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Abstract The work is devoted to the construction of an algorithm for calculating the con-
tact angles of droplets, applicable for studying the wettability of various surfaces within the
framework of the molecular dynamics method. Existing algorithms for determining contact
angles, based on the spherical approximation of spreading drops, give adequate results only
for drops with axial symmetry. However, the presence of roughness and textures on surfaces
can lead to significant deformations of the droplets and their loss of this symmetry. The pro-
posed algorithm, based on the construction of tangents to drops, makes it possible to carry
out adequate estimates of wettability, even for drops that are significantly deformed during
spreading. The performance of the proposed algorithm for studying the wettability of metal-
graphene composites with various textures deposited on the metal surface is demonstrated.
It has been shown that the application of graphene coatings significantly affects not only the
values of contact angles, but also the deformation of droplets caused by the textures of metal
substrates.
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1 Introduction

The study of wettability [I]-[4] at micro- and nanoscales is a current area of research
with a wide range of potential applications in various disciplines. In the context of
nanotechnology, where size plays a critical role, understanding wettability mechanisms
allows the development of innovative nanostructured materials, such as nanoparticles
[5], nanocoatings [6] and nanostructured surfaces. This opens up prospects for creating
materials with unique properties, such as superhydrophobicity or superhydrophilicity,
as well as for the development of micro- and nanodevices. In the field of biomedicine
[7]-[8], the study of wettability plays an important role in the development of biomedi-
cal materials, implants and biosensors [9]-[10]. Analysis of liquid-surface interactions at
micro- and nanoscales contributes to the creation of biocompatible materials, improved
cell adhesion [T1] to surfaces, and the development of new drug delivery methods. In
the field of materials science, the study of wettability helps optimize the characteristics
of material surfaces, such as adhesion, corrosion resistance, antibacterial properties,
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and others. This facilitates the development of new functional materials with im-
proved properties [12]. In the petrochemical and chemical industries [13], the study
of wettability is used to optimize the processes of separation [14], filtration [I5] and
adsorption [16], which helps to improve the efficiency of production and use of chemical
products. Thus, research in the field of wettability at micro and nanoscales is of great
importance for various fields of science and technology, contributing to the develop-
ment of new materials, devices and technologies. The study of wettability is of great
importance for understanding and controlling interactions between different materials
and fluids. To more effectively control wettability, knowledge of the molecular mech-
anisms of this process is required. But when studying the mechanisms of wettability,
difficulties may arise associated with creating a texture that is uniform over the en-
tire surface area, as well as experimentally measuring the contact angle on the micro-
and nanoscales. To solve the above problems, this work proposes to use molecular
dynamics simulation. The most common algorithm for calculating the contact angle
in molecular dynamics is the sphere approximation algorithm [I7]-[I8]. Within the
framework of the specified algorithm, the contact angle is calculated by describing a
sphere around the water and finding the contact angle formed by the approximating
sphere and the substrate. However, this algorithm has a number of disadvantages. In
order for the approximating sphere to correctly describe the drop, it must have the
shape of a spherical segment. In practice, the drops are significantly deformed, which
is associated with the complex structure of the surface. Therefore, in some cases it
is impossible to construct an adequate spherical approximation. In these cases, the
sphere approximation algorithm will produce erroneous results. The purpose of this
work is to construct an algorithm that allows adequate determination of the contact
angle, even for significantly deformed droplets, as well as to illustrate its applicability
for studying the wettability of a system in which droplet deformation can play a signif-
icant role. A metal-graphene composite with a texture deposited on the metal surface
was chosen for the role of such a system.

2 Modeling

To simulate the wettability of surfaces in this work, the method of classical molecular
dynamics was used. Molecular dynamics is a computational method used to model
the dynamics of systems of atoms and molecules. Within it, the system under study
is modeled at the atomic level, where each atom or molecule is represented as a par-
ticle that interacts with other particles in the system. Molecular dynamics simulation
was carried out using the LAMMPS software package [19]. The classical method of
molecular dynamics is based on solving Newton’s equations of motion. There are many
different schemes for integrating Newton’s equations, varying in speed and accuracy.
LAMMPS typically uses the Verlet scheme [20] in high-speed form.

