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Abstract. The wettability mechanism of soil-water interfaces is of significant importance in geotechnical
engineering. However, the effect of different contact angles on unsaturated sand soil behavior has been
less understood. In this study, the wetting behavior of nano water droplets on various silica substrates is
investigated using molecular dynamics. Seventeen groups of simulation systems with different interaction
potential energies (eg; = 0.008, 0.04, 0.2, 0.4, 0.6, 0.8, 1, 2 kcal/mol) and temperatures (T = 273, 298, 323,
353 K) are conducted. The results show that the contact angles varies intensively with interaction potential
energies from 108.5° to 18.1°, which indicates a transition from hydrophobic to hydrophilic and wettability
enhancement along with the increase of interaction potential energy. Simulation results also show that
contact angles increase with the increase of temperature, whatever the hydrophobic or hydrophilic of the
silica surface. Such phenomena are interpreted from the perspective of microstructure, along with the
performance of macrostructure. In addition, results show that the contact angles are independent of the
thickness and width (length) of silica substrate.
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1. Introduction

Wetting phenomena on a solid surface is a common and vital feature in many aspects of envi-
ronmental and geotechnical engineering. It is found that a number of mechanisms of sand soil,
such as shear strength and consolidation characteristics, are strongly dependent on the wettabil-
ity between water and sand soil particles [1,2]. In turn, due to the various wettability of sand soil,
dangerous situations occur, for instance, uneven settlement of soil, mud pumping, slope collapse
in practical engineering [3,4]. Thus, a detailed understanding of soil-water interface is in a center
of interest.

According to the Young-Laplace equation [5], contact angle 6 is one of the essential quantifi-
cation criteria of wettability [6, 7]. If the contact angle 6 between a liquid and a solid surface is
more than 90°, the surface is hydrophobic. Otherwise, the surface is hydrophilic [8,9]. It is gener-
ally assumed that the contact angles of soil surfaces are constant and mostly zero in unsaturated
soil mechanics for the reason of the high surface energy and simplicity’s sake from a macroscopic
perspective [10-12]. However, with the increasing water content of sand soil, the soil-water-air
interphase (menisci) between sand particles shows various contact angles from a microscopic
perspective [13]. Consequently, the effect of contact angles on the unsaturated sand soil behav-
ior is far from being thoroughly understood. Therefore, it is indispensable to research contact an-
gles of sand soil and quantify their effects of wettability on unsaturated soil behavior, and thus
optimize practical engineering problems induced by wetting phenomena.

Experiments have been performed to monitor the surface tensions using a variety of
methods on the macroscopic scale, for instance, the capillary rise method [14], the sessile
drop method [15], and Wilhelmy method [16]. Meanwhile, a series of calculation methods
have been proposed to measure the contact angles, for example, the snake method [17],
the Young-Laplace equation numerical synthesis method [18], and the low-bond symmetric
droplet shape analysis method (LBDSA) [19]. Determination of the contact angles for soil ma-
terial is usually difficult because the measurements are affected by various factors such as
temperature, relative humidity, particle shape and size, surface heterogeneity and roughness,
etc. [20]. Thus, those factors need to be quantified by efficient experimental or numerical
methods.

Quantifying the wettability character of a solid surface requires an understanding of the
microscopic wetting behavior of the surface. Molecular dynamics (MD) simulation has been
recognized as a useful tool in the investigation of microscopic complex physical mechanisms on
solid surfaces. In recent years, several molecular simulations have been performed in the study
of surface properties of solid matter simulating interactions of liquid nano droplets with various
surfaces. Sergi et al. [21] applied the MD method to simulate the wetting process about pure water
with an initial radius of droplets of 2-8 A on a graphite surface, and calculated the contact angle
at equilibrium state. Xu et al. [22] studied the process of nano water droplets wetting surfaces
with different energy and found the relationship between solid-liquid interaction strength and
contact angle of nano water droplets. Wu et al. [23] simulated the process of nano water droplets
wetting the solid gold surface. The results showed that the increase of temperature was beneficial
to the improvement of wettability. Niu and Tang [24] simulated the static and dynamic processes
of nano water droplets wetting matrix graphene. The results showed that the height and phase
area fraction of the square column would affect the contact state of the droplets. Jeong et al. [25]
simulated the static and dynamic processes of nano water droplets wetting smooth and rough
surfaces, respectively. Ambrosia et al. [26] simulated the wetting process of nano water droplets
on the surface of graphite arrays. The results showed that the contact angle of nano water droplets
increased first and then remained unchanged with the increase of the height of graphite arrays.
It is noted that the researches on wettability mainly focus on the wetting behavior of different
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gaseous or liquid molecules on the contact surfaces of metals. The wetting process of water
molecules on the surface of silica has not been studied clearly. Moreover, the study of molecular
dynamics from a geotechnical point of view is relatively deficient.

