed surface. The stress tensor component Toz(x, z) denotes the
stress in the S-direction exerted on an infinitesimal surface element
with an outward normal in the a-direction at position (x, z). In
the formulation of the MoP based on the IK-expression, 7,s(x, z)
consists of the time-average of the kinetic and inter-molecular inter-
action contributions due to the molecular motion passing through
the surface element and the intermolecular force crossing the surface
element, respectively. For a single mono-atomic fluid component
whose constituent particles interact through a pair potential as in
the present study, all force line segments between two fluid parti-
cles, which cross the surface element, are included in the second.
Note that technically for the MoP, the SF interaction can also be
included in the inter-molecular force contribution, but only the FF
interaction as the internal force is taken into account as the stress,
and the SF contribution is considered as an external force in this
study.‘ 1.22.23.5253 With this definition, the stress is zero at the SF
boundary for all CVs because no fluid particle exists beyond the
boundary to contribute to the stress component as the kinetic nor
at inter-molecular interaction contribution. Hence, the force bal-
ance on each CV containing only fluid is satisfied with the sum of
the stress surface integral and external force from the solid. The
force balance on the red-dotted CV in Fig. 4 in the z-direction is
expressed by

and local

Xend Xend
- fo T (6, 22 + [ ta(nzs)dx+ BB =0, (1)

XSk

with the stress contributions from the bottom and top and external
force in the RHS, respectively, by taking into account that 7y, = 0 on
the x-normal faces at x = 0 and x = xenq due to the symmetry and also
that the stress at the SF interface is zero. Similarly, the force balance
on the blue-dotted CV and dark-yellow-dotted CV in Fig. 4 in the
z-direction is expressed by
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Xend Xend
- f T (x, z1 )dx + f T2 (X, zgy )dx + F;l =0 (22)

Xsp XSE
and
Xend Xend
- f oo (%, zsv ) dx + f To (%, z{’/lk)dx +EP =0, (23)
XSF (]
respectively.

By taking the sum of Eqgs. (21)-(23) and inserting Eq. (20), it
follows for &% that

total end blk end blk
gl f Tz(x, 2z )dx — f (% 2y )dx. (24)
0 0

Since the bottom face of the red-dotted CV and top face of the dark-
yellow-dotted CV in Fig. 4 are, respectively, set in the liquid and
vapor bulk regions under an isotropic static pressure pP* and pi*

given by

PN = T 2) = ~T(x20") (25)
and
Pl\)/lk = *Txx(x) Zl\)/lk) = *Tzz(x: ZP/lk): (26)

the first and second terms in the RHS of Eq. (24) can be written as

Fend blk Yend bk blk
/0 Tzz(x» 2L )dx =- /0 pL dx = —PL Xend (27)

and
Xend Xend
.[0 Tzz(xx Zl\)/lk)dx == A nglkdx = _pl\)llkxend- (28)

Thus, Eq. (24) results in a simple analytical expression of

2= (V= P2 Xena. (29)
Furthermore, by applying the geometric relation,

sin(@ - g) = c08 0 = y(Xend — XsF)> (30)

with x being the LV interface curvature and the Young-Laplace
equation for the pressure difference in Eq. (29),

_ yLvcosf

bik pblk _ G1)

vV —PL =)L ,
Y Xend — XSF

which hold irrespective of whether the LV-interface is convex down-
ward or upward, it follows for Eq. (29) as another analytical expres-

sion of &% that

total _ Xend

2 —————— v cos O, (32)
Xend — XSF
which includes the correction to Eq. (3) considering the effect of the
Laplace pressure due to the finite system configuration with the peri-
odic boundary condition. Note also that from Eq. (32), by giving Xenq
and xsp, it is possible to estimate yLy from the relation between Ef;’tal
and cos 6.
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Figure 6 shows the comparison of the total downward force
&9l on the solid plate directly obtained from MD with the analyt-
ical expression ( pl\’,lk - plﬂlk)xend in Eq. (29) using the pressures plﬁlk
and p]\’,lk measured on the bottom and top boundaries as the force
exerted from the fluid on the potential walls per area. Clearly, £
and (p%% — pI™)xena agree very well, and this is because Eq. (29)
is simply the force balance to be satisfied for equilibrium systems.
Regarding the pressure, p5* is almost constant, which corresponds
to the saturated vapor pressure at this temperature. In addition, a
linear relation between pP™ — p% and cos 6 can be observed, and
this indicates that the Young-Laplace equation (31) is applicable in
the present scale. We evaluated yLv from this relation with the least-
squares fitting, and the resulting value was yry = 9.79 + 0.23 x 10~°
N/m with xsg = 1.15 nm and x.,q = 7.5 nm, which was indeed close to
the value obtained by a standard mechanical process.'® The standard
Wilhelmy equation (3) using this value is also shown in Fig. 6, indi-
cating that yrv would be overestimated with this standard Wilhelmy
equation (3) in a small measurement system such as the present one.