The work considered surfaces consisting of a metal-graphene composite wetted by
water droplets. Copper was used as the metal.

The interaction between copper atoms in the substrate was described by the Morse
potential [21]

U(r)=D. (1- exp_a(r_”))27
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where r is the distance between particles, D, is the depth of the potential well, which
determines the force of attraction between particles, r. is the equilibrium distance
between particles, a is a parameter that determines the width of the potential well.

To describe the interaction between carbon atoms in graphene, the AIREBO po-
tential was used [22]-[23]
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here UfFPY - interaction of covalently bonded pairs described by the REBO potential

UREBO VR (T2J> + bwv (Tij) ;

where Vlf and sz D" are the pair potentials of repulsion and attraction, r;; - is the
distance between atoms ¢ and j, b;; - is the value of the bond order, including various

chemical effects that affect the strength of interaction of covalent bonds. UZ’ - is
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the Lennard-Jones potential multiplied by the switching function,
rotation potential.
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where w is the coupling coefficient between
two atoms, V%" is the current rotation po-
tential, w is the dihedral angle.

In turn, the interaction of carbon and cop-
per atoms with water molecules was specified
by the Lennard-Jones potential [24], which
describes the van der Waals interaction
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where R is the distance between the centers
of particles, ¢ is the depth of the potential
well, which determines the force of attraction
between particles, and o is a parameter that Figure 1: Illustrations of frontal pro-
determines the equilibrium distance between jections of the created surfaces. Cases
particles. a, ¢, e correspond to copper substrates;
Wetting was carried out with a drop of b, d, f correspond to copper substrates
water. One of the most common models, coated with one layer of graphene. For
TIP4P /2005, was used as a model of a wa- a, b —a =2, 8 =060; for ¢, d — a =6,
ter molecule [25]. This is a four-point model 3 = 20; for e, f — a =6, 8 = 60.
of water, which well describes the interaction
of water molecules with each other, as well as with the substrate atoms. This cir-
cumstance is due to the fact that the oxygen charge is transferred to a separate point
M, located on the bisector of the HOH angle at a distance of 0.15A from the oxygen
atom. In this case, the HOH angle is 104.52°. The distances between the hydrogen
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atoms and the oxygen atom are 0.9572A. At the locations of the hydrogen atoms there
are charges of 0.52¢, and at point M there is a charge equal to —1.04e. This model
provides adequate reproduction of the dipole moment of water molecules.

At the initial moment, drops of water in the form of balls were specified above the
surface. Their droplet radii were 10 — 12A. The simulation was carried out within the
framework of the canonical distribution of the thermodynamic system of particles at
a temperature of 300°/K. The work examined both atomically smooth and textured
surfaces with different numbers of graphene layers. The number of graphene layers
varied from zero to three. To create a texture on the substrate, some atoms were
removed from the smooth substrate according to the equation z(x) = asin(27z/3).
Parameters o and f specified the amplitude and periodicity of the created texture,
respectively. Parameters o and (3, like x, have the dimension of length and are measured
in angstroms. The length and width of the substrates were approximately 100A, and
the thickness of the substrates was about a dozen atomic layers. Some examples of
created surfaces are presented in Figure [I}

3 Algorithm for calculating of contact angle

To calculate the contact angle when
modeling wetting using the molecular
dynamics method, algorithms based on
the construction of a spherical approxi-
mation of droplets are usually used [17]-
[18]. The main disadvantage of the
"sphere approximation" is that the al-
gorithm produces adequate results only
if the drop has the shape of a spherical
Figure 2: Schematic illustration of construct- segment. However, often the drop can
ing a tangent at some point on the contact have significant deformations due to the
line of a drop. presence of roughness and textures on
the surfaces. Due to the fact that the above algorithm has significant limitations, the
present work discusses the creation, testing and use of an alternative algorithm. In
what follows, we will call the created algorithm the tangent algorithm. The essence
of this algorithm is to construct tangent lines to a water drop. Since water molecules
constantly not only move in space, but also actively rotate, to reduce the fluctuation
component, the position of water molecules in the algorithm is associated with the
position of oxygen atoms. At the beginning of the algorithm, surface water molecules
are clustered into two groups. The first group is obtained by isolating the atoms in
contact with the surface of the material. Next, atoms that are also located on the free
surface of the drop are selected from this group. To do this, the region occupied by the
oxygen atoms of the first group is divided into sectors, after which several atoms are
selected from each sector that are maximally distant from point B. Here and below,
point B is the projection of the position of the drop center of mass onto the OXY plane
(the plane parallel to the base of the substrate). The more sectors are considered, the
more accurately the first group of atoms will describe the deformations of the drop.




