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Wetting behavior on a heterogeneous surface undergoes contact angle hysteresis as the droplet stabilized
at a metastable state with a contact angle significantly different from its equilibrium value due to contact
line pinning. However, there is a lack of consensus on how to calculate the influence of pinning forces. In
general, the pinning effect can be characterized as (i) microscopic behavior when a droplet is pinned and
the contact angle increases/decreases as the droplet volume increases/decreases and (i) macroscopic
behavior as the pinning effects decrease and ultimately, disappear with the increase of the droplet size.
The current work studied both behaviors using molecular dynamics (MD) simulation with more than 300
different size water droplets on silica surfaces with three different patterns across two different wetting
conditions. Results showed that the contact angle increases linearly with increasing droplet volume
through the microscopic behavior, while the droplet is pinned on top of a certain number of patterns.
When we normalized the droplet size with the corresponding pattern size, we observed a “wetting simi-
larity” that linear microscopic contact angle variations over different size heterogeneities continuously line
up. This shows that the pinning force remains constant and the resulting pinning effects are scalable by
the size ratio between the droplet and pattern, independent of the size-scale. The slope of these micro-
scopic linear variations decreases with an increase in the droplet size as observed through the macro-
scopic behavior. We further found a universal behavior in the variation of the corresponding pinning
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forces, independent of the wetting condition. In macroscopic behavior, pinning effects become negligible
and the contact angle reaches the equilibrium value of the corresponding surface when the diameter of
the free-standing droplet is approximately equal to 24 times the size of the surface structure. We found

rsc.li/nanoscale that the pinning effect is scalable with the droplet volume, not the size of the droplet base.

However, the understanding and characterization of wetting
on a heterogeneous surface are not yet complete.

1. Introduction

Surface wetting is pivotal in numerous applications involving
interfacial phenomena. Manipulating wetting behavior is fun-
damental for self-cleaning surfaces, micro/nanofluidic devices,
and heat exchangers to control mass, momentum, and heat
transport through the interfaces. Surface patterning is com-
monly employed to tune the surface characteristic due to the
proven impact of surface structures on wetting and related
physics.” Various techniques such as electrochemical depo-
sition,” laser texturing,” crystallization control,® and photo-
lithography have been employed to create surface patterns in
various forms from the micro to nanoscale. Results show that
even relocating a single atom can affect surface wetting.
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Classically, wetting on a rough surface is classified into two
different conditions as the Wenzel state and Cassie-Baxter
state. The homogeneous wetting of a liquid filling the Groves
of the surface roughness is described as the Wenzel state.® The
Wenzel model calculates an apparent contact angle from the
intrinsic angle of an ideal surface given by Young’s equation
as a function of increased surface area due to roughness. On
the other hand, an incomplete wetting is the Cassie-Baxter
state® where the liquid remains on top of the surface rough-
ness. The contact angle is predicted by considering the frac-
tional surface area wetted. There exist also hybrid states; in the
case of surface heterogeneity in different length scales, a dual-
scale wetting develops. For instance, hierarchical surface
roughness in the form of nanoscale structures over the micro-
scale roughness of a rose petal undergoes Cassie-Baxter at the
nanoscale and Wenzel at the microscale which yields a hydro-
phobic surface but with a high adhesion. However, recent
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experimental and theoretical studies showed that rough
surface wetting behavior is more complex and there are many
situations that cannot be explained by the Wenzel and Cassie-
Baxter models. Such a shortcoming is fundamentally due to
the missing information about the applicability limits of these
theories in terms of comparable size of the liquid droplet to
roughness size, while these models assume that surface rough-
ness is much smaller than the droplet size.

One of the most important unsolved issues of hetero-
geneous wetting is contact angle hysteresis. In most of the lit-
erature studies, wetting hysteresis is viewed from the perspec-
tive of kinetics. Owing to its first discovery from dynamic
experiments, advancing and receding contact angles are
defined from the shape of a moving droplet. In this motion of
contact line, the liquid-solid cohesion determines the advan-
cing angle while the liquid-solid adhesion identifies the angle
for receding. On the other hand, a similar contact angle hyster-
esis also develops in the case of a static droplet stabilized at a
metastable state on a heterogeneous surface with a contact
angle significantly different from its equilibrium value. Here,
surface heterogeneity creates contact line pinning yielding
metastable contact angles in a maximal and minimal range
ascribed to advancing and receding contact angles for a
droplet with a constant contact area. For example, a pinned
contact line keeps the base of the droplet constant during
increasing droplet volume, which eventually yields an increase
in the contact angle (Fig. 1). The so-called pinning force
creates an energy barrier for the contact line to overcome in
order to move from one metastable state to another.” When
the droplet volume continues to increase, depinning of the
contact line develops which might increase or decrease the
wetting angle. Later, pinning of the contact line to the adjacent
pattern occurs which might again increase or decrease the
contact angle.® In the literature, there is an agreement that
increasing liquid-solid interaction strength, higher disjoining
pressure and sharper surface geometry® increase the pinning.
However, there is a lack of consensus on how to calculate or
define the contact angle under the influence of pinning forces.
This is mostly due to two major unsolved questions: (i) does
the effect of pinning depend on the relative size of the droplet
to surface heterogeneity length scale? and (ii) does the effect
of pinning increase or decrease the contact angle compared to
its equilibrium value free from the hysteresis? In other words,
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Fig. 1 lllustration of the droplet shape change during the increase and
decrease of the droplet volume with and without contact line pinning.
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the size limit for pinning effects to become negligible and the
general contribution of pinning force are still unknown.

