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SPECIAL TOPIC — Water at molecular level
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The formation of nanoscale water capillary bridges (WCBs) between chemically heterogeneous (patchy) surfaces
plays an important role in different scientific and engineering applications, including nanolithography, colloidal aggrega-
tion, and bioinspired adhesion. However, the properties of WCB of nanoscale dimensions remain unclear. Using molecular
dynamics simulations, we investigate the geometrical and thermodynamic properties of WCB confined between chemically
heterogeneous surfaces composed of circular hydrophilic patches on a hydrophobic background. We find that macroscopic
capillary theory provides a good description of the WCB geometry and forces induced by the WCB on the confining sur-
faces even in the case of surface patches with diameters of only 4 nm. Upon stretching, the WCB contact angle changes
from hydrophobic-like values (6 > 90°) to hydrophilic-like values (6 < 90°) until it finally breaks down into two droplets
at wall separations of ~ 9-10 nm. We also show that the studied nanoscale WCB can be used to store relevant amounts
of energy Ep and explore how the walls patch geometry can be improved in order to maximize Ep. Our findings show
that nanoscale WCB can, in principle, be exploited for the design of clean energy storage devices as well as actuators that
respond to changes in relative humidity. The present results can also be of crucial importance for the understanding of water

transport in nanoporous media and nanoscale engineering systems.

Keywords: water capillary bridge, energy density, morphology transition, hydrophilicity

PACS: 47.55.nk, 68.35.Md, 61.30.Hn, 82.30.Rs

1. Introduction

Water capillary bridges (WCBs) are not only common
in the macroscopic world but exist widely at the nanoscale.
For example, at large humidity conditions, WCB can sponta-
neously form between the tip of an atomic force microscope
(AFM) and the sample being studied,!!! affecting the cor-
responding AFM measurement. WCB can also mediate the
interactions between nanoparticles and solutes in general. For
example, in the case of polymer systems, WCB can induce
the self-assembling of the polymers.[*! The study of capil-
lary bridges has mainly been focused on the case where the
confining surfaces are homogeneous.®~!!l However, a few re-
cent computational studies have considered the role of surface
chemical heterogeneity on the geometric and thermodynamic
properties of capillary bridge.['>!3] These heterogeneous sur-

faces are usually composed of hydrophilic and hydrophobic
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regions, for example, hydrophobic surfaces decorated with
stripe-like hydrophilic patches. It has been shown that macro-
scopic capillarity theory (macroscopic thermodynamics)!!#15]
works successfully even in the case of patchy surfaces with
nanoscale patch sizes and walls separations.!'3!%1 However,
these studies are limited by the patch geometry considered and
it is not clear what is the role of path dimensions and shape on
the properties of the capillary bridges considered (e.g, cap-
illary bridge profile, energy, force induced on the confining
surfaces, etc). The properties of nanoscale WCB confined by
chemically heterogeneous surfaces are challenging to predict

17-19

theoretically.['”-'°] Understanding how the surface patch ge-

ometry affects the properties of capillary bridges can help en-

gineers to design heterogeneous surfaces to improve chip self-

alignment during pickup for the fabrication of chip arrays, "]

and micro-transfer process in printing process.>!-2%]

In a recent molecular dynamics simulations study, we!!3!
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showed that the properties of a translationally-symmetric (TS)
nanoscale WCB formed between two flat surfaces with a
stripe-like hydrophilic patch can be described remarkably well
by capillary theory. Moreover, it was found that, upon stretch-
ing, the WCB can stored relative large energy densities. The
stored energy densities in such WCB are comparable to the en-
ergy harvested by water responsive materials that work under