Among the rich groups of natural sand, silica sand has an important role because of its high
abundance in nature, advantageous thermal properties, and relatively pure chemical composi-
tion, silica (SiO,). To promote its application in the geotechnical engineering community, molec-
ular dynamics simulations are adopted in this study to explore the wetting behavior of silica soil
surfaces. Meanwhile, a series of wetting process simulations of nano water droplets on silica sur-
faces are conducted by the large-scale atomic/molecular massively parallel simulator (LAMMPS)
and visualized by visual molecular dynamics (VMD) to investigate the contact angles. In this pa-
per, we investigate the variation tendency of the contact angles, droplet heights, and vapor-liquid
interface thicknesses of the moving nano water droplet on the silica soil surface with different
thicknesses, lengths, widths, interaction potential energies, and temperatures. The underlying
physical mechanisms of wetting processes and their implications on silica soil mechanics are
discussed further in detail.

2. Simulation details
2.1. Interatomic force fields

In order to calculate the interatomic potentials in the simulation system mathematically, it is
necessary to define force fields between various types of atoms. We employ a potential energy
function compatible with the consistent valence force field (CVFF) [27, 28], which is based on a
combination of ab initio data and the consistent force field [29, 30] based on the same ab initio
data as the ab initio shell model potential [31]. In the CVFF force field, the total potential energy
of the system can be classified as the Lennard-Jones (L-J) potential energy in the short range [32]
and the Coulomb potential energy in the long range. The functional form is used as (1).
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where US is the total potential energy of the system, kcal/mol. U is the long-range Coulomb
potential energy representing the electrostatic energy between point charges, kcal/mol. ULS
is the short-range L-J potential energy, which represents Van der Waals energy defined by a
conventional function, kcal/mol, N is the number of molecules, n is the number of points of
action of molecules that are electrostatically charged within any water molecule in the system, i
and j are two different types of the water molecule, a and b are the points where the molecules
are subjected to Coulomb potential, ;' and q}” are the partial atomic charges of point a and b, rl.“jb
is the distance between the point a in molecule i and the point b in molecule j, m; € is dielectric
permittivity of vacuum which is equal to 8.854 x 10™'2 F/m. The r2° is the distance between the
two oxygen atoms in molecule i and molecule j, m; o is the distance at which interaction energy
of two oxygen atoms is minimal, A; £¢ is the characteristic energy, kcal/mol.

For water molecules, all parameters are taken from the CVFF force field. The reference water
model used in this study is the transferable intermolecular potential (TIP3P). The model has a
single Lennard-Jones center representing an oxygen atom together with three charges arranged
in a triangle [33]. All the nonbonding and bonding parameters are shown in Table 1.

The parameter g'! is the charge amount of hydrogen atoms, g° is the charge amount of
oxygen atoms, roy is the distance between hydrogen and oxygen atom (i.e., the bond length

C. R. Mécanique — 2021, 349, n° 3, 485-499



488 Jiaxiang Luo er al.

Liquid

Solid ){a/

Figure 1. Geometry for inherency contact angle on the solid surface.
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Table 1. Parameter values of the TIP3P model

oo/A eolkcal/mol gule qgole 0/  rou/A
3.188 0.102 +0.415 -0.83 104.52 0.9572

of the O-H bond), 6 is the angle between two O-H bonds (i.e., the bond angle of the O-H
bond), o¢ is the distance at which interaction energy of two oxygen atoms is minimal, €g is the
characteristic energy, e is the basic charge (1e = 1.6 x 107'° C), and kg is Boltzmann constant
(kg = 1.3806 x 10723 J/K).

For a brief summary, the interactions of soil-soil and soil-water are modeled in the CVFF force
field while the water—water interaction is modeled by the TIP3P water model. Since there are
different atomic species, the van der Waals interactions parameters can be calculated by using
the Lorentz-Berthelot mixing rule

04 = 3(0A+0B) )
E€AB = VEAEB, 3)

where €4 and ep are characteristic energy on action points A and B, respectively, kcal/mol. The
o 4 and o p are distances at which interaction energy action points A and B is minimal, A.

