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A molecular dynamics study of the force between planar substrates due to capillary bridges
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Abstract

Molecular dynamics simulations are used to study capillary liquid bridges between two planar substrates and the origin, strength and
range of the resulting force between them. Pairwise interactions are described by the Lennard-Jones potential. Surface wettability
is tuned by varying the fluid-substrate well depth interaction parameter. The force between the substrates due to a bridge of
liquid is estimated by different methods including non-equilibrium simulations of moving substrates connected by liquid bridges
and macroscopic balance of forces. The latter involves knowledge of liquid-vapor interfacial free energy, curvature radii, radius
of wetted area and contact angle at the triple-phase contact line. All these physical quantities are estimated from equilibrium
simulations. The force is attractive when the substrates are solvophilic or moderately solvophobic; and thus for cavities surrounded
by the same liquid the force is attractive even when the substrates are moderately solvophilic. Two threshold values for the fluid-
substrate potential interaction parameter can be identified; one for which the effective interaction between substrates due to liquid
bridges changes from repulsive to attractive and another for which the capillary bridge becomes mechanically unstable and breaks

into droplets.
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1. Introduction

Molecular simulations have been used to study the behavior
of fluids confined between substrates and also the wetting be-
havior of liquid drops and nuclei on solid substrates but not, to
the best of our knowledge, the nature and range of the resulting
force between the surfaces for different wettability conditions.
The wetting of the liquid phase, droplets or bridges, is set by
the strength of the interaction between particles in the fluid and
in the substrate. Strong fluid-solid interactions lead to lower
contact angles, measured through the liquid phase, and thus to
higher wettability.

Molecular dynamics was used early by Koplik et al. [1] to study
microscopic aspects.of slow viscous flows past a solid wall,
where both fluid and wall have molecular structure. They also
simulated an immiscible two-fluid system and were able to vary
the interaction between the fluids and the wall. A static menis-
cus was observed whose contact angle agrees with estimates
from the Young equation and, when motion occurs, advancing
and receding contact angles were observed. Although solid-
fluid interaction was not explored thoroughly, partial results in-
dicate that contact angle, measured through the wetting phase,
decreases as the interaction increases. Later, Busic et al. [2]
studied by molecular dynamics simulations the extensional rhe-
ology of Newtonian and non-Newtonian fluid bridges between
two substrates. The evolution of the liquid filament profile and
the forces exerted on the end-plates obtained from the simula-
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tions, and also the internal dynamics of the fluid and the molec-
ular configurations, were in good agreement with experimental
data and with results from macroscopic numerical calculations.
Koplik and Banavar [3] presented molecular dynamics simu-
lations of filaments of a non-Newtonian liquid stretched under
uniaxial deformation to the point of breaking. They observed
non-uniform extensions leading to highly uneven shapes and al-
ternating stretched and unstretched regions of liquid. Bucior et
al. [4] used non-equilibrium molecular dynamics to investigate
the kinetics aspects of the evaporation of liquid bridges con-
fined between walls for different wetting conditions to elucidate
the effect of the capillary inhomogeneity on this process.