(23] In this work, we extend the

changes in relative humidity.
previous study, based on TS (i.e., stripe-like) patches, and ex-
plore how the geometry of the hydrophilic patch can be mod-
ified in order to optimize the energy stored in the correspond-
ing WCB. Specifically, here we consider axis-symmetry (AS)
WCB formed between circular patches (see Fig. 1) of differ-
ent size, and test whether the resulting WCB can store more
energy than the TS WCB. In addition, we test whether cap-
illarity theory applies when the surfaces are decorated with
circular patches of nanoscale dimensions. Our results suggest
that macroscopic capillary theory works remarkably well for
the case of AS WCB formed between surfaces separated by
h > 3.5 nm even for patches as small as 4 nm in diameter.
Upon stretching, the contact angle of the WCB changes from
hydrophilic (6 < 90°), at small %, to hydrophobic (6 > 90°),
at large h. In addition, we find that the minimum value of
These ef-
fects alter the energy stored in the corresponding WCB. For

0 decreases as the patch diameter d increases.

example, our MD simulations show that the energy stored
in the WCB can be optimized by increasing the size of the
patch. In addition, we find that the heterogeneous surfaces
with hydrophilic patches increase the stability of the WCB.
Specifically, WCB formed between hydrophobic surfaces be-
comes unstable (break) at # = 7.5 nm while in the presence
of hydrophilic circular patches, the WCB becomes unstable at
h ~ 9.5 nm. These results can be of crucial importance for the
understanding of water transport in nanoporous media!>*! and
oil resource exploitation. !

This work is organized as follows. In Section 2, we pro-
vide the computer simulation details and methods employed.
In Section 3, we present the simulation results focused on the
WCB profile, force induced by WCB on the wall, and energy
stored in WCB. A summary is included in Section 4.

2. Methods

We perform molecular dynamics (MD) computer simula-
tions of an AS WCB composed of N = 3375 water molecules
expanding between two identical silica-based surfaces. The
surfaces are hydrophobic (non-hydroxylated silica) and are
decorated with a circular hydrophilic patch (hydroxylated sil-
ica); see Fig. 1. The surfaces are oriented parallel to each

other, perpendicular to the z-axis, in a mirror configuration

14 nm

Fig. 1. (a) Top view of one of the chemically heterogeneous surfaces consid-
ered in this work. The surface is hydrophobic with a silica-based structure
and is hydroxylated over a region of diameter d = 5 nm. The Si, O, and H
atoms are denoted by gray, red, and white spheres, respectively. The surfaces
expand across the simulation box; periodic boundary conditions apply along
the x- and y-axes. (b) and (c) Snapshots of a water capillary bridge formed
between two surfaces separated by a distance 4 = 3 and 7 nm, respectively.
Water molecules within the capillary bridge that are confined between the
hydrophilic patches of the surfaces are colored in blue; water molecules lo-
cated beyond the hydrophilic patches are shown in red. (d) Illustration of a
capillary bridge with the main parameters employed in this work. # is the
wall separations, ry and R, are the curvature radii of the capillary bridge, ry
is the corresponding base radius, and 0 is the water contact angle.

and the WCB expands between the hydrophilic patch of the
walls. We consider different circular hydrophilic patches with
diameters ranging from d =4 nm to 7 nm. To be noticed,
the hexagonal patch shown in Fig. 1(a) is an approximation to
the circular patch due to the limitation of patch size and sur-
face structure. For larger d, the patch tends to be more like a
circle. Details of the surface structure and water—wall interac-
tions can be found in Ref. [26]. Briefly, the O and Si atoms
of the walls are fixed during the MD simulation; the H atoms
are able to move on a plane parallel to the walls. Only Si
and O atoms interact with water O atoms via Lennard—Jonnes
interactions. Atoms in the wall have no partial charge with ex-
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ception of the surface silanol groups of the hydrophilic patch.
Hence, only the surface Si, O, and H atoms of the hydrophilic
patch interact with water via Coulombic interactions (and can
forms hydrogen bonds with water). Water molecules are rep-
resented by the SPC/E water model.!?”! The hydrophobic re-
gions of the walls are characterized by a water contact angle
of 6 ~ 108°; the contact angle of water in contact with the hy-

28,291 The surfaces have dimensions

drophilic patch is 6 ~ 0°.!
of Ly = Ly, = L =14 nm and expand across the simulation
box. The simulation box is cubic with side length L and pe-
riodic boundary conditions are applied along the x, y, and z
directions; additional MD simulations details can be found in
Refs. [16,28].