Finally, we derive the analytical expression of the local forces
£° and &, For the derivation of &, we apply the extended
Bakker’s equation for the SL relative interfacial tension,”>”’

Xend
YsL — Yso = f \ [rzz(x, zsL) — rflk]dx, (33)

XSF

for the second term in the LHS of Eq. (21), where ysi. — yso is the
SL interfacial tension relative to the interfacial tension between the
solid and the fluid with only repulsive interaction (denoted by “0” to
express the solid surface without adsorbed fluid particles). Then, it
follows that

Xend
f 7o (%, 251 )dx = Y51 — Y50 — (Xend — Xsp)pr (34)

@ é total
1o} Epl% - pl

N (P2 —p¥") Xen

§ ---- Wilhelmy Eq. (3) =
Z, &
z 51 =)
2 22
w %
(5] -
8 _ﬁn.—l
S ofE—= <
B I
3 =
2 2
g &
z a
S -5 =
E B
]

-10p &7
1

-1 -0.5 0 0.5 1

cosine of contact angle, cosf

FIG. 6. Comparison of the total downward force £:°%! on the solid plate directly
obtained from MD with the analytical expression (p5* — pP)xenq in Eq. (29)
using the pressures p and pb measured on the bottom and top boundaries.
The Wilhelmy equation (3) using yy = 9.79 x 10~ N/m evaluated by the Young-
Laplace equation (31) is also shown.
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By inserting Eqgs. (18), (27), and (34) into Eq. (21), the analytical
expression of £&° can be written as

EOt = _P]IJ,lkxend - [YSL = Yso — (Xend — XsF )Plﬂlk] + UsL
= —XSFPEIk — (ysL — ys0) + usL. (35)

Similarly, by applying the extended Bakker’s equation for the SV
interfacial tension,

Xend
Ysv — Yso = / [Tzz(x> zsv) — T\b/lk]dx, (36)

SF

to Eq. (23) with Eq. (19), the analytical expression of & can be
written as

P = xsepV* + (ysv — yso) — tsv. (37)

To verify Egs. (35) and (37), we compared the present results

with & and & calculated using the corresponding SL and SV

works of adhesion Wg and Wsy obtained by the thermodynam-

ics integration (TI) with the dry-surface scheme.””* The calcula-

tion detail is shown in Appendix C. By definition, the SL and SV
interfacial tensions ysi. and ysy are related to W, and Wy by

WL = Pso + YLo — YSL ® Yso + YLV — YsL (38)

and
Wsv = P50 + Pvo — Ysv & Pso — Psvs (39)

respectively, where the approximation yro ~ yrv for the interfacial
tension yro between liquid and vacuum is used in Eq. (38), and pvo
is set zero in the final approximation in Eq. (39). Note that y1 or yLv

[x107%]
T T '
o
z o
£ Of oeree e 1
n
X ¢ &bt (Wilhelmy MD)
g ~J & (using W, by TI)
g ® &P (Wilhelmy MD)
L S &7 (using Wy by T ]
=]
z &p.
E i
.
@l @ -
g
-20F . ! ' _
1 0.5 0 0.5 1

cosine of contact angle, cos

FIG. 7. Comparison of the downward forces £2°t and £, on the bottom and top
of the solid plate directly obtained from MD with those evaluated using the works
of adhesion Wg and Wsy calculated by the thermodynamic integration (TI) using
the dry-surface scheme shown in Appendix C. The error bar for £2° using W in
blue comes from the evaluation of yy from pb' and pb™ in Fig. 6.
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is included in Wy From Egs. (38) and (35) and from Egs. (39) and
(37), & and & are, respectively, rewritten as