Concerning simulation studies of the three-phase contact of
equilibrated liquid droplets/bridges with substrates two main
approaches are commonly used to determine the contact an-
gle from simulations; in one method the liquid or droplet is
prepared and the angle is obtained from averaged density pro-
files, in the other, the Young equation is used to estimate the
angle and the involved interfacial free energies y,p are deter-
mined separately. Both methods have been also used in combi-
nation to test the consistency of the results. Maruyama et al. [5]
used molecular dynamics simulations to study a Lennard-Jones
liquid droplet on a solid substrate made of particles pinned to
fcc lattice points by harmonic springs and applied the same
methodology to study droplets of water on platinum fcc sub-
strates [6]. They found that the contact angle depends on the
crystalline orientation of the substrate being larger for fcc(100),
intermediate for fcc(111) and lower for fcc(110). Shi and Dir
[7] obtained contact angles from density profiles of a Lennard-
Jones liquid droplet on a Lennard-Jones substrate at different
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temperatures and wetting conditions and also studied the ef-
fect of temperature over the contact angle of water over plat-
inum. The role of the substrate-fluid interaction strength and
substrate topographies was investigated by Leroy and Miiller-
Plathe [8] using molecular dynamics simulations. The con-
tact angles were directly determined from density profiles, the
solid-liquid and liquid-vapor interfacial free energies were re-
spectively determined from thermodynamic integration method
and from the anisotropy of the pressure tensor at the interface.
The simulation results showed that the contribution of the solid-
vapor interfacial free energy in the Young equation is small
when the solid-liquid interaction is weak. Semiromi and Az-
imian [9] studied the effect of temperature and solid-fluid inter-
action on the wetting of a Lennard-Jones system. A common
result of these works is the lowering of the contact angle as
the solid-fluid interaction parameter increases. An alternative
approach was applied by Grzelak and Errington [10] to deter-
mine contact angle, solid-vapor and solid-liquid interfacial ten-
sions. The method is based on biased grand canonical Monte
Carlo simulation which provides the dependence of the interfa-
cial free energy on density (for a description of the method see
also [11-13]). Their results show good agreement with those
obtained from the mechanical definition of interfacial tension.
Das and Binder [14] used Monte Carlo simulations to investi-
gate a immiscible binary Lennard-Jones fluid between walls, a
system where bridges rich in one of the components are formed.
They evaluated contact angles and interfacial free energies sep-
arately for different wall-fluid interaction strengths and showed
that the Young’s equation applies at the nanoscale.

Here we use molecular dynamics simulations of nanoscopic
capillary liquid bridges between planar substrates to determine
the resulting force between the substrates. The wettability is
tuned by varying the solid-fluid interaction parameter. The
force between the substrates is estimated from different meth-
ods; (i) from a macroscopic force balance, where the physi-
cal quantities involved are determined from equilibrium simula-
tions (ii) by applying second Newton’s law to moving substrates
connected by liquid bridges; and (iii) from the integration of the
normal pressure radial profile of equilibrated liquid bridges.

2. Methods

Molecular dynamics simulations of liquid capillary bridges
connecting two substrates are performed. Equations of motion
are solved with the velocity Verlet algorithm [15] and particle
interactions are modeled with the 12-6 Lennard-Jones poten-
tial [16] truncated and shifted at a cut-off distance of 2.507;
with 7 and j denoting particles in the fluid (f) or in the sub-
strate (s). The following reduced units are used; for length
L* = Ljoy, time t* = (t/o¢)(e/me)'/?, mass m* = m/m; and
temperature 7" = kg7 /€. The interaction parameters for par-
ticles in the fluid are o7 = 1 and ¢ = 1, for particles in the
substrate oy = 1 and € = 10, and for the substrate-fluid par-
ticle interaction o, = 1 and variable well depth € in order
to attain different wetting conditions. The particle masses are
mi = 1 and mg = 10. The integration time step is #* = 0.0023.

Figure 1: Snapshots of initial configurations for simulations of (a) a liquid
bridge between two planar substrates and (b) a liquid droplet over a flat sub-
strate.

2.1. Preparation of a capillary bridge

The substrate and the fluid are prepared in independent sim-
ulations and then put in contact. An fcc crystalline substrate of
4 atom layers thickness and initial lateral lengths L} = L} = 30
is relaxed in'an NPT simulation at 7* = 0.68 and P* = 0 (con-
dition for which the fcc phase is stable). Then two copies of
the equilibrated substrates are disposed in a simulation box at
a distance D* along the direction perpendicular to the substrate
surface z. The crystalline orientation of the surface is fcc(100).
The positions of the particles in the first external layer are fixed
in both substrates and the system is equilibrated in an NVT sim-
ulation. A liquid is prepared in an NVT simulation in a box of
lengths L} X Ly X (D* — 2) using periodic boundaries in all di-
rections. In the next step the liquid is disposed in the volume
between the substrates and the system is equilibrated in NVT
simulation over 2 - 10° time steps. Finally, in order to create a
bridge, the particles in the liquid outside a cylinder of radius R*
are removed. The remaining number of particles in the bridge
are N = 941 and its nominal dimensions are R* = 5.9 and
D* = 10.8 (see Figure 1a). The resulting system is equilibrated
in an NVT simulation during 10° time steps. The temperature
is kept constant with a Berendsen thermostat with a relaxation
time 7 = 0.46.