All our MD simulations are performed using the
LAMMPS software package!*°! at constant volume V, num-
ber of water molecules N, and temperature 7 = 300 K. The
simulation time step is 0.001 ps and the total simulation time
at a given (N, V, T) is 5 ns. Data for analysis are collected
within the last 2 ns of the trajectory and snapshots of the sys-
tem are saved every 1 ps. MD simulations are performed at
h =25 nm, 3.0 nm, 3.5 nm, ...,10 nm. We first perform
MD simulations at wall separations 7 = 5 nm and the WCB
is then compressed and stretched to # = 4.5 nm and 5.5 nm
along the z-axis (in these processes, the wall separation is re-
duced/increased by 0.02 nm and relaxed for 1 ps). After the
new MD simulations are completed at # = 4.5 nm, 5.5 nm,
the process is repeated until the new desired values of & are
reached.

Capillarity theory predicts that the profile of an AS capil-
lary bridge expanding along the z is given by

2 [H(P—rg)+no|
dr \/rz— [H (,.2_,,(2)) +r0]2

where r(z) is the profile of the AS capillary bridge, ry is the

+ , e

corresponding neck radius (at z = 0); see Fig. 1(c). In this ex-
1

pression, H = %(% + R%) is the capillary bridge surface curva-
ture and R; is the curvature radius which is positive for convex
and negative for concave bridge. Part of this work consists
of testing whether Eq. (1) is consistent with the results ob-
tained from MD simulations. The WCB profile from our MD
simulations is obtained as follows (see also Ref. [28]). We
first divide the WCB into slabs of thickness 6 = 0.5 nm. The
slabs are located at z; = h/2 — 0.25 nm, k/2 —2 x 0.25 nm,
...,—(h/2—0.25) nm and are parallel to the walls. Then, we
calculate the average density of water within slab 7 as a func-
tion of r, where r is the distance to the axis passing through the
center of mass of the WCB (see Fig. 1(d)). The radius of the
bridge r; within the i-th slab is determined by the liquid—vapor
boundary where the density of liquid is set to pyp = 0.2 g/ cm’.
The set of values (z;,r;) is then fitted using Eq. (1) to obtain
r(z). We note that r(z) can be obtained by fitting (i) all the val-

ues (z;,r;), or (ii) those excluding the data points (z;, r;) closest

to each surface (two data points in total). This is because, at
the nanoscale, the density of water within the slabs next to
the surfaces may be underestimated due to an empty space of
~ 0.1-0.2 nm between the water molecules and the surface
atoms (see Ref. [31]), and the water layer near heterogeneous
boundary may have different structure which affects the fitting
results.

3. Results
3.1. Water capillary bridge profile

The density profile of the WCB studied is shown in Fig. 2.
Circles are the radius of the WCB at height z; directly ob-
tained form the MD simulations (see Section 2). The solid
and dashed lines are the theoretical profiles r(z) predicted by
capillarity theory. Specifically, the dashed lines are the best
fit to all the MD simulation data points (circle) using Eq. (1).
Solid lines are the best fit of the MD data points when the
closest points to the upper and lower surfaces are removed.
Figure 2 clearly shows that capillarity theory predicts success-
fully the profile of the WCB for all wall separation / and sur-
face path diameter d. In agreement with our previous study,
our MD simulations show that capillarity theory can be ex-
tended down to WCB of ~ 2.5 nm in length. In addition, we
find that capillarity theory can also be extended down to hy-
drophilic patches of only 4 nm in diameter. We stress that
these are very small dimensions, comparable to the thickness
of the liquid—vapor interface (= 1 nm). Interestingly, it follows
from Fig. 2 that, contrary to the case of homogeneous surfaces,
WCB confined by patchy surface of dimensions commensu-
rate to the WCB, are not characterized by a single contact
angle. Indeed, the contact angle of of WCB varies consid-
erably, from hydrophobic-like (8 > 90°) to hydrophilic-like
(6 < 90°). This results in WCB that are convex at small A,
and concave at large 4.'73?! Notably, in spite of the morphol-
ogy change of WCB, the bridge volume tends to be a constant
regardless of the patch size and walls separation.