2.2. Definition of contact angle

In this paper, the contact angle (6) of irregular microdroplets is calculated by following the
determined geometric parameters, which are generally applicable to intersecting spheres and
irregular shape microdroplets. The contact angle is defined by following the model method [34].
Here, we outline the method used in the calculation. Figure 1 shows two droplets on the surface
(one with 8 > 90° and the other one with 8 < 90°). When the contact angle 6 < 90°, cosf =
(R — h)/R. Similarly for 68 > 90°, cos = —(h — R)/R. Here h is the height of the droplet relative
to the solid surface, and R is the radius of the sphere.

In the method, the calculation of contact angle (8) can be summarized as the following
equation:

h
0=1-— 4
cos 7 4)

2.3. Initial configuration

As illustrated in Figure 2, the initial configuration is modeled as a nano droplet of water placed
on the top of a silica slab. The simulation cell size is 200 x 200 x 500 A and is adjusted to be integer
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Figure 2. Initial configuration of the simulated system.

multiples of the lattice constants. The substrates are placed in the xy-plane of the simulation
boxes, and the z-dimension of the simulation boxes is large enough to ensure that the atoms
did not interact with their periodic images at any time. The smooth silica substrate consists of
silicon and oxygen atoms, with a surface area of 200 A x 200 A. This surface area is more than two
times larger than the cut-off distance, ensuring enough space for the water molecules to migrate
during the simulation. The nano droplet water is 3 A above the silica slab, which radius is 40 A and
randomly distributed in a spherical shape. Their initial velocities are generated according to a
random number generator [35]. The number of water molecules filled in the cuboid is calculated
to make the initial density of the nano droplet water equal to that of liquid water. In the whole
process of simulation, the silica wall surface applies a rigid wall model [36], which can keep the
wall surface fixed. This fixing does not affect the contact angle and reduces the computation
time [37]. The velocity and interaction force between solid atoms can be neglected to reduce
the simulation time and improve the calculation efficiency.

2.4. Simulation setup

The simulation is performed using the LAMMPS simulation package. The system has periodic
boundary conditions in the x- and y-directions, while fixed and mirror boundary conditions are
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Table 2. Overview of the interaction potential energies and temperatures applied in the
simulation systems

eo/kcal-mol™' Case egi/kcal'mol™' eg_o/kcal-mol™! Temperature/K

1 0.008 0.0286 273
2 0.008 0.0286 298
3 0.008 0.0286 323
4 0.008 0.0286 353
5 0.04 0.0639 273
6 0.04 0.0639 298
7 0.04 0.0639 323
0.102 8 0.04 0.0639 353
9 0.8 0.2856 273
10 0.8 0.2856 298
11 0.8 0.2856 323
12 0.8 0.2856 353
13 0.2 0.1428 298
14 0.4 0.2020 298
15 0.6 0.2474 298
16 1 0.3194 298
17 0.4517 298

applied in the z-direction [8], and thus the surfaces expand to infinite surfaces during simula-
tions. Two reflecting walls are placed on the top and bottom of the simulation cell, respectively,
to prevent the loss of water molecules through these two boundaries by a LAMMPS command
“wall/reflect”. In terms of the capillary water in soils, the gravitational gradient has a small in-
fluence on the geometry of the meniscus [38], especially for the nanoparticles [39]. Therefore,
gravity is neglected in the current simulations [40]. The Lennard-Jones interactions in short
ranges are truncated at cut-off distances of 9.0 A. The long-range interaction is determined by
particle-particle particle-mesh (PPPM) method. The van der Waals parameters for the simulated
silica surface are van der Waals radius of og; = 4.05343 A, oo = 2.85978 A and energy well depth
£si = 0.04 kcal/mol, eg = 0.228 kcal/mol.

The energy well depth €s; and g which indicate the interaction potential between the silica
and water molecules are changed, and this is a common method to research wettability through
changing contact angles [41-45]. This approach focuses purely on the theoretical relationship
between water contact angle and interaction energy, which means the variation of contact angle
only depends on energy well depth or interaction energy. Table 2 shows the different energy
well depth or interaction energy used in the simulations. It is significant to keep the modeling
principle in mind when discussing simulation results.