£~ Wyt - PlﬂlkXSF — YLV + UsL (40)
and
P xSFPE/]k - Wsv — ugy. (41)

Figure 7 shows the comparison of £2°' and & directly obtained
from MD with those evaluated by Egs. (40) and (41) using the SL and
SV works of adhesion Wi, and Wy, respectively, obtained by the
TI with the DS scheme shown in Appendix C. Note that except Wi,
and Wsy, we used the values of plﬁlk, p?}k, Xend> Ust, and usy directly
obtained from the present Wilhelmy MD simulations as well as the
yrv value evaluated in Fig. 6. The error bars for «f};"t using Wy in
blue mainly came from the error upon evaluating yrv. Note also that
the TI calculation in Appendix C for Wgy, was carried out under a
control pressure of 1 MPa, whereas that for Wsy was considered to
be under the saturated vapor pressure at the present temperature.
For both EEO‘ and EEOP, the Wilhelmy MD and TT results agreed well,
and this indicates the validity of the present analytical expression.

C. Discussion

1. Further application of the present method

We list the key issues for the further application of the present
expression in the following. First, Eqs. (21)-(23) are about the force
balance and should be satisfied in equilibrium systems without any
restrictions. In addition, Egs. (14), (18), and (19) are about the rela-
tion between the solid—fluid and fluid-solid forces and should hold
as long as the solid plate can be decomposed into the three parts
without the interface overlapping. At both the SL and SV interfaces,
which are between the CL and the plate bottom and between the
CL and the plate top, respectively, a quasi-one-dimensional density
distribution with 9p/0z = 0 can be assumed, and one can apply the
mean-field approach described in Sec. I11 B 2. Furthermore, Egs. (33)
and (36) are extended Bakker’s equations22 for the SL and SV interfa-
cial tensions. Hence, our analytical expressions with these equations
are constructed by a purely mechanical approach and are exact, as
observed in the comparison in Figs. 5 and 6.

Another issue is about the relation between Young’s equation
(1) and the Wilhelmy equation (29) formulated with the Laplace
pressure. Indeed, Eq. (29) holds irrespective of whether the CL is
pinned or not because this relation means a simple equilibrium force
balance. In the present case, F§1 = 0 is satisfied because the solid sur-
face is flat and smooth, and Young’s equation holds. This can easily
be proved considering the force balance in Eq. (22) about the mid-
dle CV. In cases with FS # 0 because of the pinning force exerted
on the fluid from the solid around the CL, e.g., due to the boundary
of wettability parallel to the CL in our previous research,” Young’s
equation should be rewritten including the pinning force. Even if
such wettability boundary would be included in the present sys-
tem, Eq. (29) would still be satisfied. In practice, such pinning force
denoted by {pin in Ref. 23 as the downward force from the solid on
the fluid around the CL corresponds to —F§1 here, and this can be
extracted by Eq. (14) as

|
—Goin = F; = & + ugt — usvy. (42)
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Considering the above discussion, we summarize the proce-
dure to extract the wetting properties. In a single Wilhelmy MD
simulation, we can calculate

1. forces &P, &, and &° on three parts of the solid from

the force-density distribution d€,/dz in the surface-tangential
direction,

2. SF potential energy densities us, and usv on the solid per area
at SL and SV interfaces, respectively, from the distribution of
the potential energy density uss,

3. bulk pressures p* and p?'* measured on the top and bottom of
the system, and

4. contact angle 6 from the density distribution.

From these quantities, the following physical properties can be
obtained:

a. SL relative interfacial tension ys; — yso from &>, ugp, xs, and

plﬂlk using Eq. (35),

b. SV relative interfacial tension ysy — yso from &%, usy, xsp, and
pl\),lk using Eq. (37),

c. LV interfacial tension yrv from pI\’,lk, plﬁlk, Xsr, the system size
Xend> and the contact angle 0 using Eq. (31), and

d. pinning force F' from Eq. (14) to be added to Young’s equa-
tion, which is zero in the case of the flat and smooth solid
surface.