2.2. Preparation of a liquid droplet

Simulations of a liquid droplet over a single substrate are
used to asses the contact angle given 7™ and €; for comparison
with results from simulation of a bridge with the same Lennard
Jones potential and parameters. A substrate of § layers and
initial lateral lengths Ly = Ly = 30 is prepared in an NPT sim-
ulation at 7* = 0.68 and P* = 0. As for bridges the fcc(100)
surface crystalline orientation is considered. The droplet is ob-
tained from an independent simulation and then is located over
the substrate along the z-axis. First, a system made of 500 parti-
cles at T* = 1.30 and liquid density is equilibrated inside a peri-
odic cubic simulation box. Later, the box is expanded to obtain
a liquid droplet. After 2-10° time steps a liquid droplet in equi-
librium with its vapor is obtained. Particles that belong to the
droplet are identified according to the Stillinger criterion [17]
for a threshold radius of 1.5. The droplet and its vapor are then
displaced so that the lowest particle belonging to the droplet is



located right at the bottom of the simulation box. Vapor parti-
cles below this limit appear at the top of the box by virtue of
a periodic boundary at the bottom of the box. Then, the drop
is aligned over the substrate with a gap of o7 to avoid particle
overlapping but enough to guarantee interaction between the
substrate and the liquid droplet. To keep the substrate particles
in their positions, the layer located at the bottom of the z-axis is
kept fixed at its position. Periodic boundary conditions are ap-
plied in the x and y directions, and a reflective wall is located at
the upper boundary in the z-axis. Finally, from this last config-
uration (see Figure 1b) the entire system is equilibrated during
4 - 105 time steps at T* = 0.68 for different values of €5 The
Berendsen thermostat is used with a relaxation time 7 = 0.46.

2.3. Liquid-vapor interfacial free energy

The liquid-vapor interfacial free energy is obtained from
molecular dynamics simulations of a planar liquid film in con-
tact with its vapor. The system considered here contains 5324
fluid particles at 7* = 0.68. The interfacial tension is esti-
mated from the integration of the difference between the nor-
mal and tangential pressure profiles along the liquid-vapor in-
terface. The Irving-Kirkwood definition of the local pressure
component is adopted [18, 19].

2.4. Contact angle and curvature radii of a bridge

Two-dimensional density profiles from equilibrated simula-
tions are used to characterize capillary bridges. Time average
over 4000 configurations is considered to calculate the profiles.
The instantaneous center of mass of the bridges is corrected in
directions x and y in a way that such center is located at the
center of the simulation box (x*,y*) = (0,0). Contact angle 6,
azimuthal curvature radius R} , meridional curvature radius R
and radius of the wetted area R* are determined by adjusting
a circle to the contour line of the liquid-vapor interface of the
bridge corresponding to the average density between the liquid
(1) and the vapor (v) bulk densities, p;, (¥",z") = (of — p3)/2.
The first fluid layer in contact with the substrate is ignored in
the fit of the profile contour. Figure 2 illustrates the procedure
where the radial coordinate is defined as > = x*?> + y*2. The
adjustment of the circle (+* —#5)> + z** = R;* in Figure 2 pro-
vides directly the center of the circle (*,z") = (r;,0) and the
azimuthal curvature radius R]. The meridional curvature radius
is equal to Ry = rj# R} and the radius of the wetted area to
R =r;+ (R’[2 - z;2)1/ 2, where z,, corresponds to the position
of the plane parallel to the substrate where the contact angle is
evaluated. Here we use z; = —4.3, i.e. located between the first
and the second layer of liquid near the substrates, as shown in
Figure 2. The contact angle is obtained from the slope of the
line tangent to the fit function z*(r*) at the contact plane z* = z;
according to tan @ = —m when 6 < 90° and tan(180° — 0) = +m
when 0 > 90° with m = (dz"/dr*); —;.

