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(FCC) lattice of (110), (100) and (111) surfaces, using molecular dynamics simulations.
A constant temperature system will be applied to the system and the adsorption
mechanism is explained using structural quantities. The results show similar trends
where a large adsorption of liquid appears on the solid surfaces and the liquid
orientation is in parallel with the solid surfaces. However, the differences appear in the
peak height of the adsorption of liquid for the systems. It is found that, (111) exhibits
the highest adsorption of liquid near the solid liquid interfaces. Whereas, in terms of
elongation of liquid alkanes (110) surface shows large elongation value in the x-
directions. From these findings, it suggests that the alkane liquid is adsorbed on the

Keywords: solid surfaces that decreases with the increase in liquid molecule length. Furthermore,
Liquid adsorption; molecular dynamics the surface structure of the solid influences the orientation of liquid on the solid
simulations; solid-liquid interfaces surface.

1. Introduction

Solid in contact with liquid also known as solid-liquid (S-L) interfaces is commonly found in many
engineering applications such as thermal interface material [1], lubrication and coating [2], cooling
of electronic equipment [3] and many more. In the study of nanoscale materials understanding the
equilibrium and non-equilibrium properties at the vicinity of S-L interfaces is crucial. When the
thickness of the interfaces is in nanometre the macroscopic theory and physics are anomalous ant
not easily determined, since the interaction is governed by molecular interaction between solid and
liguid molecules [4,5]. Thus, in order to reproduce and replicate the liquid behaviour in the nanoscale,
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Molecular dynamics (MD) simulation is suitable tools with confirm studies with reliable inter and
intra molecular interaction models [6,7].

In the thermal transport across Solid-liquid (S-L) interfaces of liquid films, there exists a
phenomenon of temperature discontinuity between the solid walls and the liquid films. In the context
of molecular dynamics (MD), the temperature discontinuity at these interfaces is affected by the
interactions between solid and liquid molecules [8,9], as well as the roughness of the solid walls in
contact with the liquid film [10,11]. Khare et al., [8,9] investigated the transfer of thermal energy and
momentum at the S-L interface, comparing the thermal boundary resistance (TBR) between shear
and non-shear systems. Their study utilized model liquid molecules that were characterized by strong
and weak interaction forces with the solid atoms, specifically in contact with the (100) crystal plane
of the solid walls. Previous research has predominantly relied on simplified liquid models that do not
account for bond bending and torsional motions when examining thermal energy transfer at the
interfaces [8-11]. As a result, the influence of crystal planes on actual liquids of varying molecular
lengths and the effect of molecular liquid with branches remains inadequately understood.

In further reading it is understood that, the knowledge of transport properties at the solid-liquid
interface plays a significant role in the understanding of liquid adhesion [12,13], liquid diffusion
[14,15] and wettability [16,17] which can be summarized as adsorption mechanism. In the past the
performance of lubrication is determine by adsorption of liquid lubricant on solid surfaces [18,19]
and surface morphology of the solid surfaces [20,21], however the clear explanation of the liquid on
the solid surfaces in molecular level have yet to be explained. Thus, this paper is interested to
investigate the adsorption mechanism of linear alkane liquid on solid surfaces with basic surface
structure of face-centred cubic (FCC) lattice of (100), (110) and (111) planes using non-equilibrium
molecular dynamics (NEMD) simulations. In this study the structural quantities which are the density
distributions, radius of gyration and orientation order parameter will be evaluated to explain the
adsorption mechanisms.

2. Methodology
2.1 Simulation Model

Solid-liquid interfaces system of these study is modelled by liquid placed in between two layers
of solid as shown in Figure 1. The layers between solid and liquid are referred to as solid-liquid (S-L)
interfaces in this investigation. In this investigation liquid alkanes namely butane and pentane have
been utilized. As for the solid surface, the face-centred cubic (FCC) lattice has been utilized. In most
engineering surfaces consisted of the crystal structure. FCC surfaces are the very basic structure and
have been widely used in past studies to clarify surface characteristics [4,22,23]. There were three
types of surfaces in FCC namely are (100), (110) and (111) planes that are in contact with the liquid
alkanes. In all the simulation system only one type of FCC surface is utilized on the left and right sides
of the simulation system and one type of liquid alkane is utilized for one simulation.
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Fig. 1. A snapshot of liquid butane in between layers of solid
2.2 Periodic Boundary Condition and Simulation Size

In this simulation, to make sure that the alkane liquid behaves like the actual liquid. The system
is modelled in such a way that the attraction and repulsion forces from the layers solid do not
influence the centre of the liquid. Furthermore, to replicate the system as the actual conditions, the
layers of solid on both sides of the simulation system were set to be fixed in the z-direction. This
condition replicates the condition of extremely large surface in contact with liquid film. Thus, the
periodic boundary condition of this simulation system is only set on the x and y-axes. Although there
are slight variations in the volume of the simulations systems.