Related to the above procedure, it should also be noted that,
surprisingly, the microscopic structure of the bottom face does not
have a direct effect on the force £&°. This is similar to buoyancy
given by the third term of the RHS of Eq. (2), which depends on the
volume V immersed in the liquid and is not directly related to the
microscopic structure. Note that in the system with the most wet-
table plate with # = 0.15 shown in Fig. 4, the liquid layering seemed
to extend between the bottom of the simulation cell and the bottom
of the Wilhelmy plate. Indeed, we have checked that an isotropic
bulk pressure p?'* was still achieved at z''* at the bottom of the red
control volume in Fig. 4 because the layering was not intense. As a
possible alternative, one could locate less wettable solid particles only
at the bottom of the plate to reduce the liquid layering because the
properties of the bottom plate do not affect the surface tension cal-
culations. In that sense, a simple potential field to simply cover the
bottom of the solid plate to prevent the fluid molecules from pen-
etrating into the space in the solid plate would be another simple
alternative.

The extension of the method to more realistic systems, in par-
ticular, with electrostatic interactions, is one of the important tar-
gets in the future. Even with the electrostatic interaction between
the solid and fluid molecules, the present method can be applied.
When the interest is strictly in the wetting on a single side of
the solid plate, one should locate the two solid surfaces suffi-
ciently apart from each other to avoid the electrostatic interac-
tions across the other surface. One does not have to completely
fill the space in the solid plate with real constituent solid atoms,
e.g., with a crystal structure, which would increase the computa-
tional load. Rather, simply covering the top and bottom of the
plate to prevent the penetration of the fluid molecules is enough
as mentioned above. With that setting, the capillary behavior of
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polar molecules such as water on polar solid surfaces could be
investigated.

2. Comparison with an existing model regarding
the contact line force

Finally, we compare the present analytical expression of the
contact line force £ with a model proposed by Das et al.,"” which
states

&' = ysv = yst + yiv = yiv(1 + cos ). (43)
This model is derived based on the assumption that the densities of
the liquid and vapor are constant at bulk values even in the region
close to the solid interface: the so-called sharp-kink approximation.
This is similar to the interface of two different solids whose densities
and structures do not change upon contact. Even under this assump-
tion, the force &' on the solid around the CL is expressed by Eq. (17)
as the difference between the SL and SV potential energy densities
ust and usy as well.”” The difference arises for the works of adhe-
sion. Under the sharp-kink approximation, it is clear that the works
of adhesion required to quasi-statically strip the liquid and vapor off
the solid surface are equal to the difference of solid-fluid potential
energies after and before the procedure, e.g.,

WsL =0 —usL = —usL, Wsyv =0—usy = —usy

. (44)
(under the sharp-kink approx.),

because the solid and fluid structures do not change upon this
procedure. Then, it follows for Eq. (17) that

E;l = WsL — Wsy  (under the sharp-kink approx.), (45)

which indeed results in Eq. (43) with Egs. (38) and (39). However,
the density around the solid surface is not constant, as shown in the
density distribution in Fig. 2, and the difference of Wy and Wy is
not directly related to the SL and SV potential energy densities usi,
and ugsy as in Eq. (44). In other words, the fluid can freely deform
and can have inhomogeneous density in a field formed by the solid
at the interface to minimize its free energy at equilibrium, and this
includes the entropy effect in addition to usy and usy as parts of the
internal energies.”

IV. CONCLUSION

We have given theoretical expressions for the forces exerted on
a Wilhelmy plate, which we modeled as a quasi-2D flat and smooth
solid plate immersed in a liquid pool of a simple liquid. By a purely
mechanical approach, we have derived the expressions for the local
forces on the top, the contact line (CL), and the bottom of the plate
as well as the total force on the plate. All forces given by the theory
showed an excellent agreement with the MD simulation results.

In particular, we have shown that the local force on the CL is
written as the difference of the potential energy densities between
the SL and SV interfaces away from the CL but not generally as
the difference between the SL and SV works of adhesion. On the
other hand, we have revealed that the local forces on the top and
bottom of the plate can be related to the SV and SL works of adhe-
sion, respectively. As the summation of these local forces, we have
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obtained the modified form of the Wilhelmy equation, which was
consistent with the overall force balance on the system. The modi-
fied Wilhelmy equation includes the cofactor taking into account the
plate thickness, whose effect can be significant in small systems such
as the present one.