Regarding the first question, researchers found pinning
hysteresis as a 1-D issue originated from interactions at the
liquid/solid/gas triple contact line'®'! independent of the
contact area'’ between the liquid and solid. They demon-
strated this behavior by theoretical derivations in comparison
with the experiments'? for a case where the pinning spot (i.e. a
single surface heterogeneity) is under the droplet but away
from the contact line. In such a case, pinning effects do not
develop and the resulting contact angle is equal to predictions
of Young’s equation since the rest of the surface is flat. Also
validating that the pinning is a contact line issue, studied
cases are very specific and different from an average hetero-
geneous surface. More natural equally distributed surface het-
erogeneity was also studied by many to describe the dominant
effect of pinning. Increasing the width of inhomogeneity is
found to create higher pinning which shows that the inhom-
ogeneity size determines the pinning effects."* Similarly, the
pinning was found to be decreased with decreasing the surface
roughness™ or size of the chemical heterogeneity."® It was con-
cluded that pinning effects become dominant when the size of
the droplet becomes comparable' to the size of the rough-
ness. A recent study carried this discussion further by devising
a theoretical description for pinning and concluded that the
droplet size should be equal to or larger than 40 times'” of the
characteristic roughness scale for conventional theories to
become applicable. This is an important conclusion for the lit-
erature; however, the occurrence of this theoretical observation
has never been studied/validated by any experiment or mole-
cular dynamics simulations.

Regarding the second question, researchers have attempted
to extend existing theories to include the pinning force exerted
on the contact line to predict its influence. However, suggested
models are still far from providing a general description. This
is mostly due to the fact that two distinct behaviors develop
during the contact angle hysteresis. First, for increasing
droplet volume, the contact angle changes with a constant
base radius in the pinned regime and after a certain droplet
size, a drastic change of the contact angle develops due to
depinning followed by pinning at the next spot and repeating
this cycle back again; these can be called “microscopic behav-
ior”. Secondly, due to the strength and influence of this micro-
scopic variation, the pinning decreases and ultimately dis-
appears with an increase in the droplet size, which can be
described as “macroscopic behavior”. Even though both of
these behaviors are governed by the droplet diameter, charac-
terization of microscopic states with pinning-depinning tran-
sitions and their variation in macroscopic behavior is very
hard to obtain. The major challenge here is missing explicit
interpretation of the pinning force. A possible experimental
measurement of pinning force requires distinguishing it from
the solid/liquid and solid/vapor surface tensions, which is very
challenging. Instead, the current literature estimates the
corresponding pinning force backwards from the change of
the measured contact angles during a droplet volume change
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which might be due to an increase of the droplet volume or
decrease by evaporation. We should underline here that a
thorough calculation requires pre-knowledge of the equili-
brium contact angle of the corresponding surface free from
the hysteresis. For such a case, researchers observed an
increase of pinning force with increasing volume, for instance,
in a given microscopic state up to a maximum pinning force
which was found as a property of the corresponding solid/
liquid couple."®' In the macroscopic perspective, pinning
force is found to decrease with increasing droplet volume with
a “sawtooth-like oscillation” through the pinning and depin-
ning behaviors."” From parallel to pinning force calculations,
researchers also try to generalize its influence. For example,
the first question is whether the equilibrium contact angle free
from the hysteresis is in the range of maximum and minimum
contact angles of the pinning hysteresis. We should define this
equilibrium angle better here to determine if it is in the
Wenzel or Cassie-Baxter state and calculated from the corres-
ponding models. Some studies*>*' mentioned that the contact
angle becomes independent of its equilibrium value through
pinning, but some others presented that the equilibrium value
is in between the contact angle range that pinning might be
both increasing and/or decreasing the contact angle through
the microscopic state. For example, in the case of the Wenzel
state, the contact angle was found to increase due to pinning
effects.”” We illustrated a general behavior of pinning effects
in Fig. 2 based on these observations from the literature. We
simply added a possible equilibrium contact angle in between
two pinning states for comparison purposes. These
results show that pinning force might be a positive and/or a
negative value creating lower and/or higher contact angles
compared to the equilibrium contact angle estimated from
conventional wetting theories. Although there are multiple
conclusions that appear appropriate for different conditions, a
complete understanding of the influence of the pinning is still
missing.

This paper aims to present the development of both micro-
scopic and macroscopic wetting behavior of pinning hysteresis
between water and silica using molecular dynamics simu-
lations. Three different surface structures will be studied
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under two different hydrophobic and hydrophilic wetting con-
ditions determined by changing the liquid/solid interactions.
The size of the water droplet will be varied between 1 nm and
15 nm in diameter while droplets containing up to 15 000
water molecules will be modeled for every surface and wetting
case. The current objective requires an extended wetting mod-
elling of more than 300 simulation cases. Ultimately, we will
provide characterization of the pinning effect as a function of
the ratio of the roughness size to droplet size and an esti-
mation for the equilibrium contact angle free from the
hysteresis.

2. Nanoscale wetting

In addition to our main objective to characterize pinning
effects at varying droplet and surface heterogeneity sizes, we
want to also provide an important understanding on variation
of equilibrium wetting behavior by changing surface structures
at the nanoscale. Nanoscale wetting is important to resolve
hierarchical wetting mechanisms, or nucleate boiling and con-
densation of nanodroplets. Further size dependent compli-
cations need to be considered in the characterization of nano-
scale wetting as observed by both experiments®** and mole-
cular level simulations.>> >’ Besides the contact angle hyster-
esis, two major mechanisms affect the wetting behavior at the
nanoscale and yield deviations from the classical description
of Young’s equation. As the droplet size decreases, (i) the “line
tension” along the three-phase contact line becomes increas-
ingly important®® while (ii) the liquid-vapor interface surface
tension changes as a function of curvature and “Tolman
length”.>® The current literature modified Young’s equation to
include line tension®® and Tolman correction®! as a function
of radius of three-phase line () and radius of droplet (R) as,

o T
Y$Ve = VSLe T Vive | 1 — ZE cos 0 +— (1)
s

where ysv_, ysi and ypy_ are the interfacial tensions at the
boundaries between the liquid (L), solid (S) and vapor (V) at
macroscopic scales (o), § is the Tolman length, 7 is the line
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Fig. 2 Illustration of the contact angle change by growing droplets on a heterogeneous surface during pinning and depinning for two different

surface wetting conditions of (a) hydrophilic and (b) hydrophobic.
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tension between the droplet and surface, and 6 is the micro-
scopic contact angle. The microscopic contact angle, 6, can be
defined in terms of the macroscopic contact angle as,

5
oS O = (1727) cos O+ (2)
R TBYLv.,
which can be simplified into,
R—26 sin 20 + 2
( iy L 2R Yiv., €OS Oc (3)

sin 6

Eqn (3) estimates the contact angle of a nanoscale spherical
droplet as a function of droplet radius. However, the corres-
ponding Tolman length and line tension values are controver-
sial. Multiple MD studies were dedicated to investigating size
dependent behavior in nano-scale wetting.*>** In order to
overcome these difficulties, it is a common practice for MD
studies to simulate large enough cylindrical water droplets to
obtain negligible curvature at the liquid-vapor interface and
zero curvature at the three-phase line**** to eliminate the
Tolman and line tension effects from their measurements.
Reported Tolman length values vary around ~0.05 nm for the
water-vapor interface®®*’ that water droplets bigger than 1 nm
in diameter develop negligible curvature influence on water
surface tension.