3. Results and discussion

3.1. Characterization of capillary bridges
The methodology for preparing capillary bridges previously
described leads to stable liquid bridges for €; between 0.1 and

Figure 2: Curvature radii R} and R}, radius of wetted area R*, and contact angle
0 determination from a two-dimensional density profile for €3 = 0.2. Dashed
lines correspond to tangent lines at the three-phase contact lines. The first fluid
layer in contact with the substrate is ignored in the fit of the profile contour.
The black dot represents the location of the center of the circle (ra, 0), and the
white dot represents the location of the center of the bridge (0, 0).

Table 1: Curvature radii R}, radius of wetted area R and contact angle at triple-
phase contact line 6 for equilibrated capillary bridges between planar substrates
at 7" = 0.68 and different €.

€ R; R} R &

0.1 49 6.8 43 151
0.2 5.7 6.6 4.7 139
0.3 7.7 6.3 5.0 124
0.4 14.2 6.0 53 108
0.5 o0 5.7 5.6 90
0.6 -13.6 5.2 5.9 72
0.7 -6.5 44 6.0 49

0.7. Initial cylinder radius is R; = 5.9, number of particles
is N = 941, and separation distance between the surfaces is
D* = 10.8 . Both the simulation snapshots in Figure 3 and
the averaged two-dimensional density profiles shown in Fig-
ure 4 clearly show the increasing affinity of the liquid for the
substrate as €, increases. For €j; < 0.5, the three-phase con-
tact line is very well defined and thus estimating the value of
the contact angle is simple. For €} = 0.5, the spreading of
the liquid bridge is accompanied by the formation of a thin
liquid layer at the fluid-substrate contact region, yet calculat-
ing the contact angle is possible by neglecting this thin liquid
layer. For 0.6 < € < 0.7 the spreading of the liquid droplet
is accompanied by a thin film of significant lateral extent. For
€; > 0.8 wetting is so strong that a stable bridge is not pos-
sible. The liquid bridges are characterized in terms of their
contact angles and curvature radii which are calculated from
the density profiles shown in Figure 4. Table 1 summarizes az-
imuthal and meridional radii of curvature, radius of the wetted
area by the bridge, and contact angles at the triple-phase contact

lines for different values of €. Contact angles decrease as €}

increases. The azimuthal radius of curvature is positive when



Figure 3: Snapshots of capillary bridges of liquid (blue) equilibrated between
two substrates (yellow) at 7% = 0.68, N and several e;ff (a) 0.1, (b) 0.2, (¢)
0.3, (d) 0.4, (e) 0.5 and (f) 0.7. Distance between substrates is D* = 10.8 in all
simulations.

measured from the inside of the bridge, the case for example
of a capillary bridge of water between hydrophobic surfaces,
and negative when measured from outside the bridge, the case
for example of a capillary bridge of water between hydrophilic
surfaces. Figure 5 shows the dependence of the contact an-
gle with €, for liquid droplets and capillary bridges. Results
for droplets are for a system with 500 particles, increasing the
size of the system to 864 particles did not change results sig-
nificantly. Results for liquid bridges are for a system with 941
particles. Contact angles of bridges and droplets coincide for
€ < 0.6. For €} > 0.6 the contact angle for droplets are larger
than for bridges. <In Figure 5 our contact angles for bridges
and droplets are compared with results reported in the litera-
ture. Contact angles-always decreases when €; increases. For
€; < 0.5/ which defines a non-wetting (¢ — 180°) to neutral
wetting (6 — 90°) domain, there is good agreement in general
although the systems may be significantly different. In these do-
mains, cohesive forces dominate over adhesive forces and thus
the interaction between particle pairs is stronger than between
fluid and solid particles. As the contact angle is sensitive to
the cross interactions then such differences in the systems do
not appear in Figure 5. Situation is the opposite for €} > 0.5,
which defines a wetting (§ — 0°) domain. In this domain adhe-
sive forces are stronger than cohesive forces and thus the cross
interaction between fluid and solid particles sets the wetting de-
gree. Cross interactions and contact angles that arise depend on
the characteristics of each system and hence it is expected that
the differences between systems appear reflected in Figure 5.