Finally, we have shown that with these expressions of the forces,
all the interfacial tensions pst. and ysy as well as yLv can be extracted
from a single equilibrium MD simulation without the computation-
ally demanding calculation of the local stress distributions and the
thermodynamic integrations.
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APPENDIX A: FULL DERIVATION OF THE CAPILLARY
FORCE ¢5' AROUND THE CONTACT LINE BASED
ON A MEAN-FIELD APPROACH

We show the full derivation of the wall tangential force on the
solid particles &' on the right face of the solid plate. In the present
systems, the solid surface is smooth for the fluid particles because
the interparticle distance parameters o¢ and o are sufficiently large
compared to g between solid particles. Therefore, E;l can be well
modeled by the mean fields of the fluid and solid. The mean number
density per volume p', (25, x) (= p/mg) of the fluid is given as a func-
tion of the two-dimensional position (zg, x¢) of the fluid, whereas a
constant mean number density per area p of the solid is used con-
sidering the present system with a solid plate of zero-thickness with-
out volume; however, the following derivation can easily be extended
for a system with a solid with a volume and density per volume in the
range x < x;s as long as the density is independent of z;. We start from
the potential energy on a solid particle at position (xs, ys, z5) due to a
fluid particle at (x¢, yf, zf) given by Eq. (5). We define

U ! / / 4 4
Xf=—Xs=Xf~Xsy Y=~V =Y~V Z1=-Zs=2-2 (Al)

in the following. Assuming that the fluid particles are homo-
geneously distributed in the y-direction with a number density
pY (2, x¢) per volume, the mean potential field from an infinitesimal
volume segment of dz¢ x dx¢ on the solid particle is defined by using
pﬁ/(zf, x¢) and the mean local potential ¢(z's, x'¢) as Pi/(Zf, x¢)dzedxs-
(2’5, x'¢), where ¢(2r, x'¢) is given by

$(Znx's) = [ : Oy (r)dy, (A2)

with

r=n\/xX2+yt+2}, o=04 €=eg (A3)

This schematic is shown in the inset of Fig. 8. Then, the local tan-
gential force f;(z'r, x'¢)dzrdxdz, exerted on an infinitesimal solid

ARTICLE scitation.org/journalljcp

Zs g 2
A = &0
Ztop 8 g
= top
& .
©
=Y
ZSV z
3 '
Z (RO
X 7
5%
égcl &
z
z ’f
Zc
ZSL
Zc
= bot
-
bot
aﬁﬁ/ aﬂix <0 0 ﬂlnd
Zo ! Z, Do Dzt Dz, height
i ; ; ; H H > Zp
Zbot F:hm ZSL FZC] st F;Qp Ztop

FIG. 8. Region for the double integral of the mean field regarding the interaction
between the solid plate and the fluid at heights zs and z, respectively. The geo-
metrical relation is shown in the inset. Three height ranges of “top,” “cl,” and “bot”
corresponding to those in Fig. 4 are depicted in color. Cutoff distance z for |z; —
Zs| is set depending on the lateral position X; — Xs, and the solid-liquid interactions
between height ranges are categorized as filled regions or as ones surrounded by
solid lines.

area-segment of dz, from the present fluid volume-segment is given
by

0
1 (2> 26 x¢) dzgdxpdzs = —— [Pﬁ/ (2z6x6) (21, x'¢) ] dzgdx; - piydzs

0zs
s 0¢(Z' e, x'
= _PAP%(ZB xf)%dzfdxfdzw (A4)
where
s s 0p(z'p, x
£ (20 26,%¢) = —papiv (26, Xf)% (A5)

denotes the tangential force density on the solid. Note that dx; and
dx’¢ are identical because x; is a constant.