For the inclusion of pinning effects, researchers further
extended eqn (2) to consider the pinning force on the three-
phase contact line. For a negligible Tolman length, the follow-
ing form of equation is employed by multiple studies as a
general description.'®*!

T fpin (4)

cos 0 = cos O — —
TBYLv., 2WTBYLv.,

Eqn (4) estimates the microscopic contact angle from its
macroscopic value as a function of line tension, base radius
and pinning force (f,in) per unit length of the contact line
which is 2arg for a spherical droplet with base radius rp. As
described earlier, a direct calculation of pinning force is
missing in the literature and existing estimations are based on
eqn (4) and measured contact angles. For example, Wang and
Wu'® estimated pinning force as,

Fpin = 7Lv,, (€O 6 — cos O) (5)

Here, the macroscopic contact angle, 6., can be defined as
Yrv,_ €08 0 = o(ysv_ — rs1) — (1 — o¢)yv_ based on the surface
fraction of heterogeneity (o) using the Cassie-Baxter model.
They present that pinning force varies between each depinning
event and a maximum pinning force can be defined from the
receding contact angle as Fpin, max = 71v_(COS Oreceding — €OS O),
after which the droplet moves to the next pinning spot. Studies
also focused on this work of adhesion (w,) through contact
angle hysteresis as w, = yiy_(COS Oreceding — COS Gadvancing)”
which was later extended to study the minimum energy
required for depinning at the molecular level, but it was found
too complicated to be characterized.*®

This journal is © The Royal Society of Chemistry 2020
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3. Molecular dynamics methodology

The most recent nano-technological applications ranging
from targeted drug delivery®® to nano-membranes®' employ
silica materials. As the nanoscale interactions between solid
domains and liquids define the operation of these appli-
cations, we particularly focused on silica surfaces. While the
experiments are challenging and expensive for nanoscales,
molecular dynamics (MD) calculations have been a robust
and reliable tool to provide insight into the nano-scale
world. We utilized the LAMMPS (Large-scale Atomic/
Molecular Massively Parallel Simulator) code®® as the MD
solver. The simulation domain is formed by a silica slab
and a nano-scale water droplet. Similar to earlier MD
studies,”** we modeled the B-cristobalite form of silica
since its molecular density is similar to the density of amor-
phous form of silica. The multibody Tersoff potential®>*® is
used to model silica intramolecular interactions. We used a
SPC/E water model to simulate water molecules. Accordingly,
the length of the OH bond and H-O-H angle were con-
strained with the SHAKE algorithm® as 0.1 nm and
109.47°, respectively. Oxygen and hydrogen atoms of water
are charged with 0.4238e and —0.8476e, respectively. A 1 nm
cut off distance was defined for both dispersive and coulom-
bic interactions between water molecules. The particle-par-
ticle particle-mesh (PPPM) solver is used to evaluate long-
range coulombic forces among water molecules combined
with the Lennard-Jones (L-J) potential to model dispersive
interactions as,

12 6 a b
N —oae | (CF) (%0 1 9i9
¢(ry)_48y((ry‘> <rz]'> )+4W€oz 7T (©)

i

where r;; is the intermolecular distance, ¢ is the depth of the
potential well, 6; is the molecular size for interaction between
two atoms, g, is the dielectric constant for vacuum, and g¢;
values are the partial charges. Interaction parameters between
similar materials were taken from the corresponding model.
For example, interaction parameters between silica atoms were
defined by the Tersoff model while interactions between water
molecules were from the SPC/E model. On the other hand, for
the interaction parameters between dissimilar molecules, it is
a common practice through MD studies to estimate these para-
meters using various forms of mixing rules. For instance, the
Lorentz-Berthelot (LB) mixing rule utilizes arithmetic
mean for the molecular diameter and geometric mean for the
potential strength. For example, for silicone-oxygen inter-
actions, parameters can be calculated by the LB mixing rule
given as,

Osi—si T 00-0
2

Osi-0 = , €si-0 = V/€si-si X €0-0 (7)

Using the corresponding parameters given in Table 1, the
LB mixing rule predicts the interaction parameters ogi_o =
2.6305 A and eg;_o = 0.12088 eV. However, the interaction para-
meters between identical molecules are optimized for a bulk
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Table 1 Molecular interaction parameters used for the SPC/E water
model

Molecule pair o (A) e (eV) q (e)
0-0 3.166 0.006739 —0.8476
H-H 0 0 0.4238
Si-0*° 2.633 0.01511 0

material system, which may need to be re-parameterized for
the interaction of nonidentical pairs instead of using mixing
rules. For instance, our earlier wetting study based on MD
measured contact angles of water nano-droplets showed that
interaction parameters from the LB mixing rule do not create
the wetting behavior of the corresponding surface. Multiple
authors indicated their concerns and proposed ways to calcu-
late the interaction parameters of non-identical molecules
accurately.*®™>?

One methodology from the literature is to tune interaction
parameters between water and the surface in order to recover
the experimentally measured wetting angle. Such a method-
ology yielded very accurate interface modeling for graphene™
and silicon® surfaces. A similar idea was employed for silica
by Cruz-Chu et al;>® however, instead of changing the inter-
face interactions parameters, the authors changed the poten-
tial depth of silicon-silicon interactions to tune the wetting,
while continuing to use the mixing rule to calculate water and
silica interaction parameters. Such a perspective still suffers
from problems arising from the mixing rule and the inter-
action parameters are not transferable to any other MD simu-
lations of silica/water systems.