30 Andryushchenko V.A., Artishevskii K.V., Solnyshkina O.A.

Figure 3: Illustration of testing the algorithm on smooth surfaces. The approximating
sphere and tangents are shown in green. For cases a, d - the center of mass of the
spherical drop is below the substrate; b, e - center of mass of the droplet on the
substrate; c, f - center of mass of the drop above the substrate.

Carrying out these procedures leads to obtaining the coordinates of oxygen atoms on
the contact line of the drop. The second group includes all the remaining oxygen atoms
on the free surface of the drop. Next, for each atom from the first group, neighboring
atoms from the second group are searched. To do this, a sphere with a certain ra-
dius is built around each atom from the first group, which makes it possible to select
several layers of atoms from the second group. Between neighboring atoms that are
potentially suitable for constructing a tangent, a segment AD is constructed (Fig. [2));
if the projection of the segment AD onto the OXY plane (segment AC) forms an angle
with the segment AB of no more than 10°, then the segment AD is added to the list
of tangents.

The segment AB connects the atom in question on the contact line with point B.
The angle formed by the segments AD and AB is the desired angle. Using the known
coordinates of the beginning and end of the segments, you can find the desired angle
from the formula for the scalar product of vectors

cos(6) = (D — A)(B — A)/(ID — A[|B — AJ).

The resulting contact angle is calculated as the average of all obtained angles. In
addition, unlike the sphere approximation algorithm, the tangent algorithm allows one
to obtain information about the distribution of contact angles.

4 Algorithm testing

Testing of the tangent algorithm and its comparison with the sphere approximation
algorithm was carried out on smooth (Fig. [3) and textured (Fig. [l)) surfaces. In this
case, drops with a shape as close as possible to spherical were used.

When considering atomically smooth substrates, the position of the center of mass
of the droplets relative to the substrates changed. Thus, droplets with a center of mass
position below the substrate, on the substrate, and above it were considered, effec-
tively defining hydrophilic, neutral in wettability, and hydrophobic situations, respec-
tively. The results obtained by the algorithms were compared with the analytical data.
On smooth surfaces, the analytical angle was calculated using the equation cos(f) =
1 — z9/R, where R is the radius of the drop, zy is the height of the drop above the
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substrate, and 6 is the contact angle of the drop. On textured surfaces, the analytical
angle was calculated using the circular method: the base line was selected, after which
the contact angle was calculated as the angle between the tangent and the base line.
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Figure 4: An example of the distribution
of angles obtained by the tangent method.
The illustration corresponds to drop from

Fig. [3 f.

Figure 5: Ilustration of testing the algo-
rithm on textured surfaces. The approxi-
mating sphere and tangents are shown in
green. For cases a, ¢ — a = 2, § = 60;
for cases — b, d =4, =60. For cases a,
b the sphere approximation algorithm was
used, and for ¢, d — the tangent algorithm.

On smooth surfaces, the sphere approxima-
tion algorithm and the tangent algorithm
produced results that were close to analyt-
ical values. Thus, the analytically calcu-
lated angle for cases corresponding to (Fig.
Bl a, d) is 58°, for cases (Fig. 3] b, e) -
90°, for cases (Fig. [3| ¢, f) - 115°. For sim-
ilar cases, the sphere approximation algo-
rithm produced 60°, 93° and 113°, and the
tangent algorithm produced 55°, 87° and
110°, respectively. Thus, the testing results
showed that on smooth surfaces, provided
that the drop has the shape of a segment
of a ball, the sphere approximation algo-
rithm and the tangent algorithm produce
results similar to analytical ones, which in-
dicates the correct operation of the algo-
rithms. However, the tangent algorithm
also allows you to obtain information not
only about the average value of the contact
angle, but also the distribution of contact
angles (Fig. 4)).