The WCB geometry can also be characterized by its base
radius next to the surface r, = r(£h/2) and the contact angle
0 of water (see Fig. 1(d)). Figure 3 shows 0 (k) and r,(h) cor-
responding to the theoretical profiles shown by the solid line in
Fig. 2. For small values of 4, the contact angle 0 of the WCB
is about 105° which is close to the contact angle of water in
contact with the hydrophobic, homogeneous silica walls. >8]
As h increases, 0 initially decreases with /& and reaches a min-
imum value that depends on d. Upon further increase in h, 6
increases again. In contrast, the contact angles of the WCB are
constant when the surfaces are homogeneous.?®! The anoma-
lous behavior of 6 (k) becomes more pronounced as the patch

size increases.
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Fig. 2. Profiles of the water capillary bridges as function of separation & for surface patch diameter (a) d =4 nm, (b) d =5 nm, (c)
d =6 nm, and (d) d =7 nm. The water capillary bridge profiles obtained from the MD simulations are denoted by open circles. Solid
and dashed lines represent the capillary bridge profiles predicted by capillarity theory and obtained by fitting the MD data (circles) using
Eq. (1), respectively. The dashed line is obtained by considering all the MD data points (circles) in the fitting procedure. The solid line is
the best fit obtained when the points closest to the upper and lower surfaces are omitted in the fitting procedure.

The behavior of ry, (%) is shown in Fig. 3(b). For all patch
dimensions, r, varies with & but it remains > d/2. As one
can see from Fig. 2, CT overestimates the base radius com-
pared to the data obtained by the MD simulations (circles in
Fig. 2). Nevertheless, the base radii obtained from MD sim-
ulations are still larger than d/2 by about 0.05-0.1 nm. This
indicates that at all wall separations, the bridge expands over
the whole patch surface. >3] Hence, in agreement with the pre-

[13] the presence of the hydrophilic patch (8 = 0°)

vious work,
allows water molecules to somehow wet the hydrophobic re-
gions surrounding the hydrophilic patch.

In order to carry out a more delicate investigation of the

patch boundary (“pinning”) effect, we use macroscopic CT to

show the behavior of 6(n,d), where n = 2‘/1171/3, d= %,
and V and r, are the volume and base radius of the bridge,
respectively. As shown in Fig. 3(c), we can plot a 6(n) for
each 6. The circles in Fig. 3(c) are obtained from Fig. 3(a)
where we fix the bulk water (N = 3375) volume V = 101 nm?
as a constant. For the value of § in each group, we set
rp = d/2+ 0.1 nm where d corresponds to the patch diam-
eter in our simulation. The dashed lines in Fig. 3(c) are the
prediction results from macroscopic CT.!!! The discrepancies
between the circles and lines mainly come from two sources.

The first one is the slip-out of the WCB which occurs roughly

at 6 > 90°.
simulations fitting is always larger than our CT calculation

The second one is that the contact area in our

where we assume that the base is constant and equal to the hy-
drophilic patch size. We conjecture that the ridged water layer
near the walls may cause these results. As shown in Fig. 2, the
profiles develop inflection points near the wall, the existence
of which in the stable bridge profile contradicts the CT.343]
We note that the inflection points were not observed in the MD
simulations of the liquid bridges between the homogeneous

16.281 We conjecture that this could be because there is a

walls. !
monomolecular layer of structured water near the polar inter-
face which makes macroscopic capillary theory inapplicable
at small distances from the wall. Because of the large polar-
ity of the hydrophilic patch, the profile (z) of the WCB main
body crosses the patch boundary at the height z = i/2 — Ah,
which more or less coincides with the inflection point. On
the other hand, the fitting which describes the WCB profile
main body (without the monomolecular layer) part gives a
good prediction to the thermodynamic behavior of WCB (see
Subsection 3.2). We note that, in spite of the discrepancies,
CT can give a qualitative description of our nanoscale WCBs