As another methodology, interaction parameters between
water and silica can be predicted from first principles calcu-
lations which is an up-to-date research. The most commonly
used quantum mechanical approach is the Kohn-Sham
density functional theory (DFT).>° There are many criticisms
about the accuracy of DFT. The standard DFT calculations fail
to describe long-range electron interactions of the dispersion
or the van der Waals (vdW) forces®® such that additional cor-
rections are needed in order to capture vdW forces in DFT cal-
culations. An interesting analogy coined by Klimes and
Michaelides classified and ranked the existing methods
through the “stairway to heaven” from “the most approximate
to the more sophisticated” approaches for long range dis-
persion interactions.’® DFT-D1 and DFT-D2 were found to be
inaccurate by many because they employ a constant dispersion
coefficient and employ the earlier mentioned LB mixing rule
for the estimation of the dispersion coefficient. The
DFT-D3 group was designed to consider the environmental
dependence of dispersion®”*®* and the Becke-Johnson (BJ)
model®”**® is found to yield fair estimations compared to the
other models in this group. Just recently, we performed DFT
calculations for the binding energy between a silica slab and a
water molecule using the B] model.°® For the given crystal
structure of silica, we calculated L] estimated potential energy
curves using eqn (8) and tuned its parameters by comparing
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the energies calculated by ab initio from the sites with pure,
non-bonded interactions.

) . 12 p 6
Z Si—0, Si—0,
7 I'si;— 0y, I'si;—0y
o 12 6
UO‘.,OW D-O. i —Oy
+ § 4805i70W Si _ Si
7 T0g;,~Ou 705, ~Oy

where subscripts Si, Os; and O,, denote silicon atoms in silica,
oxygen atoms in silica and oxygen atoms of the water mole-
cule, respectively. The first term on the right-hand side calcu-
lates interactions between the oxygen of water and every Si
atom of silica, while the second term on the right side calcu-
lates interactions between the oxygen of water and every
oxygen atom of silica. Here, calculations of interactions
between water and silica require four parameters. The inter-
action diameters can be estimated as the mean of vdW dia-
meters of corresponding atoms while the interaction strengths
between (i) silicon and oxygen of water, and (ii) oxygen of
silica and oxygen of water will be the remaining unknowns.
For such a case, we used the silicon-oxygen interaction
strength value which was calculated to recover the experi-
mentally measured hydrophobic behavior of silicon surfaces
by our earlier MD study (&g;-ow = 0.01511 eV), and then we esti-
mated the interaction strength between oxygen of silica and
oxygen of water from the DFT results. Calculated parameters
were later tested in MD simulations of the water droplet on the
silica surface. Although the resultant contact angle of silica
surfaces was in the range of experimental studies, DFT was
found to overestimate the interaction potentials similar to the
conclusion of others from the literature.®* For such a case,
starting from the DFT results, we further parametrized the
interaction of dissimilar oxygen atoms by an additional MD
study in the current work. Experimental wetting studies of
silica suggest a wide range of contact angles such as from 40°
to 92° due to various surface conditions of silica.’>**** we
should also mention here that the wetting behavior of the
current smooth p-cristobalite surface is assumed to be analo-
gous to wetting behavior of amorphous silica surfaces while
the recent studies measured 55° on amorphous silica with no
surface processing.®® Hence, we simulated a water droplet on
the smooth silica surface and tuned e o, to determine two
values recovering possible hydrophobic and hydrophilic behav-
ior of silica at the contact angles of 55° (eo o0, = 0.0121 €V)
and 95° (eo, o, = 0.00674 eV).

As discussed in chapter 2 in detail, nanoscale wetting devel-
ops size dependent behavior in liquid surface tension and due
to line tension. We want to remove these two effects in order
to measure pinning effects solely. For the first one, we kept
droplet sizes a lot bigger than the Tolman length values for
water (~0.05 nm).>**” To eliminate curvature related line
tension effects, we created hemi-cylindrical water droplets with
linear three-phase lines.

Hemi-cylindrical water droplets successfully formed on the
selected single crystalline surfaces as given in Fig. 3. These

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) The snapshot of the simulation domain of flat silica with a hemi cylindrical water droplet. (b) Schematic of the contact angle on a snap-
shot. Oxygen, hydrogen, and silicon molecules are illustrated as red, white, and yellow spheres, respectively.

droplets extend through the periodic boundary. A periodic
boundary condition was imposed on x and y directions while
the z-direction was bounded with a specular reflection bound-
ary. The Verlet algorithm was applied to integrate Newton’s
equation of motion with a time step of 0.001 ps. The bottom
layer of the silica substrate was excluded from time integration
to prevent any shift. At the beginning of wetting simulations,
Maxwell-Boltzmann velocity distribution was assigned for all
molecules at 300 K. The NVT ensemble with a Nosé-Hoover
thermostat was applied to keep the temperature at 300 K.
Simulations were carried out with 2 x 10° timesteps (2 ns) to
reach an isothermal steady state. After that, a microcanonical
ensemble (NVE) was employed to obtain averaging of the
desired properties for 6 x 10° timesteps (6 ns). Averaging is per-
formed with 5 ps intervals. Due to the hemi-cylindrical droplet
shape, long rectangular prisms with a size of oo x 0.1 nm x
0.1 nm along x, y, and z directions were used to resolve
droplets.

Water density was averaged by bins in a rectangular prism
shape in the y-z plane. We optimized the system and bin size
in order to obtain a sufficient density resolution with manage-
able statistical fluctuations. Two dimensional (2D) density con-
tours which represent equally dense regions were extracted
from bin-wise water. The molecular surface creates density
layering®® that the structure of the 2D density contours was
found to be circular except in this near wall region. Contact
angles were measured from these averaged density contours.
First, the droplet boundary was determined as the points at
which the density is half of bulk water (0.5 g cm™). This is
based on the assumption that a possible “Gibbs dividing
surface”®” for the vapor-liquid interfaces lies approximately at
the average of vapor and water densities similar to earlier
definitions.®®*”7® Second, we fit a circle passing through the
points 0.8 nm above the surface. Near wall density points
closer to the surface than 0.8 nm were omitted to avoid the
influence from density fluctuations at the liquid-solid inter-
face. Finally, the radius of the circle was denoted as rgroplet
while r,,sc was defined at which the circle meets the solid sub-
strate. Using these, contact angles were geometrically
calculated.