Since @r;(r) is truncated at the cutoff distance r. in the present
case,

agb(z'f, x'f)

o2 =0 (A6)

¢(z'nx's) =0,

for

|2'f 2\/r2-x2=z(x's) or xXixr

holds, where z:(x'f) as a function of x'; denotes the cutoff with
respect to z'r. Indeed, this cutoff is not critical as long as ¢(z'f, x'f)
quickly vanishes with the increase in r, but we continue the
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derivation including the cutoff for simplicity. With the definition of
xsr as the limit that the fluid could reach, it follows that

pﬁ, =0 for xf< xsp. (A7)

In addition, considering that ¢(zr,x’s) is an even function with
respect to Z,f, eg.,

¢(2'6xt) = ¢(-2'nx"y), (A8)

it follows for the mean local potential ¢ that

8¢(z'f, x'f) (9([)(*2’{, le)
== > Al
aZs 625 ( 9)
and
0¢(Z'x's)  0¢(25x"s)
== > A10
0z Oz ( )

where Eq. (A1) is applied for the latter, which corresponds to the
action—reaction relation between the solid and fluid particles under
a simple two-body interaction, e.g.,

12026 x5) = £ (200 26,X¢) = —piapiy (26 X5) (A11)

8¢(Z’f, .x,f)
82{
holds for the tangential force density on the fluid f7.

Based on these properties, we now derive the analytical expres-
sion of &' as the triple integral of the local tangential force fS in
Eq. (A4) around the CL, where the fluid density p!, decreases with
the increase in zr within a certain range. Let this range be zsi. + zc
< zf < zgy — zc satisfying

apt
v g (zsL + zc < 2 < zZsy — 2c),

02 (A12)

and let p!, outside this range be given as a unique function of x; by

f(SL) (.X'f)

PV (xp)  (zsv -z < 2 < zsv + 2c)s

ZSL —2Zc < zZf<ZsL, + 2¢),
( ‘ ) (A13)

Py (26 xc) = {

as shown in Fig. 8. Then, &' is expressed by

Xst+Te Zsy Zc
;l =— f [[ (/ fzs(zs,z'f,xf)dz'f)dzs]dxf (A14)
XSk ZsL —Zc

as the triple integral of the force density f; in Eq. (A5), where
the integration range of the double integral regarding zr and z
corresponds to the region filled with blue in Fig. 8.

To obtain the double integral as the square brackets in
Eq. (A14) for the blue-filled region in Fig. 8, we calculate at first that
in the region surrounded by the blue-solid line, add those in the ver-
tically hatched regions and subtract those in the horizontally hatched
regions. Note that pl, (zf, x;) = p%SL) () and pY (25, x¢) = p@sv)(xf)
are assumed for the hatched regions in the bottom-left and in the
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top-right regions, respectively, based on Eq. (A13). The double
integral for the region surrounded by the blue-solid line is

fzsv( Zcf;dzls)dzf
082" %) 4 )dzf

_ s WV
=—pa fZSL Pv(Zf,xf)([zc 2.

=0, (A15)

by using Eq. (A8). Indeed, from Eq. (A11), the reaction force —F!
from the solid on the fluid around the CL in the blue-dotted line
in Fig. 4 is obtained by further integrating Eq. (A15) with respect

to xf, e.g.,
Xstre Zsv Zc ’
L (o
XSF ZsL —Z
Xs+rc Zsy
:—f [f (/ fzdz s)de]de

1
=-F,

=0. (A16)

The final equality means that no tangential force acts on the fluid
there as mentioned in our previous study.”’

Regarding the bottom-left vertically hatched region in Fig. 8,
the double integral is

[i([ifﬁdzz)dzu
—pa P‘(,SU(x)f (fz 8(/)(2 f,xf) )dzf

=Py (x) [ ¢('nx'r)dz, (A17)
where ¢(zc,x't) = 0 and Eq. (A9) is used for the second equality.
This region physically corresponds to the interaction between the
blue solid part and the fluid in the red-dotted part in Fig. 4. For the
bottom-left horizontally hatched region in Fig. 8, it follows that

/OZC([;Z,‘f;dz's)dzf
) SL)(xf)/ (f Zf8¢(zzt‘;xf) )de

= ) [T 9 D

This region corresponds to the interaction between the red solid
part and the fluid in the blue-dotted part in Fig. 4. Hence, the net
force due to the double integral in the bottom-left hatched regions in
Egs. (A17) and (A18) with also integrating in the x¢-direction, which
we define by ugy, results in

uSLEP;ArC( IS0 )fz‘ 8(2 1, ¥ 1) dz f)dxf (A19)

As a physical meaning, usy, represents the SL potential energy den-
sity, e.g., potential energy per SL-interfacial area at the SL interface
away from the CL and the bottom of the solid plate.