(® (h)

Figure 4: Averaged two dimensional density profiles for equilibrated liquid
bridges between two substrates at 7* = 0.68 and different e:f (a) 0.1, (b) 0.2,
() 0.3, (d) 0.4, (e) 0.5, () 0.6, (g) 0.7 and (h) 0.9. Distance between substrates
is D* = 10.8 in all simulations.

To this point we have characterized capillary bridges of liquid
through two dimensional density profiles, contact angles, cur-
vature radii and radius of wetted area. With this information in
hand it is possible to estimate the force between the two sur-
faces connected by a bridge. The distance between the surfaces
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Figure 5: Contact angles measured for liquid droplets (black circles) and capil-
lary bridges (white circles) as function of the solid-fluid interaction parameter
€~ Our values are compared with previous literature results.

is larger than the interaction cut-off diameter so that no direct
force exists between them.

3.2. Forces between substrates connected by a capillary bridge

The force between two surfaces connected by a capillary
bridge can be obtained from a macroscopic force balance and
from molecular dynamics data. Here we compare both.

3.2.1. Macroscopic force balance

The force between two identical planar surfaces connected
by a capillary bridge can be rationalized as the contribution of
the force due to the surface tension and the force due to the
difference of pressure between the bridge and the surrounding
medium. Eq. (1) includes both contributions when applied to
the triple-phase contactline:

F* = —27R’y,, sin@ + aR"%y;, (Ri] + R%) (1)
The first term in the right side of Eq. (1) corresponds to the at-
tractive contribution of the surface tension and the second to the
contribution of the pressure difference. R*, R} and R represent
respectively the radius of the wetted area by the bridge, and the
azimuthal and meridional radii of curvature of the bridge (see
Figure 2). This equation can be applied to a bridge of liquid
surrounded by a gas or a vapor cavity surrounded by a liquid.
The balance of forces in Eq. (1) applied to the mid section of
the bridge parallel to the substrates z* = 0 becomes

=T Z‘YIV RT s ( )
an expression which does not requires knowledge of the contact

angle and R. According to this equation if R} < 0 the force is
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Figure 6: Force between substrates F* due to a capillary bridge of liquid as

function of the interaction parameter €}; and as function of the contact angle

6 (inset). - Calculations from Eq. (1) are at the triple-phase contact line and
calculations from Eq. (2) are at the mid section of the bridge parallel to the
substrates.

always attractive, but if R} > 0 the force can be attractive for
R} > RS and repulsive for R} < Rj. In the particular case of
a sphere between the two solid surfaces, where R} = R;, the
force is zero (6 = 180° for a bridge of liquid and 8 = 0° for
a vapor cavity). And in the case of a cylinder connecting the
two surfaces, where R} — oo, the force is attractive and given
by F* = —nR}y;, (8 = 90°). For the liquid bridges here, by

Liquid bridge

Bubble bridge

Z7ZZZZZ
0<90°

77
0>90°

Figure 7: Schematic of liquid and bubble bridges for small and large contact
angles.

using the curvature radii in Table 1 and the liquid-vapor inter-
facial free energy of y}, = 0.627 at T* = 0.68 (this result is in
good agreement with those of Vrabec et al. [20]), Eq. (2) pro-
vides an estimate for the vertical force acting between these two
surfaces due to the capillary bridge in the same way as Eq. (1)
though avoiding wetted area and contact angle parameters. The
force for different values of € applying Eq. (1) and Eq. (2) are
coincident as Figure 6 shows. The force increases its attrac-

tive character as €; increases, or equivalently as 6 decreases,



although it is repulsive for €}, < 0.2. The force for € = 0.7 is
overpredicted from Eq. (1) since at this high wetting condition
the circle does not describe well the bridge contour and conse-
quently the values of the contact angle and R*. Despite this the
circle allows simple and accurate determination of the curvature
radii R} and R} in the mid section of the bridge, and good es-
timations of contact angle and R*. This macroscopic approach
for the force is also valid for a capillary bridge generated by a
cavity or a bubble. The force is mainly a function of the curva-
ture radii. From the point of view of the application of Eq. (2), a
capillary bridge of liquid at small contact angle is equivalent to
a capillary bridge of a bubble at large contact angle (see Figure
7). In other words, if a liquid bridge generates high attraction
between hydrophilic surfaces and repulsion between highly hy-
drophobic surfaces, a bubble bridge, surrounded by such a lig-
uid, should generate high attraction between hydrophobic sur-
faces and repulsion between highly hydrophilic surfaces.