This journal is © The Royal Society of Chemistry 2020

4. Results and discussion

In addition to having similar solid density with amorphous
silica, the structure of the p-cristobalite silica form has further
advantages due to its wunique crystal structure. The
B-cristobalite is in a periodic self-repeating honeycomb struc-
ture which can be nano-patterned in 2 dimensions by simply
disconnecting crystalline structures in a row to obtain a natu-
rally repeating pattern sequence. For such a case, we systemati-
cally created three different surface structures by removing an
equal number of silica molecules through a row in y- and
z-directions and described these surfaces by the number of
crystalline structures disconnected. Simply, if a single crystal-
line structure is removed in both directions, the surface is
named R;; but if two crystalline structures are removed, that
surface is named R,. All different surfaces are given in Fig. 4.
Hemi-cylindrical droplets of various sizes were developed
on each surface for two different water silica interactions of
hydrophilic and hydrophobic conditions. We observed the
variation of the contact angle with the change of the droplet
size while the droplet base radius remained constant. As an
example, snapshots of molecular systems of droplets of four
different sizes on the R; surface with high and low wetting con-
ditions are given in Fig. 5. All these different size droplets have
approximately the same base radius, as they sit on a similar
number of surface structures. From here, we will name one
hill and one valley of surface structure as a unit surface
pattern. Hence, droplets in Fig. 5 are all on five surface pat-
terns. For the hydrophilic surface, the contact angle increases
from 53.5° to 66.4° degree (Fig. 5(a)-(d)) with the increase of
the droplet volume described by the number of water mole-
cules modeled, for simplicity. For the hydrophobic case, the
contact angle rises from 96.0° to 106.3° with the increase of
the water size (Fig. 5(e)-(h)). Clearly, contact line pinning
develops which restrains the droplet at its position yielding an
increase in the contact angle. An interesting result here is that,
on a hydrophilic surface, the addition of 250 water molecules
causes 13° change in the contact angle, but in the low wetting
case, only a 10° rise develops with the addition of approxi-
mately 650 water molecules. We should also underline that
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contact angles measured under these high and low wetting
conditions on the flat silica surface case with no pattern were
55° and 95° and showed no size dependence. Hence, we also
observed the effect of surface patterning here; but the question
is what is the equilibrium contact angle of the corresponding
surface pattern independent of pinning effects? We observed
from the literature that many studies on the wetting of pat-
terned surfaces are eventually not at their equilibrium and
under the effect of pinning.”"”?

We conducted a great number of simulation cases to
resolve the pinning effects on both microscopic and macro-
scopic behavior. At a certain microscopic state as the droplet
sits on a certain number of surface patterns, we applied very
precise increments in the droplet size to capture the complete
variation in the contact angle and eventually the depinning be-
havior preciously. For the macroscopic extent, we increase the
droplet size as much as our computational resources allowed
to reach the highest droplet size possible. We performed all
these for three different surface heterogeneities under two
different wetting conditions. For example, we presented
density contours of three different droplet sizes for three

21382 | Nanoscale, 2020, 12, 21376-21391

different base sizes with contact angle measurements in Fig. 6
for R, surface heterogeneity. Nine measurements on the left
are for the hydrophilic condition (Fig. 6(a;), (b1), (¢4), (d4), (1),
(f), (g1), (hy) and (i;)) and nine results on the right are for the
hydrophobic condition (Fig. 6(a,), (b,), (¢2), (d2), (€2), (f2), (g2),
(h) and (i,)). The R, surface develops contact angles similar to
the contact angle of the smooth surface (55°), but the wetting
angle increases with the increase of the droplet size up to a
certain value, after which the droplet base expands and the
contact angle decreases back. This behavior continues in the
next microscopic state. We observed that the maximum
contact angle through a given microscopic state gradually
increases with the increase in the base diameter. A different
behavior was observed in the hydrophobic surface cases.
While the lowest contact angles are similar to the smooth
hydrophobic surface value (95°) and the contact angle
increases with an increase in the droplet size, the maximum
contact angle of each microscopic state decreases different
from the low wetting behavior.

Contours of water droplets on the R, surface are presented
in Fig. 7. In this case, droplets sitting on 3, 4, and 5 patterns

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Density contours of different droplet sizes and corresponding contact angles on the Ry surface. Subscripts 1 and 2 refer to hydrophilic and

hydrophobic conditions, respectively.

(a1) (dy) 2400#H,0 |(gq) 3900#H,0

Silica

Silica

(32)2500# H,0 |(dy) 4400#H,0  (gy)

6600# H,0

Silica Silica

(e4) 3000#H,0 |(h,) 4800#H,0

Silica Silica Silica

(b2)3800# H,0 |(e;) 5200#H,0

Silica Silica

c1) (f,) 5400#H,0
2200# H,0

(i,) 5400#H,0

Silica Silica

(c,) 4200# H,0

() 6400#H,0  ((iz)

Silica

Fig. 7 Density contours of different droplet sizes and corresponding contact angles on the R, surface. Subscripts 1 and 2 refer to hydrophilic and

hydrophobic conditions, respectively.

are given. Even though we reached a droplet diameter of
11 nm, the surface pattern size doubles compared to R, that
the maximum pattern number covered was able to reach 9 for
the hydrophilic condition and 6 for the hydrophobic condition
for this roughness case. Overall, measured contact angles on
R, are higher than the results of the R; surface. Through each
microscopic state, minimum contact angles are higher than
the corresponding flat surface results and the maximum
contact angles reached are a lot higher than the results of the
R, surface for both hydrophilic and hydrophobic conditions.
This is a simple sign that surface wetting decreased with the
increase of surface heterogeneity. For the understanding of the

This journal is © The Royal Society of Chemistry 2020

macroscopic behavior, we hypothesized and practiced another
way of characterization. We compared the contact angles of the
droplets sitting on the same number of patterns on R; and R,
surfaces. Simply, we checked for a possible “similitude”
between different size droplets over different size heterogene-
ities when the ratio of droplet size to heterogeneity size is the
same. The current surface patterning actually is very advan-
tageous since we can change the size of the periodically repeat-
ing structure while keeping its shape the same. At this point,
we could not observe any similarity; this is mostly due to the
difference in the possible equilibrium contact angles of these
different surface structures. The pinning effects are observed
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in a wide range of sizes that it will be important to present a
general behavior of heterogeneity influence independent of
the scales.