(A18)
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Regarding the top-right hatched regions, the net force results in
—ugsy with the SV potential energy density area given by

s Te zc(x';)
Usy = pa fo (P%SV) (xe) [ o ¢(Z,f»x’f)dzlf)dx,f» (A20)
—z.(x'¢

which can be derived in a similar manner. Thus, it follows for the
force —f;l from the fluid on the solid around the CL that

o _

—E = -F vus - usy, & =F —us +usy. (A21)
Therefore, by using FS' = 0 in Eq. (A16),
&' = —usy +usy = (~usL) — (~usv) (A22)

is derived as the analytical expression of &', where the final expres-
sion is appended considering that the potential energy densities ust,
and usy are both negative.

APPENDIX B: RELATION BETWEEN THE SL
INTERACTION PARAMETER AND THE CONTACT
ANGLE

In the main text, we summarized the results by cos 6 as the
cosine of the apparent contact angle 6 of the meniscus, while the
SF interaction coefficient 5 was varied as the parameter for the MD
simulations. As described in the main text, we defined 0 by the angle
between the SF interface at x = xsg = 1.15 nm and the extended
cylindrical curved surface of the LV interface having a constant cur-
vature determined through the least-squares fitting of a circle on
the density contour of p = 400 kg/m” at the LV interface excluding
the region in the adsorption layers near the solid surface. Figure 9
shows the relation between the SL interaction parameter # and the
apparent contact angle 0. The contact angle cosine cos 8 monoton-
ically increased with the increase in #, and a unique relation can be
obtained between the two for the present range of #.

o
)

contact angle, cosf
o

0.03 0.06 0.09 0.12 0.15

fluid—solid interaction coefficient, »

FIG. 9. Relation between the cosine of the apparent contact angle cos 6 of the
meniscus and the SF interaction coefficient #.
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APPENDIX C: THERMODYNAMIC INTEGRATION (TI)
WITH THE DRY-SURFACE SCHEME

We calculated the solid-liquid (SL) and solid-vapor (SV) works
of adhesion Wyt and Wy, respectively, by the thermodynamic inte-
gration (TI)™* through the dry-surface (DS) scheme™ to compare
with the relative SL and SV interfacial tensions obtained in the
present Wilhelmy MD systems. Details of the DS scheme were basi-
cally the same as in our previous study.”’ In the systems shown in
Fig. 10, the liquid or vapor was quasi-statically stripped off from the
solid surface fixed on the bottom of the coordinate system, which
had the same periodic honeycomb structure as the solid plate in
the Wilhelmy MD system. The work of adhesion was calculated
as the free energy difference after and before the above procedure,
where the coupling parameter for the TI was embedded in the SF
interaction parameter in the DS scheme.

For the calculation of Wy, a SL interface was formed between
the liquid and the bottom solid, as shown in Fig. 10(a) with a wet-
tability parameter # corresponding to the Wilhelmy MD system.
The periodic boundary condition was employed in the x- and y-
directions tangential to the solid surface. In addition, we set a piston
at z = zpis above the liquid to attain a constant pressure system. By
allocating a sufficient number of fluid particles Nf and by setting

(a) solid-liquid (SL) work of adhesion

piston Pset
potential
wall

temp. 7 K
control
at 90 K

~10.0 nm

soild
surface of [
interest

(b) solid—vapor (SV) work of adhesion
fixed

potential

periodic B.C.
in x- and y-dir.
20.0 nm

o™ A=0 A= 1

FIG. 10. Simulation systems for the calculation of the solid-liquid and solid-vapor
works of adhesion by the thermodynamic integration (Tl) through the dry-surface
(DS) scheme.
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the pressure ps: above the vapor pressure, a liquid bulk with a
constant density was formed between the solid wall and the pis-
ton. We used 3000 fluid particles, and the system size was set, as
shown in Fig. 10(a). We also controlled the temperature of the fluid
particles w1th1n 0.8 nm from the top piston regarding the velocity
components in the x- and y-directions at T = 90 K.