3.2.2. Non-equilibrium simulations

An alternative method to obtain the force between two solid
substrates connected by a liquid bridge is through a simulation
where the movement restrictions on the substrate are removed
and the force at initial distance D*(#* = 0) = Dy is estimated
from the initial acceleration a* of the substrates. According
to Newton’s law F*(¢*) = 2M*d’D*(t*)/dt*> = 2M*a* with
M* = ¥, m; the mass of a substrate. Figure 8 shows the evolu-
tion of the distance between substrates D*(¢*) for different val-
ues of the interaction parameter €. For €}, > 0.3 the attraction

Figure 8: Evolution of separation distance D* between substrates connected by
a liquid bridge for different €; at 7" = 0.68.

between the substrates increases as €; increases and the equilib-
rium distance between them diminishes. For € < 0.3 the sur-
faces separate from each other because the repulsion is higher
than the attraction from the surface tension force. For € > 0.8
the interactions between substrate and fluid particles are high
enough to destabilize the liquid bridge and thus the only force

that remains after the capillary breaks is due to the vapor be-
tween the substrates, which is repulsive. In all these previous
cases, an immediate response to the perturbation is followed
by an oscillatory behavior until the fixed point is reached. For
€; = 0.3 and 0.4 it is interesting to notice that the oscillatory be-
havior is barely seen in Figure 8 because near the critical € at
which the force between the substrates changes from attractive
to repulsive, the dynamics become much more slow. Relative
acceleration of the substrates a* is computed from a quadratic fit
to the distance between substrates D*(t*) = Dy + vit* + 0.5a*t"
immediately after releasing them, between * = 0 to r* = 46.
During this period of time the acceleration is nearly constant
for every value of €. The vapor between the substrates exerts
a pressure, small at 7* = 0.68, that is not compensated on the
empty region between the external faces of the substrates. We
estimate this force contribution for €, = 0.8 for which there
is no bridge in the equilibrium configuration. This small force
once subtracted from the force obtained from the D*(¢*) curves
gives the force from the bridges. Similar results for the force ex-
erted by the vapor on the substrates were obtained considering
it as ideal gas. Here we also calculate the force due to a liquid
bridge from the relative velocity of the center of mass of each
substrate once their movement restriction is removed. To obtain
the acceleration in this case we use a linear fit of the instanta-
neous relative velocity between substrates v*(#*) in the time in-
terval 1" = O to t* = 46. As expected, these two approaches lead
to results that are in excellent agreement as Figure 10 shows.

3.2.3. Integration of normal pressure radial profile

Yet another way to calculate the force between the substrates
due to the presence of the liquid bridge is from the net force
across a hypothetical plane parallel to the substrate. This force
is the result of particle interactions whose action line crosses
the plane and of every collision of particles with this surface
and it can be estimated by integration of the normal component
of the pressure tensor profile P} (r*, z*) inside the bridge along
the r-coordinate for a given plane z*. The normal component of
the local pressure tensor is calculated according to the Irving-
Kirkwood formalism [18, 19]. For simplicity we evaluate the
force in the middle of the bridge, plane z* = 0, through numer-
ical integration by

*

F'(Z"=0) = f P (u,z" = 0)2nudu. 3)
0

Integration in Eq. (3) is from the center axis of the bridge at
r* = 0to r* at which the density is that of the bulk vapor phase.
The repulsive force due to the vapor surrounding the liquid
bridge is not taken into account because we are interested just
in the force due to the liquid bridge. The kinetic PX* and virial
Pﬁ* contributions at z* = 0 are shown in Figure 9 for different
values of €. It is the balance between these two terms which
determines the repulsive or attractive character of the force due
to the bridge; while the kinetic term is always repulsive, the
virial term sets the attractive contribution which increases at the
liquid-vapor interface. The kinetic term of the pressure tensor
inside the bridge is unaffected by €, but the virial component

s

inside the bridge is increasingly negative or attractive when €



increases. For € = 0.1, on average, the kinetic term exceeds
the virial term, leading to a repulsive force between the sub-
strates. For €}, = 0.7 the result is the opposite. Figure 10 shows
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Figure 9: Radial profiles of the normal pressure component at the contact sur-
face z* = 0. Pg* and P%* correspond to the kinetic and virial components of
the normal component of the pressure tensor Pj,. Results are for 7* = 0.68,
Nr =941 and different € (a) 0.1, (b) 0.3, (¢) 0.5 and (d) 0.7.