We further presented density contours and wetting angles
of the R; surface case (Fig. 8). We reached our computational
limit with 15 000 water molecules for a 14 nm diameter water
droplet over three surface patterns under the hydrophobic con-
dition. Hence, we could be able to simulate only two micro-
scopic states of the hydrophobic case with droplets sitting two
and three surface patterns only. Overall, contact angles showed
a substantial increase at this roughness level that the hydro-
phobic case yielding droplet size independent 95° on a

View Article Online
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smooth surface develops a wetting angle as high as 135° under
the effect of both surface heterogeneity and pinning.
Furthermore, the hydrophilic case (55° over the flat surface)
became hydrophobic with the wetting angle as high as 98°.

We present all of the contact angles measurements over R;,
R,, and R; in Fig. 9 as a function of droplet volume. Here, we
calculated a radius for the given cylindrical droplet from its
volume and described it as the free-standing radius (Rp.rs)
which is independent of the droplet’s wetting shape. A similar
idea was practiced by an earlier study'> where they theoreti-
cally described that the volume of the droplet is the determin-
ing factor for the contact angle variation under pinning,
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Fig. 8 Density contours of different droplet sizes and corresponding contact angles on the Rs surface. Subscripts 1 and 2 refer to hydrophilic and

hydrophobic conditions, respectively.
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instead of the diameter of the circle that the droplet formed
on the surface during wetting. The first row is under hydro-
philic conditions (Fig. 9(a,), (b;), and (c;)), while the second is
under hydrophobic conditions (Fig. 9(a,), (b,), and (c,)). There
are more than 300 contact angle measurements here at various
droplet sizes and surface roughness and under various wetting
conditions. When the droplet is pinned and stays on the same
number of patterns during growing droplet size through the
microscopic behavior of pinning effects, we observed that the
contact angle changes linearly. This is consistent for more
than 60 microscopic states which are specified by dashed
lines. We also labeled each microscopic state with its number
of surface patterns in Fig. 9. For instance, for the R, hydro-
philic surface in Fig. 9(a), we were able to create 12 complete
microscopic states. Starting from three surface patterns,
growing water droplet covers up to 23 surface patterns. There
are also multiple single cases which could not form a complete
set; for the remaining figures we did not label their number of
patterns. Droplets of the same size cover less patterns due to
the decrease in their base area under hydrophobic conditions.
As a second important observation, we saw that the slope of
these linear microscopic contact angle variations consistently
decreases with the increase of the droplet size, in other words,
with the increase of surface patterns under the droplet. These
two main conclusions are consistent for all 3 different surface
heterogeneities under two different wetting conditions: hydro-
philic and hydrophobic.

When we look into details of contact angle variation under
pinning forces, we observe that the influence of pinning is
different depending on both surface heterogeneity and wetting
conditions. For instance, the overall range of maximum and
minimum contact angles measured increases with the increase of
surface heterogeneity under both hydrophobic and hydrophilic
conditions; but we observed that the measured contact angle
range widens more with increasing roughness through the hydro-
phobic wetting cases. We can conclude here that pinning effects
at a microscopic level become dominant with increasing surface
heterogeneity and decreasing surface wetting.

Secondly, the variation of the wetting angle with the
increase of the droplet size at a given microscopic state is
dominant for small droplets, and this variation decreases with
the increase of numbers of patterns covered by the droplet.
Simply, the difference between the maximum and minimum
contact angles of a certain microscopic state decreases when
the droplet size becomes large compared to the size of the
pattern. Here, these maximum and minimum angles become
closer to each other and eventually, converge to a certain value
which appears to be specific for the given surface. This value
that contact angles approaching by growing droplet size is the
equilibrium wetting angle of the corresponding surface
pattern and wetting condition through the macroscopic behav-
ior of pinning effects. The maximum droplet size that we can
model is restrained by the computation limitations, but we
could be able to observe most of the macroscopic behavior
over the R; surface under the hydrophilic condition by reach-
ing up to 23 surface patterns covered. Through its macroscopic

This journal is © The Royal Society of Chemistry 2020
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behavior, the maximum and minimum angles of R; increase
from one microscopic state to other with increasing droplet
size while the difference between maximum and minimum
angles drops as low as few degrees. We can conclude that the
R; hydrophilic surface converges to its equilibrium value with
an increasing projectile angle through fluctuating contact
angles; the equilibrium contact angle is higher than all of the
maximum contact angles reached at microscopic states. On
the other hand, we could only attain an utmost 18 surface
pattern coverage with the similar droplet sizes for the hydro-
phobic R, surface; but the corresponding macroscopic behav-
ior can be almost observed. When the R, surface becomes
hydrophobic, a very different influence of pinning develops on
the macroscopic behavior of the same set of droplets; the
minimum contact angle of microscopic states decreases while
the maximum angles also slightly lessen. Here, through the
fluctuating contact angles, the hydrophobic surface converges
to its equilibrium value, which eventually lies in between
maximum and minimum contact angles of its microscopic
states. In the other surface heterogeneities, the same size dro-
plets can cover less with the increase of pattern size that we
can only observe a limited part of the macroscopic behavior.
Regardless of this, the conclusions above appear to be consist-
ent through these cases as well.

In an attempt to characterize the pinning effects, we nor-
malized the droplet sizes with the pattern size of the corres-
ponding surface. Here, we used the droplet size as the free-
standing cylindrical droplet radius (Rp.rs) which is a function
of droplet volume only. We presented cosine of the contact
angles of different sized droplets on different surface heteroge-
neities as a function of the normalized droplet size (Rp.rs/P) in
Fig. 10.