The SHAKE algorithm is applied to constrain bond vibration, length, and angle in water
molecules. All simulations are set in an NVT ensemble (constant number, volume, and temper-
ature), and the Woodcock method is applied to maintain the simulation temperature constant.
Verlet algorithm is used to numerically integrate Newton’s equations of motion with a time step
of 1 fs. The total simulation lengths are 3 ns. The equilibration process are attained during first
1 ns while the molecular trajectories during the last 2 ns are recorded for the density distribution,
statistical data, and the state images of some specific moments.
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Figure 3. Influence of contact angles and total droplet heights on wall widths and thick-
nesses.

3. Results and discussions
3.1. Effect of simulation parameters

To investigate the effect of simulation parameters, a series of simulations with various lengths,
widths, and thicknesses of silica walls are conducted in this part. The simulation cell size is 200 A
x 200 A x 500 A, including 24057 water molecules. We fix interaction energy &g; = 0.04 kcal/mol
and temperature T = 298 K. Figure 3 shows the contact angle 6 and total droplet height # under
the silica wall thickness D = 10, 15, 20, 25 A and width (length) L = 150, 200, 250, 300 A. When the
wall thickness and width change, the contact angles and vapor-liquid interface height fluctuate
slightly. The contact angles are calculated to be 108.88 + 3.88°, while the vapor-liquid interface
heights are calculated to be 69 + 3 A. And the relative error is 3.56% and 4.35% for contact
angle and the vapor-liquid interface height, respectively. Thus, it can be considered that the
thickness, width, and length of the silica wall have little effect on the contact angle and the vapor—
liquid interface height, so that this kind of effect can be ignored. It illustrates that the results
are independent from the adopted numerical model. Considering the calculation efficiency and
statistical error, we finally choose the wall width (length) L =200 A and wall thickness D = 15 A in
the following simulations.

3.2. Effect of the potential energy of wall surface

To investigate the impaction on water contact angle with potential energy, eight different inter-
action potential energies of silica walls have been considered, as illustrated in Table 2. Figure 4
shows the simulation systems in equilibrium state for various potential energy. As can be seen,
the shapes of nano water droplets could be regarded as heterogeneous rounded, which is as-
sumed in a statistical equilibrium state. Besides, several individual water molecules escape from
nano water droplets into surrounding vapor or absorb to the silica surfaces, due to the phenome-
non of molecular exchange and diffuse. Obviously, the nano water droplets become flatting with
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Figure 4. Snapshots of simulation systems at the equilibrium state for: (a) esi =
0.008 kcal/mol; (b) &s; = 0.04 kcal/mol; (c) €5; = 0.2 kcal/mol; (d) €si = 0.4 kcal/mol;
(e) esi = 0.6 kcal/mol; (f) esi = 0.8 kcal/mol; (g) esi = 1 kcal/mol; (h) €g; = 2 kcal/mol.

the potential energy increasing, which indicates that the silica wall turns hydrophobic to hy-
drophilic. The silica walls with potential energy es; = 0.008-0.2 kcal/mol can be characterized
as hydrophobic or non-wetting while the walls with potential energy €s; = 0.6-2 kcal/mol can be
described as hydrophilic or wetting, and the walls with potential energy es; = 0.4 kcal/mol can be
claimed to be relatively neutral. The potential energy indicates the intensity of interaction energy
between water molecules and silica wall atoms are closely related to surface tension and absorp-
tion mechanism of water. With small potential energy, the water molecules connect tightly as a
compact entity maintaining a sphere form, which means the interactions within water droplets
are stronger than interactions of water molecules and silica walls. With large potential energy,
the absorption mechanism reduces most energy when water molecules approach the silica sur-
face. Thus the counterbalance of tension and absorption mechanism maintains system energy
minimum.

From the molecule dynamic simulation trajectories, time average density profiles of nano
water droplets are calculated to interpret the simulation results when the simulation keeps in
a statistical equilibrium state, as shown in Figure 5. In order to extract the contact angles better,
a bin size of 180 x 80 A in the x—z plane is employed to calculate. As illustrated in Figure 5, the
nano water droplets could be clearly identified as regular rounded compared with snapshots in
Figure 4, while the boundary between gas and liquid phase is more distinguished. However, it is
interesting that the water droplets are not homogeneous, especially near the silica surface exists
the higher density layers. In contrast, the densities near the vapor phase are much lower than
normal water density in most areas of droplets.