(see d = 5 nm, 6 nm) including a non-monotonic behavior of

o(n).
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Fig. 3. (a) Contact angle 6 and (b) radius of the capillary bridge base ra-
dius ry (see Fig. 1(d)) as function of the wall separations % and for different
surface patch diameters d. The profiles of the water capillary bridges are
shown in Fig. 2. (c) 8(n) for different §, where = 2‘%/3, d= ﬁ, and V
and r, are the volume and base radius of the bridge, respectively. Data are
obtained from recalculation of (a) (circle) and from macroscopic CT predic-
tion (dashed lines). & are calculated at V = 101 nm?> and r, = d/2+0.1 nm
where d corresponds to the patch size. The horizontal dashed line cor-
responds to 6 = 90° and separates the hydrophobic-like (6 > 90°) and
hydrophilic-like (6 < 90°) contact angles.

The data shown in Figs. 2 and 3 extends up to the max-
imum walls separation Ay, at which the WCB remains stable.

At h > hy,, the WCB breaks into two droplets, one droplet
attached to the patch of each of the walls. Interestingly, Ay,
decreases as the patch size increases. For d =4 nm, the bridge
does not break even at - = 9.5 nm (after 5 ns relaxation).
This value of Ay, is considerably larger than the value of Ay,
obtained in the presence of homogeneous surfaces with wa-
ter contact angles in the range from 6 = 20° to 6 = 108°,
hpr = 7.5 nm. It follows that the presence of the hydrophilic
path enhances the stability of the WCB at large walls separa-
tions.

3.2. Force induced by the capillary bridge on the walls

According to capillarity theory, the force exerted by the
WCB on the confining surfaces is given by

F =2y (rosin@ —ry’H), )

where ¥ = 0.054 +0.001 N/m is the liquid—vapor surface ten-
sion of water. In this expression, F is negative (positive) if the
force between the two surfaces is attractive (repulsive). Fig-
ure 4(a) shows the behavior of F(h) obtained from our MD
simulations (symbols) together with the corresponding predic-
tion from capillarity theory, Eq. (2), using values of r, and H
obtained independently from Fig. 2. The forces obtained from
the MD simulations are in remarkable agreement with capillar-
ity theory for & > 2.5 nm. We note that the contributions from
the liquid—vapor—solid line tensions are not included. Very mi-
nor deviations in the forces obtained from MD simulation and
capillarity theory are observed at 7 < 3.5 nm.

Capillarity theory also states that the force F acting on the
walls has two components

F = F,+Fp, 3)

where F, = 27mryysin 6 is the force due to the liquid—vapor
interface, and Fp = —27rr§yH is the contribution due to the
Laplace pressure within the WCB. Fy and Fp are included in
Figs. 4(b) and 4(c). Interesting, while F, is always negative
(attractive wall-wall interactions), Fp can be either negative
or positive (attractive or repulsive) depending on 4 and the
patch size. This is why the total force F(h) is so large for
d =7 nm, relative to the case of patches with d < 7 nm since
only for d =7 nm one finds that Fp(h) < 0 (for approximately
h > 2.5 nm).

3.3. Potential energy stored in the water capillary bridge

Since the force F(h) induced on the surfaces is negative
for all WCB studied (Fig. 4(a)), then the WCB can be thought
of some kind of (non-linear) spring that is being stretched.
Thus, potential energy can be stored in the WCB by chang-
ing the wall separation 4. The potential energy stored in the
bridge, Ep(h), is given by

h
Ep(h) —Ep(h)) = — A F(h)dn, 4)
1
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where Ep(h;) and h; are the reference values; we choose
Ep(hy) = 0 for hy = 2.5 nm, and F(h) is the force data
obtained from MD simulations after cubic interpolating.