For the case of a drop located above
a smooth surface, a certain distribution of
angles is observed with an average value
consistent with analytical estimates. This
distribution for a symmetric droplet is due
to the uneven arrangement of atoms in
space, caused by the atomic structure of
the droplet and the substrate.

On textured surfaces (Fig. , the tangent algorithm produces more accurate values
0 than the sphere approximation algorithm.

Thus, the analytically calculated angle for the cases (Fig. a, ¢) is equal to 43°,
and for the cases (Fig. . b, d) - 60°. For similar cases, the sphere approximation
algorithm produced 58° and 80°, and the tangent algorithm 41° and 62°, respectively.
Thus, on textured surfaces, even taking into account the fact that the drop is as
close as possible to a spherical shape, the contact angle values 6 obtained using the
sphere approximation algorithm have significant deviations from analytical estimates,

in contrast to the tangent algorithm.
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Figure 6: Dependences on time: contact angle — a, and eccentricity — b. Textured
surfaces are coated with a single layer of graphene.

5 Results

This section presents the results of modeling the spreading of droplets on metal-
graphene composites. Textured substrates were considered, which led to significant
deformations of the droplets. In this regard, all the results presented below were ob-
tained using the tangent algorithm. The simulation was carried out until the stationary
state of the drop was established, i.e. when the value of the contact angle of the droplets
practically did not change, which took about several hundred picoseconds.

On copper substrates without a graphene coating, the material exhibited significant
hydrophilicity. Hydrophilicity, naturally, led to a significant influence of the nature of
the textures on the values 6 of the contact angles. So, for surfaces characterized by
a = 2, f = 60 the contact angle is § = 16.5°, on surfaces with @ = 6, § = 20
0 = 34° and on surfaces with a = 6, § = 60 § = 23°. The presence of longitudinal
textures also led to a loss of droplet symmetry. To describe this effect numerically, we
introduce the effective eccentricity - e. Let us define e as the ratio of the maximum
linear dimensions of a drop along and across the textures applied to the substrate.
Note that the parameter e cannot be directly associated with the classical eccentricity
used to describe conic sections. In all the cases considered, significant deformations of
the droplets along the surface of the texture substrates were observed. For surfaces
characterized by a = 2, 8 = 60 eccentricity e = 1.2, on surfaces with a = 6, § = 20
e = 1.4 and on surfaces with a« = 6, § = 60 e = 1.15. In general, the results when
studying the wettability of a copper substrate are consistent with the theoretical and
experimental results obtained previously in [26].

The application of even one graphene layer to the surface of copper substrates
leads to a significant change in their wettability. Note that in this work, cases of loose
adherence of graphene to copper surfaces were considered (Fig. (). The change in
contact angle and effective eccentricity of droplets is presented in Fig. [6]

Stabilization of the contact angles and eccentricities was observed approximately
200 picoseconds after the start of the calculation, which corresponded to the droplets
reaching stationary states. These states demonstrated lower hydrophilicity compared
to metal surfaces. Thus, for surfaces characterized by a = 2, = 60, the contact angle
and eccentricity are = 64°, e = 1.26, on surfaces with a =6, § =200 = 82°, ¢ = 1.05
and on surfaces with a = 6, § =60 # = 81°, e = 1.23. Thus, the change was observed
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as both an increase and a decrease in eccentricity compared to copper surfaces. This
circumstance is due to the presence of two competing factors. The first factor is the
general weakening of the attraction of the copper substrate. The second factor is the
unevenness of this weakening due to the uneven adherence of the graphene layer to the
surface (Fig. [1)).

The application of a second layer of graphene coating leads to a slight increase in the
contact angles and a decrease in the eccentricity values. So, for surfaces characterized
by a = 2, = 60, the contact angle and eccentricity are § = 76°, e = 1.23, on surfaces
with « = 6, 8 = 20 6 = 80°, e = 0.98 and on surfaces with a = 6, § = 60 0 = 81°,
e = 1. The observed changes are due to a further weakening of the influence of the
copper substrate.