The contact angle is measured from the density profiles of water molecules as suggested by
Zhang et al. [46]. This method needs to determine the boundary of the liquid and vapor phase
from time average density profiles. Figure 6 illustrates one-dimensional density profiles along
the z-axis. Observed that the region closes to the silica surface shows a large and fluctuant
density compared to the bulk water molecules, so this state can be regarded as a solid state or
“quasi-solid” fluid, which is the dark blue region. This kind of phenomenon results from the
dense packing of water molecules and is consistent with the observation in time average density
profiles (Figure 4). As increasing height (z) those fluctuations decay, the density approaches a
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Figure 5. Time average density profiles of nano water droplet calculated at the equilibrium
state for: (a) €si = 0.008 kcal/mol; (b) €si = 0.04 kcal/mol; (c) €s; = 0.2 kcal/mol; (d) €s;
0.4 kcal/mol; (e) €si = 0.6 kcal/mol; (f) es; = 0.8 kcal/mol; (g) €si = 1 kcal/mol; (h) eg;
2 kcal/mol.

constant value relating to the water density, called liquid state, which is the cyan region. The
vapor-liquid interface state is a transition zone between the liquid state and the vapor state, and
the density drops sharply. The vapor zone, which is a light blue region, is mainly composed of gas,
and its density is kept constant at 0 g/cm?3. The fit functions of one-dimensional density profiles
can well approximate the vapor-liquid interface state. Various slices are selected to calculate the
one-dimensional density because of the vacuum void among water molecules, which results in
a minimum density of 0.2 g/cm3. Thus, the water density at the boundary between liquid water
and vapor can be assumed to be 0.2 g/cm?3.

To extract the contact angle of various potential energy from time average density profiles as
shown in Figure 5, we determine the water droplet periphery as the contour line with 0.2 g/cm3
in the one-dimensional density profiles using a least-squares circle fit through periphery as
illustrated in Figure 7. The red broken line represents the height of the lowest water molecule
layer, while the red circles represent the coordinates (x;, z;) along the water droplet periphery.
The water droplet boundary can be considered as perfectly round, which mathematical equation
is expressed in Figure 7. Thus according to the tangent line of the circle and the silica surface line,
it is apparent to determine the contact angle.

Figure 8 shows the water contact angle as a function of the changing potential energy. The
contact angle decreases linearly as the potential energy increases. It can be seen that the fitting
curve matches the simulation results with a high significance. As mentioned above, there is
a balance between surface tension and the absorption of water and silica wall to maintain
the minimum system energy, which is the most stable state of the system. As a result, if the
silica surface tension dissipates more energy than the absorption of water molecules, surface
tension rejects the water molecules, so the contact area of the water droplet and silica surface
becomes smaller, leading to a larger contact angle and the wettability of water on the silica
surface decreases. Otherwise, with the high interaction potential energies, the water molecules
are attracted by the silica surface and more water molecules are moving to the silica surface,
leading to the decrease of the contact angle.

The vapor-liquid interface thickness and the total droplet height can be calculated as shown in
Table 3. It can be seen that both of them decreased with the interaction potential energy increase,
implied the smaller contact angles. This result can be a powerful verification of the mechanism
of the contact angle.
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p=1.0

Figure 6. Density profiles along the centerline of the water droplet for: (a) eg =
0.008 kcal/mol; (b) es; = 0.04 kcal/mol; (c) €5; = 0.2 kcal/mol; (d) €si = 0.4 kcal/mol;
(e) esi = 0.6 kcal/mol; (f) esi = 0.8 kcal/mol; (g) €s; = 1 kcal/mol; (h) €g; = 2 kcal/mol.
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Figure 7. Determination of the contact angle of simulation systems for: (a) egi =
0.008 kcal/mol; (b) e5; = 0.04 kcal/mol; (c) €s; = 0.2 kcal/mol; (d) €s; = 0.4 kcal/mol;
(e) es; = 0.6 kcal/mol; (f) es; = 0.8 kcal/mol; (g) es; = 1 kcal/mol; (h) eg; = 2 kcal/mol.
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Table 3. Vapor-liquid interface thickness and the total droplet height of various potential

energies

Potential energy eg;/ kcal-mol !

Thickness/A  Height/A

0.008 3
0.04 3
0.2 2.5
0.4 2.5
0.6 2
0.8 2

1 2
2

70.5
69.5
67
66.5
55.5
55
49.5
31
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Figure 9. Snapshots of simulation systems at the equilibrium state for various tempera-
tures, (a) €si = 0.008 kcal/mol; (b) €s; = 0.4 kcal/mol; (c) €s; = 0.8 kcal/mol.