The contact angles measured on R;, R, and R; surfaces
under hydrophilic conditions are plotted together in Fig. 10(a)
as a function of Ry gs/P. With the increase of contact angle, cos
(0) decreases and even reaches negative values when the
contact angle becomes higher than 90°. The microscopic
states with a wider range of angle variation appear in a low
Rp.rs/P range. Simply, results of large droplets on top of large
heterogeneities grouped together with the results of small dro-
plets over narrow heterogeneities. For simplicity, we only have
contact angles of the complete microscopic sets and did not
include the single cases. In Fig. 10, we observed that the linear
variations through different microscopic states of different size
heterogeneities continuously line up if they are at the same
number of pattern coverage. This is very interesting and one of
the most important outputs of the current study. As an
example, we present the density contours of droplets on 5
surface patterns and corresponding unified linear contact
angle variation (Fig. 11(a)) while the droplet and surface struc-
ture sizes are changing but the ratio between the droplet base
area and pattern size is remaining constant (Rpas/P = con-
stant). The continuous microscopic behavior observed at a con-
stant number of pattern coverage shows that the pinning force
remains constant and the resultant pinning effects are scalable
by the size ratio between the droplet and pattern, independent
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of the size-scale. This explains why pinning effects are
observed from millimeter to nanometer scales. Here, we
attempted to describe the observed variation of the contact
angle for growing droplet size at a constant base area to
pattern size ratio (Rpase/P = constant). The contact angle
changes linearly with the change in non-dimensional Rp. rg/P
at a constant rate which originates from pinning effects.
Hence, we described the contact angle variation at a given con-
stant Rpas/P through the microscopic states set (3 different
microscopic states of 3 different pattern sizes) as,

cos 6

@(Rpase/P)=constant —

RD-FS - RD-FSmi“ % Fpin )

(9)

cos O min — (
P }/LVoo

@(Rpase /P)=constant

where 6, is the minimum contact angle of the given micro-
scopic set developing at Rp rsmin, and Fpi, is pinning force per

21386 | Nanoscale, 2020, 12, 21376-21391

length of the contact line (N m™"). Here, cos @ varies by Rp.gg
as a function of two unknowns as co8 O and Fpin/yLy_. First,
the minimum contact angle value, also called the receding
angle, changes from case to case. Here, we do not have enough
data, but hypothesize about the possible physical development
and scalable behavior of this minimum contact angle. First,
we did not observe any contact angle value significantly
smaller than the angle measured on the smooth surface of the
corresponding wetting condition. For example, for hydrophilic
cases, the lowest angle is just a few degrees different from 55°.
Secondly, the lowest angle of a continuous microscopic set
develops at the lowest roughness level, R, surface, which has
molecular level heterogeneities on the order of 0.5 nm. With
the increase of roughness size, this minimum contact angle
increases for the following microscopic sets of larger heteroge-
neities. We described this occurrence in Fig. 11(a) for wetting
of 5 surface patterns of different sizes under pinning effects.

This journal is © The Royal Society of Chemistry 2020
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Starting from the smooth surface wetting angle, the minimum
angle developing through microscopic behavior on a certain
number of patterns increases with the increase of roughness
size. Hence, we believe that the receding angle of hetero-
geneous surface pinning can be correlated with the wetting
angle of the smooth surface condition as a measure for the
work of adhesion of the given liquid-solid couple (cos Opin =
€OS Osmooth fOr low Ry.s0/P). However, this behavior is valid for
low surface pattern coverages approximately up to 8 and 4 for
hydrophilic and hydrophobic conditions, respectively. With
the increase of Rpgs/P in the macroscopic behavior, the
minimum angle of microscopic sets in Fig. 10 increases. This
is basically due to decreasing pinning effects and contact
angles converging to the equilibrium angle of the corres-
ponding heterogeneity, which is different from the angle of
the smooth surface case. Unfortunately, it is hard to character-
ize this behavior, especially for hydrophobic cases.

Secondly, we attempt to characterize the behavior of
pinning force of each microscopic state. We simply calculated
the non-dimensional Fyi,/yLy_ value of each microscopic state
set described in Fig. 10 based on eqn (9). Next, we calculated
an average value of Rpgs/P through the corresponding micro-
scopic set. Instead of using the number of pattern coverage
(Np) or droplet base size (Rpase), we chose to continue to use
the droplet volume since it is an easy parameter to define for
experiments. These normalized pinning forces are given in
Fig. 11(b) as a function of the corresponding average droplet
size to pattern size ratio (1/(Rp.rs/P)ave) for both hydrophilic
and hydrophobic conditions. Similar to our observations from
Fig. 10, slopes of microscopic sets of hydrophilic and hydro-
phobic surfaces are found very similar and eventually their
variation by the normalized droplet radius is found almost
identical through a linear dependence to 1/(Rp.gs/P)ave- This is
another very interesting finding. As we were hypothesizing that
the droplet volume is a better measure for pinning forces, we
found a universal behavior for microscopic contact angle vari-
ation and for the corresponding pinning effect through the
macroscopic variation as a function of Rprg/P. This universal
behavior is independent of the heterogeneity size and wetting
condition.

The normalized microscopic pinning force is found to
decrease with the increase of the number of patterns covered.
We should underline here that, what we measure is not the
pinning force, instead this is its influence. Hence, Fig. 11(b)
describes the macroscopic behavior of pinning for microscopic
states. Another interesting aspect here is that similar pinning
effects develop at lower surface pattern coverage in hydro-
phobic cases. For example, 8 surface patterns covered the
hydrophobic case which develops a similar pinning effect to 5
surface patterns covering the hydrophilic case. This shows that
the pinning effect is actually scalable with the droplet size, not
the size of the droplet base.

The current literature (eqn (4)) describes the pinning effects
through the macroscopic behavior as an inverse linear func-
tion of base radius (1/Rpase). This perspective calculates the
length of contact line on which pinning force acts and

This journal is © The Royal Society of Chemistry 2020
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describes the macroscopic behavior with increasing droplet
size. But, this perspective (eqn (4)) does not include any
description for microscopic behavior for the Ry, which is a
constant value. Instead, we used a normalized droplet size
which could characterize the pinning effects in both micro-
scopic and macroscopic behavior. We applied a linear fit on
the data as a function of 1/(Rprs/P)ave. Including this approxi-
mation of pinning effect variation into eqn (9) as,

= cos #min —1.35

% (RD>FS - RD»FSmin)
Rp-psy,.