Force/nN
|
o
o
T

|
=
o
T

—1.5

—0.50

—0.75

F,/nN

—1.00

—1.25

1.0

0.5

Fp/nN

—0.5

h/nm

Fig. 4. (a) Force exerted by the water capillary bridges on the confining sur-
faces as function of separation 4 obtained from the MD simulation (solid cir-
cles with error bars). Lines are the corresponding predictions for the forces
on the walls from capillary theory. Positive (negative) values correspond
to repulsive (attractive) forces between the surfaces. (b) and (c) Capillar-
ity theory states that the force acting on the walls has two contributions, a
force component due to the water—vapor surface tension, Fy(h), and another
component due to the pressure of water within the capillary bridge, Fp(h).

Figure 5 shows Ep(h) for the different patch sizes considered.
The larger the size of the bridge, the more potential energy is
stored in WCB; hence, the maximum potential energy is ob-
tained for the path diameter d =7 nm. This is because for large
enough patches, the WCB profiles are always concave (the wa-
ter contact angle is hydrophilic-like, 8 < 90°), implying that
the pressure within the WCB is negative (see Fig. 2(d)). This
implies that Fp < O for approximately /2 > 2.5 nm (see Fig. 4(c)
and Subsection 3.2). Since F, < 0 for all values of h and d
studied, it follows that Fp and F, both contribute to make F'(h)
a net attractive (negative) force, maximizing the Ep(h). In-
stead, for patches with d < 7 nm, this is not the case and the
signs of Fy and Fp not always coincide.

For comparison, we also calculate the potential energy
(Ep) stored in AS WCB formed between homogeneous sur-
faces with different hydrophobicity/hydrophilicity character-
ized by water contact angles 8 = 20°,30°,60°,80°,108°. This
is done by using capillary theory (since it works for & >
2.5 nm). The values of Ep are given in Table 1 and corre-
spond to the wall separation varying from 2 = 2,5 nm to hy,.
We find that the WCB formed between homogeneous surfaces
can store comparable, and even more, potential energy com-
pared to the WCB formed between our patchy surfaces. We
note, however, that chemically homogeneous surfaces cannot
be used to design energy storing devices. An energy storing
device based on the formation of WCB should contain a large
number of WCB in close proximity with one another. In the
case of homogeneous surfaces, WCB can diffuse along the
confining surfaces and hence, they may coalesce. This would
reduce the energy storage in the WCBs. Instead, in the case of
chemically heterogeneous surfaces with numerous distributed
hydrophilic patches, the WCB remain pinned at the surface
patches, thus avoiding the WCB diffusion.

3.5

Potential energy Fp/nN-nm
N
o o o w o
T | T T

e
o
T

h/nm

Fig. 5. Potential energy Ep stored in the water capillary bridge as func-
tion of the wall separation h. Results are included for all surface patch
diameters d studied and for all values of / at which the water capillary
bridge remains stable.

114703-6



Chin. Phys. B Vol. 29, No. 11 (2020) 114703

Table 1. Potential energy Ep and potential energy density pg stored in AS WCB formed between (a) homogeneous surfaces and (b) chem-
ically heterogeneous surfaces. The homogeneous surfaces are characterized by a water contact angle 6 = 20°,30°,60°,80°, and 108°. The
heterogeneous surfaces are hydrophobic (6 = 108°) and are decorated by circular patches of diameter d = 4 nm, 5 nm, 6 nm, 7 nm (see
Fig. 1). In all cases, the calculations of Ep and pg correspond to increasing the wall separations from 4 = 2.5 nm to Ay,.

6 20° 30° 60° 80° 108°
Homogeneous surfaces  potential energy/nN-nm 3.90 4.11 3.88 3.00 1.24
energy density/kJ-m~> 4991.05 5488.19 5017.96 4000.80 1806.21
patch diameter d=4mnmm d=5nmm d=6nm d=7nm
Patchy surfaces potential energy/nN-nm 2.36 2.74 2.95 3.43
energy density/kJ-m—3 2722.36 3200.76 4220.97 5715.18

We also calculate the energy density, pg = Ep/Vj, where
Vo is a small volume that is just large enough for the capil-
lary bridge to undergo stretching from & = 2.5 nm to hy,. The
underlying idea is to design a device composed of two identi-
cal surfaces that contain a large number of circular patches so
many WCBs can be formed between the surfaces. For such a
device to function, the WCBs should be separated far enough
so they cannot coalesce with one another. Hence, we can esti-
mate V{ as a cuboid with base 2(rmax + 1 nm) X 2(rmax + 1 nm)
and height hy,, i.e.,