Applying a third layer of graphene coating practically eliminates the influence of
the material and texture of the substrate. In this case, the value of the contact angle
tends to the value of the graphite contact angle, and the value of the eccentricity tends
to unity.

Thus, the presence of textures can lead to a significant violation of the axial symme-
try of the drop as it spreads. This effect can be reduced by applying certain smoothing
and hydrophobic coatings to the surface (Fig. .

Using the effective eccentricity allows us to obtain some information about the
deformation of the drop. Significantly more information can be obtained by analyzing
the distributions of contact angles obtained by the tangent algorithm. Fig. |8 shows
such distributions corresponding to the drops shown in Fig. [7]

For a less deformed drop (Fig. [7]b), the angle distribution had one clearly defined
maximum and some deviation from symmetry (Fig. [§|b). For a more deformed drop
(Fig. |8 a), the angle distribution had two maximums and a significant deviation from
symmetry (Fig. |8 a). Thus, the tangent algorithm allows for a detailed analysis of
wettability, in contrast to the sphere approximation algorithm, which produces only a
single average value of the contact angle. This circumstance can play a fundamental
role if the textures applied to the surface have a more complex appearance than the
linear textures considered in the work.

6 Conclusion

As a result of the work, an algorithm was created, tested and applied to calculate
the contact angles of droplets to study the wettability of various surfaces within the
framework of the molecular dynamics method. In contrast to existing algorithms for
determining contact angles, based on the spherical approximation of spreading drops,
the created algorithm made it possible to carry out adequate estimates of wettability
for drops that significantly deform during spreading. Thus, on surfaces with amplitudes
of the created texture of two and four angstroms and a periodicity of sixty angstroms,
the analytical estimate gives angle values of 43° and 60°, respectively. For similar
cases, the spherical approximation algorithm gives angle values of 58° and 80°, and the
tangent algorithm 41° and 62°, respectively. In addition, the proposed algorithm made
it possible to calculate and the distribution of contact angles along the contact line
of a drop, which made it possible to carry out a more detailed analysis of drops that
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X

Figure 7: Examples of horizontal projections of droplets spreading over surfaces. For
case a — a = 2, § = 60, one layer of graphene is deposited on the surface; for case b —
a =6, = 60, two layers of graphene are deposited on the surface. The spreading of
the drop occurs along the Y axis.
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Figure 8: Angle distributions for droplets spreading over surfaces. For the case a -
a =2, =60, one layer of graphene is deposited on the surface, e ~ 1.26; for case b -
a =6, f = 60, two layers of graphene are deposited on the surface, e ~ 1.

significantly deform during spreading. Using the example of surfaces with amplitudes
of the created texture of two angstroms and a periodicity of sixty angstroms, covered
with one or two layers of graphene, it is shown that the application of a second graphene
layer reduces the eccentricity of the droplet from 1.26 to ~ 1. At the same time, the
distribution of angles also changes significantly from almost uniform in the range of
angles from 0° to 100°, to a distribution with a clearly defined maximum in the region
of 80°. It has been shown that when applying graphene coatings, an important factor
is not only the number of layers, but also the density of their adjacency to the surface.
Using the example of surfaces with a tight fit of one graphene layer to the surface
(texture amplitude of two angstroms, texture period of sixty angstroms) and a loose
fit of one graphene layer (texture amplitude of six angstroms, texture period of sixty
angstroms), a significant difference in the influence of the graphene coating is shown.
Thus, the change in the contact angle when applying one graphene layer was ~ 48°.
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For a surface with a texture amplitude of two angstroms, the angle changed from 16.5°
to 64°, and for a surface with a texture amplitude of six angstroms from 34° to 82°. At
the same time, the eccentricity for a surface with tight graphene fit changed from 1.2
to 1.26, and for a surface with a less tight fit of graphene from 1.4 to 1.05. The absence
of a change in eccentricity with a tighter fit, and its significant change with a loose fit is
due to the fact that with a tighter fit of graphene, water droplets feel the copper surface
and its texture to a greater extent. Thus, the proposed algorithm allows determine
the distributions of droplet contact angles on various textured surfaces, including those
modified by coatings, which allows for a more detailed analysis of the state of droplets
that are significantly deformed during spreading.
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