We embedded a coupling parameter A into the SF interaction
potential given in Eq. (5) as

O (r 1) = (1 - V)0 (ry), (C1)

and we obtained multiple equilibrium systems with various A values
with 0 <A < 1 to numerically calculate the TT described below. Each
system was obtained after a preliminary equilibration of 10 ns, and
the time average of 20 ns was used for the analysis.

The work of adhesion Wy, is defined by the minimum work
needed to strip the liquid from the solid surface per area under con-
stant NpT, and it can be calculated by the TI along a reversible path
between the initial and final states of the process. In the present
DS scheme, this was achieved by at first forming a SL interface
and then by weakening the SF interaction potential through the
coupling parameter. We obtained equilibrium SL interfaces with a
discrete coupling parameter A varied from 0 to 0.999. Note that
the maximum value of A was set slightly below 1 to keep the SF
interaction to be effectively only repulsive. This value is denoted by
1" hereafter. The difference of the SL interfacial Gibbs free energy
AGst, = Gst|y=1- — Gst|x=0 between systems at A = 0and A = 1~ under
constant NpT was related to the difference in the surface interfacial
energies as

AG
WsL = TSL = 950 + YLo — YsL

~ P50 + YLV — YSL (C2)

where the vacuum phase was denoted by a subscript “0” and pso
and yro were the solid-vacuum and liquid-vacuum interfacial ener-
gies per unit area. Note that y o was substituted by the liquid-vapor
interfacial tension yry in the final approximation considering that
the vapor density was negligibly small. Using the NpT canonical
ensemble, the difference of the SL interfacial Gibbs free energy AGst
in Eq. (C2) was calculated through the following TI:

so- [ [ (2

fl < 33 ®fw>d)t (C3)

iefluid jewall

AGsL = AG - Apset(<zp|,l:1*) - <Zp|)L:0>): (C4)
where H is the Hamiltonian, e.g., the internal energy of the system,
and Ny, is the number of wall molecules. The ensemble average was
substituted by the time average in the simulation and was denoted by
the angle brackets. Note that to obtain AGgy, the work exerted on the
piston Apset({2p|a=1-) — (2p|1=0)) was subtracted from the change
in the Gibbs free energy of the system AG including the piston in
Eq. (C4).

For the calculation of the SV work of adhesion Wsy, we
investigated the interfacial energy between the saturated vapor and
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corresponding solid surfaces set on the bottom of the simulation
cell by placing an additional particle bath on the top, as shown in
Fig. 10(b). The setup regarding the periodic boundary conditions
employed in x- and y-directions, temperature control, and place-
ment conditions for the solid surface were the same as the SL system,
whereas the particle bath was kept in a place by a potential field at a
fixed height sufficiently far from the solid surface. This potential field
mimicked a completely wettable surface with an equilibrium con-
tact angle of zero with the present potential parameters, e.g., a liquid
film was formed on the particle bath. With this setting, a solid-vapor
interface with the same density distribution as that in the Wilhelmy
MD system was achieved. We formed multiple equilibrium systems
with various values of the coupling parameter A with the same recipe
as the SL systems.

Similar to the calculation of Wy, the SV interface at A = 0 was
divided into SO and VO interfaces at A = 17, as shown in Fig. 10(b),
while the calculation systems for Wsy were under constant NVT.
Thus, the solid-vapor work of adhesion Wsy was given by the dif-
ference of the Helmholtz free energy AF per unit area and was related
to the difference in the surface interfacial energy as

AF
Wsy = o =Y + yvo — ysv
& P50 — PSVs (C5)

where yvo was set zero in the final approximation. Using the NVT
canonical ensemble, AF in Eq. (C5) was calculated through the TI as

e [
- [ <ZZ© (m)}d}t (o)

Figure 11 shows the SL and SV works of adhesion Ws; and
Wiy calculated by the TT as a function of the solid-fluid interaction

[x10 7%

20

-
a

o

work of adhesion, Wy, Wgy [N/m]
S

0 0.05 0.1 0.15
fluid—solid interaction coefficient, 5

FIG. 11. Works of adhesion W, and Wsy calculated by the Tl as a function of the
solid-fluid interaction coefficient #.
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coefficient 7. These values were used for the results shown in Fig. 7
through the #-cos 0 relation in Fig. 9.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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