Vo = 4hye (rmax+ 1)2’ &)

where rmax i the maximum WCB radius 7(z). The energy den-
sity of AS capillary bridges is presented in Table 1. For differ-
ent sizes of patches, the energy density follows similar trend
as the potential energy. For homogeneous surfaces, the energy
density shows a maximum value of 5488 kJ/m3 at 6 = 30°.
Considering the pining effect and depletion layer of the sur-
faces, we approximate ry.x = 4 nm; see Fig. 3(b). We get that
the energy density for d = 7 nm is about 5715 kJ/m>. This is
the largest among different conditions (both homogeneous and
heterogeneous surface). For comparison, we also calculate the
energy density of translational symmetric (TS) bridge studied
in Ref. [13] with

Vo = 2hbr(rmax + l)L, (6)

where 2rmax 1S the maximum width of the TS WCB at all
accessible wall separations, and L is the length of the TS
bridge (same as the simulation box side length). As shown
in Tables 1 and 2, TS WCB has larger energy density com-
pared to AS WCB, regardless of homogeneous or heteroge-
neous surfaces. This is due to the smaller volume for energy
storage required. We point out that despite of surface prop-
erties and shape of the bridge (translational symmetric or
axis symmetric), the energy density of the capillary bridge
is about 1000-10000 kJ/m3, which is comparable to that of
the water-responsive materials. >3] For instance, pg of carbon

Table 2. Potential energy density pp stored in translationally symmet-
ric WCB expanding between heterogeneous surfaces with stripe-like hy-
drophilic patches (from Ref. [13]). For comparison, we also include the pj
for TS WCB (of the same volume) formed between homogeneous surfaces
characterized by water contact angles 6 = 40°, 90°, and 108°.

Stripe 40° 90° 108°
Energy density/kI-m—>  7563.93 10519.13  6332.27 4054.71

nanotube yarn muscles is 1800 kJ/m?,3¢) suggesting that the
system based on nanoscale WCB can be useful for designed
of nanoscale engines or power generators.

4. Summary

We investigated the properties of WCB confined between
heterogeneous surfaces decorated with circular patches of di-
ameter d = 4-7 nm. We find that the macroscopic capillar-
ity theory successfully applies to the case of nanoscale WCB,
even for the case of very small patch dimensions (d = 4 nm)
and walls separations 2 = 2.5 nm. Our MD simulations show
that, upon stretching the WCB, the contact angle of the WCB
changes dramatically, from hydrophobic-like (6 > 90°) to
hydrophilic-like values (6 < 90°). This is in contrast to the
case of WCB confined by homogeneous surfaces where 6 re-
mains constant, independent of /. Due to the presence of sur-
face hydrophilic patches, the WCB remain stable for up to
large wall separations (e.g., i, = 9.5 nm), larger than the max-
imum wall separations accessible in the case of homogeneous
surfaces (A, = 7.5 nm).!?8! We also study the potential energy
that our WCB can store. We find that the maximum stored
potential energy is obtained when the force due to the liquid—
vapor surface tension (Fy) and the Laplace pressure force (£p)
are both parallel and negative (attractive). This is the case
of our large hydrophilic patch with d = 7 nm. This can be
achieved by requiring that the contact angle of the WCB is
hydrophilic-like (8 < 90°) at small /. At the same time, one
should consider small surface patches in order to minimize
volume occupied by the WCB. Circular (AS WCB) as well as
stripe-like patches (TS WCB) are both suitable surface patch
shapes that can be used to store relevant potential energies in
WCB. Our results show that nanoscale WCB can be exploited
for the design of energy storage devices and water responsive
systems/materials for energy conversion and energy harvesting

5.123] These finding can be of importance to differ-

application
ent scientific and engineering applications, including the de-
sign of water responsive materials for energy storage devices,

power generators, and actuators. 3738
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