3.3. Effect of temperature

Considering that the influence of temperature on the wettability may be affected by the hy-
drophobicity or hydrophilicity of the silica surface, three representative interaction potential en-
ergies including 0.008 (hydrophobic surface), 0.4 (neutral surface), and 0.8 (hydrophilic surface)
kcal/mol are adopted in this simulation. Moreover, the simulations are carried out at different
temperatures of 273 K, 298 K, 323 K, and 353 K to investigate the influence of temperature on
wettability.

The snapshots of simulation systems at the equilibrium state for various temperatures are
shown in Figure 9. The molecular diffusions increase with temperature, especially for the hy-
drophobic surface (egs; = 0.008 kcal/mol), which implies that interaction potential energy is small
and easy to be disturbed by the diffusion effect, leading to a looser and more flexible water struc-
ture. Figure 10 shows the water contact angle calculated by the same approach as the last sec-
tion. As predicted before, the influence of temperature on wettability is veritably impacted by
the hydrophobicity or hydrophilicity of the silica surface. For hydrophobic and neutral surfaces
(esi = 0.008, 0.4 kcal/mol), the contact angles increase slightly, whereas they increase significantly
for the hydrophilic surface. It can be explained that the repulsive force from the silica surface in-
creases with temperature and is greater than the interaction between water molecules.

Vapor-liquid interface thickness and the total droplet height can be obtained by one-
dimensional density profiles as shown in Tables 4 and 5, respectively. As can be seen, with the in-
crease of temperature, the total droplet heights and vapor-liquid interface thicknesses gradually
increase for the three types of the silica surface, proving the mechanism of contact angles. It is in-
teresting to note that the increased amplitudes of total droplet height and vapor-liquid interface
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Figure 10. Changes of contact angles under different temperatures.

Table 4. Total droplet height of various temperatures (h/A)

Temperatures T/K 273 298 323 353
€si = 0.008 kcal-mol~!  76.5 73.5 80.5 82

esi = 0.4 kcal-mol ™! 59 575 605 61.5

esi=0.8kcal'mol™" 555 53.5 565 63

Table 5. Vapor-liquid interface thickness of various temperatures (d/A)

Temperatures T/K 273 298 323 353
£si=0.008kcalmol™! 35 25 3 45
esi=0.4kcalmol™ 25 35 5 65
€si = 0.8 kcal-mol ™! 25 35 6 11

thickness are larger for the hydrophilic surface. According to the counterbalance between sur-
face tension and the absorption of water and silica wall, it can be explained that the surface ten-
sion dissipates more energy than the absorption of water molecules in the higher temperature, so
that surface tension rejects more water molecules, enlarging the contact angle and total droplet
height, vice versa. Vapor-liquid interface thickness demonstrates the diffusion between liquid
and gas, and surfaces for high interaction potential energy have strong molecule absorption or
rejection, so the diffusion effect for the hydrophilic surface is also susceptible to temperature.

4. Conclusions

The wettability of nano water droplets on the silica surface has been investigated by means
of MD simulation. Snapshots, time average density profiles, one-dimensional density files for
simulation systems in equilibrium states are obtained to calculate the contact angles, nano water
droplet heights, and vapor-liquid interface thicknesses. To determine the simulation parameters,
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eight groups of simulation systems for various thicknesses and widths (Iengths) of silica substrate
are carried out first, and the results show little effect on contact angle. Further study on 17
groups of simulation systems for interaction potential energies (es; = 0.008, 0.04, 0.2, 0.4, 0.6,
0.8, 1, 2 kcal/mol) and temperatures (T = 273, 298, 323, 353 K) are conducted. It is observed
that the contact angles vary intensively with interaction potential energies from 108.5° to 18.1°,
which implies a transition from hydrophobic to hydrophilic. It can be concluded that an increase
in the interaction potential energy will enhance wettability. Results of simulations for various
temperatures show that the contact angle increase with temperature, whatever the hydrophobic
or hydrophilic of the silica surface.

It is noted that the results cannot be completely consistent with the experimental research on
the macroscopic scale due to the small size effect of nano water droplets. Future work should be
conducted to connect the perspectives of microscopic and macroscopic and further investigate
the multi-scale wetting process.
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