Here, eqn (10) tells us that the contact angles under the
pinning effect change as a linear function of droplet size at a
certain Rp,q/P value, independent of the pattern size for any
kind of high or low wetting surfaces. This is the microscopic
pinning behavior including its change through macroscopic
behavior. The contact angle varies between minimum and
maximum values of the corresponding base radius value.

As the final step, we will focus on macroscopic behavior
and try to predict the equilibrium contact angle of the corres-
ponding heterogeneous surface without pinning effects. We
observed that the contact angle is a linear function of the
droplet radius with a constant pinning effect while this
pinning effect changes as an inverse linear function of droplet
radius. In Fig. 10, we added linear approximations to
minimum and maximum angle variation of each microscopic
set. These dotted dashed lines depict the linear microscopic
variation of contact angles with a decreasing slope while the
microscopic behavior of each surface pattern case is confined
between them. Hypothetical projections of these lines intersect
approximately at the equilibrium contact angle of corres-
ponding surface heterogeneity as the slope of microscopic
behaviors becomes zero as described in Fig. 11(b).
Corresponding equilibrium contact angle estimations of each
surface are presented in Table 2. We observed that the equili-
brium contact angle increases with the increase of surface het-
erogeneity. For the hydrophilic condition, the contact angle
increases from the smooth surface value of 55° to 73°, 87° and
100° on R;, R, and R; patterns, respectively. For hydrophobic
cases, the contact angle increases from 95° to 106°, 105° and
125° with the increase of the surface structure size. The influ-
ence of surface heterogeneity was found to be stronger under
hydrophilic conditions similar to the literature.”>”* Results
also clearly show that the hydrophilic smooth surface can be

cosd

@(Rpase /P)=cnstant

Q(Rpase /P)=constant

(10)

Table 2 The equilibrium contact angles of hydrophilic and hydro-
phobic surfaces with different heterogeneity sizes at the limit 1/Rp_rs —
0 as the pinning effects become negligible

Smooth R, R, R;
Hydrophilic 55.0° 73.0° 87.0° 100.0°
Hydrophobic 95.0° 106.0° 115.0° 125.0°
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(a) hydrophilic and (b) hydrophobic conditions.

tuned to hydrophobic by structuring it. Another important
conclusion here is about the size limit for pinning effects.
With the increase of droplet size, the minimum and maximum
angles of microscopic sets converge towards each other and
the gradient of contact angle variation between them
decreases. For the latter, we calculated the limit of linear func-
tion given in Fig. 11. We found that the slope of microscopic
sets decreases to its 10% when the size ratio between the
droplet radius and surface structure is approximately equal to
12. This result is also consistent with the behavior of
minimum and maximum angles of microscopic sets approxi-
mated by linear lines in Fig. 10, which coincides around the
Rprs/P ~12 value. Hence, pinning effects become negligible
when the free-standing droplet diameter is approximately
equal to 24 times the size of the surface heterogeneity.

Next, we also wanted to test inverse linear dependence of
pinning effects. So, we applied an approximate inverse linear
function fit onto Fig. 10(a) and (b) in Fig. 12, for general
characterization of pinning effects through the average contact
angles of each microscopic set in macroscopic behavior. We
kept the linear estimations as a projectile for the equilibrium
angle at the limit 1/Rp gs — 0 and for this figure as well.

Even though it reaches the same equilibrium contact angle
at the limit for negligible pinning, Fig. 12 shows that the
inverse linear relationship between pinning and the droplet
size cannot properly describe the general macroscopic behav-
ior. For the description of behavior at the limit 1/Rp s — 0, we
also tried to curve fit of a power series. We observed that the
power function of Rp.ps *° can describe the overall behavior of
average microscopic contact angles through the macroscopic
behavior better.

5. Conclusions

Wetting on silica surfaces is studied by MD simulations of
three different surface morphologies under two different
wetting conditions. Our results show that the wetting angle of
nanopatterned surfaces changes depending on the droplet

21388 | Nanoscale, 2020, 12, 21376-21391

volume. Variation of the contact angle shows repeating increas-
ing and decreasing oscillating behavior with the increase of
volume due to the pinning forces developing on the three-
phase contact line. These wetting oscillations repeat itself with
decreasing the oscillation gap and eventually the contact angle
converges to a certain equilibrium value as the droplet size
grows. Through this study, we (i) described the size limit for
pinning effects to become negligible and (ii) characterized the
general contribution of pinning force. First, we presented that
the contact angle varies linearly with droplet size growth at a
constant droplet base size at pinned state. We refer to this be-
havior as “microscopic behavior”. Here, we observed that
pinning effects are related to the droplet size calculated
directly from the droplet volume (Rp.ys), independent of the
droplet shape forming at the corresponding wetting situation.
A “similitude” between the wetting behaviors of different size
droplets over different size heterogeneities was obtained as a
function of free-standing droplet radius normalized with the
pattern size of the corresponding surface (Rp.s/P). This is one
of the most important findings of the current study. When the
ratio of droplet size to heterogeneity size is the same, the
contact angle variation showed a universal behavior at a con-
stant linear variation independent of the size of droplet and
surface pattern. Second, we characterized the change of
contact angles in each microscopic set by determining the gra-
dient of these linear variations. Also identified as the pinning
influence on Young’s estimations, we further observed a uni-
versal behavior in the variation of microscopic set slopes inde-
pendent of surface wetting condition. These contact angle gra-
dients of each microscopic set decreased as an inverse linear
function of average normalized droplet size of a given micro-
scopic set ((1/(Rp-rs/P)ave))- To this extent, pinning effects are
found as a function of Rp.rs/P independent of the droplet size,
surface heterogeneity size and wetting condition. With an
increase in the droplet size, pinning influence lessens and
becomes negligible, and the contact angle reaches its equili-
brium value depending on heterogeneity and wetting con-
ditions of the corresponding surface. We identified this as
“macroscopic behavior”. Specifically, we found that pinning

This journal is © The Royal Society of Chemistry 2020
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influence disappears, when the diameter of the free-standing
droplet is approximately equal to 24 times the size of the
surface structure.
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