the force between two substrates due to a capillary bridge as a
function of € predicted from the various methods described
above. The force estimated from non-equilibrium simulations
where the substrates are free to move are in agreement with the
force predicted from the macroscopic force balance, Egs. (1)
and (2) and with the force predicted from the integration of the
normal pressure radial profile of equilibrated bridges (Eq. 3).
According to Figure 10 the force due to a liquid bridge is at-
tractive even when the substrates are only moderately wetted
by the liquid; including values of &g as low as 0.25. For cavi-
ties the force isattractive even when the substrates are moder-
ately solvophilic. From a molecular point of view it is impor-
tant to notice that even for a Lennard-Jones potential, where the
repulsive and attractive contributions vanish at distances com-
parable to the particle diameter, the much larger range of the
force between the substrates is a collective phenomenon. We
believe that the present methodology when applied to water
as the intervening liquid between the substrates, should lead
to a better understanding of unexpected long range attractive
forces, probably due to capillary bridging, that have been mea-
sured between hydrophobic surfaces, see for instance [21-26],
in non-symmetrical hydrophylic-hydrophobic systems in saline
solutions, see for instance [26-36], and even more recently in
partially hydrophylic surfaces in electrolyte solutions [37-39].
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Figure 10: Force between substrates due to a liquid bridge for different €.
Comparison of predictions from (i) macroscopic force balance (Egs. 1 and 2)
with parameters from molecular simulations, (ii) Newton’s second law applied
to the free advance of the surfaces and obtained from the evolution of the dis-
tance between substrates D* and the relative substrates velocity v+ and (iii)
integration of the radial profile of normal pressure inside the liquid capillary
bridge (Eq. 3). Results correspond to averages over three realizations of each
simulation.

4. Conclusions

Molecular dynamics simulations allow the study capillary
liquid bridges between two planar substrates and the resulting
force between them. Different wettability degrees are set by
varying the fluid-solid interaction parameter. Contact angle at
the triple-phase contact line measured through the liquid phase
decreases as the interaction parameter increases. We present
force estimates from (i) macroscopic force balance with param-
eters from molecular simulations, i.e., liquid-vapor interfacial
free energy, radii of curvature and wetted area of the bridge,
and contact angle at the triple-phase contact line, (ii) Newton’s
second law applied to the free advance of the substrates me-
diated by the liquid bridge, and (iii) integration of the normal
pressure radial profile inside the bridge. Good agreement is
generally observed between the different methods. There is a
threshold value for the fluid-substrate interaction parameter for
which the substrates separate instead of joining (€}, = 0.25) and
another threshold value for which the capillary bridge becomes
mechanically unstable and breaks into droplets (€ > 0.70).
For liquid bridges the force is attractive when the substrates are
solvophilic and even when the substrates are moderately solvo-
phobic; and thus for cavities surrounded by the same liquid
the force is attractive even when the substrates are moderately
solvophilic.
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Molecular dynamics simulation of a
capillary liquid bridge (blue)
equilibrated between two identical
surfaces (yellow) for a given
temperature. Particle interactions in
the fluid and in the substrates are
modeled with the 12-6 Lennard-Jones
potential. Variable well depths for the
substrate-fluid particle interaction are
used to attain different wetting
conditions. The force between the
substrates is obtained from a
macroscopic force balance and from
simulation data.




MD simulations are used to study capillary liquid bridges
between flat substrates

And also the origin, strength and range of the resulting force
between them

Pairwise interactions are described by the Lennard-Jones
potential

Wettability is tuned by varying the fluid-solid well depth
interaction parameter

Force is attractive when the substrates are solvophilic .or
moderately solvophobic