2.3 Attraction and Repulsion Forces

In Molecular dynamics simulations, in order to model the liquid’s attraction and repulsion forces.
It was replicated by potential functions. For the liquid, there are several types of potential forces
available namely are Anistropic united atom model [24], All atom model [25] and united atom model
[26]. In this simulation the united atom has been utilized due to the computation time and accuracy
of the results. Thus, in this paper united atom NERD potential has been utilized. The same kind of
interaction forces have been utilized in past investigation in refs [4,23,27]. In the United atom NERD
potentials, the CH3 and CH2 atom is grouped in a single interaction sites represented as pseudo atom.
The pseudo atom connected to each other forming a long chain molecule of butane and pentane.
NERD potentials consisted of three types of bonded interaction forces and one type of non-bonded
interaction forces. The three types of interaction forces are bond bending, bond stretching and
torsion. Whereas the non-bonded interaction forces are the van der Waals interactions. The bond
bending interaction in the interaction that takes place forces are as follows:

U®) =26 - 6,)* (1)

Where ks=8.6291 x 10''° j/rad? and 8o = 114.0°. The bond stretching is the interaction between two
pseudo atom which are given as follow:
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U(ryj) = %(rij — beg)? (2)

Where k,=1.3323 x 10 and beq = 1.54 A. For the torsion interaction, it is defined as the interaction
between any four neighbouring pseudo atoms. The interaction forces are given as follows:

Ulp) =V, +V;(1+cos @) + V(1 —cos2¢) + V3(1+ cos3¢p) (3)
Where VO=01J,V1=4.9018 x 10721 J, V2 = -9.4146x10722) and V3 = 1.0925x107%° J [4,5].

For the solid numerous types of Morse potential is utilized which is the similar potential that has
been used for past investigations [4,23,27]. The equation is given as follows:

(1)) = D[e—Za(ﬁj—To) - Ze_a(rij_ro)] (4)

where D is 7.6148 x 1073 erg, rp is 3.0242 A and o is 1.5830 A1 [4,23,27]. The interaction forces
between intra-molecular interaction are Universal Force Fields (UFF). The UFF potential forces are
given as follows:

UM (1) = 4y [(:—3)12 - (:—;’)6] (5)

Where rj; is the distance between pseudo-atom i and j. The interaction parameter was calculated
using Lorent-Bertholet (LB) combining rules [19,23]. which are given as follow:

gij = ,/Sii&‘j}' (6)
and

0y = % (7)
The same kind of interaction forces have been utilized in a number of past investigations given in

references [4,5,19,23].
2.4 Details of Simulation step

In general, molecular dynamics simulation comes from resultant forces that act on a molecule.
The resultant force predicted the movement of the molecule in each step. However, for the cases of
many molecules present in a simulation model, the prediction of the molecule movement is replaced
by algorithm. In this simulation, reversible reference propagator algorithm with multiple time step is
utilized that calculates the forces via intermolecular motion and intramolecular motion in 1 femto
second and 0.2 femto second, respectively.

The temperature of the simulation was first raised slowly to the targeted temperature for 1-to-
2-million-time step. In these simulations the targeted temperature is 0.7 of the critical temperature
of the liquid. After the simulation system reaches the targeted temperature, it is maintained at the
targeted temperature until a uniform temperature is achieved throughout the simulation system for
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3 to 4 million time-steps. Once the uniform temperature is achieved, the data acquisition step takes
place where 4 to5 million time-steps are run at the uniform temperature of the simulation system.

3. Results and Discussions
3.1 Density Profiles

Density profile play a significant role in molecular dynamics simulation. It gives an insight of the
liquid behaviour in the solid and liquid interfaces system and also have been utilized as a validation
simulation model. In this study the simulation model has been validated using the density profile of
butane [27] and pentane [28].

Figure 2 and Figure 3 show the density profile of simulation model of layers of solid with FCC (100)
contacting liquid pentane and butane, respectively. The blue line is the density profiles of the liquid
and the orange line the density profiles of the solid. Since, almost similar profiles is observed for
other types of crystal planes regardless the types of liquid, only the liquid in contact with FCC (100)
is shown here. As observed in both figures, the density profiles for the liquid creates a number of
peak and valleys near the solid surfaces that decreases as the distance move towards the centre of
the simulation systems. A flat line appears at the centre of the simulation systems, approximately at
the 520 kg/m?3 for butane and 570 kg/m?for pentane. These are the values of density for butane and
pentane at the 0.7 of the critical temperature. Since the flat line appears approximately at the said
value, it is representing that the liquid in this simulation system are exactly in the liquid form.

The peaks and valleys appear near the solid and liquid interfaces can be referred to as adsorption
layers after this. These adsorption layers are created from the attraction forces and repulsion forces
coming from the solid surfaces. And at the centre of the simulation system the flat line shows that
there are no significant attraction forces and repulsion forces affected the liquid. Based on the
observation, it is found that the adsorption layers next to solid layers shows the highest value and
slowly diminishes as it goes to the centre of the simulation system. The highest adsorption layer
shows that a large number of liquid molecules are attracted to the solid surface that creates a solid
like layer next to the actual solid layers.
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Fig. 2. Density profile of liquid pentane in between two layers of
solid with FCC (100) surfaces
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Fig. 3. Density profile of liquid butane in between two layers of
solid with FCC (100) surfaces

Figure 4 shows the super imposed position of density profiles for FCC (100), (110) and (111)
contacting liquid butane. Since, almost similar profiles is observed only density profiles of liquid
butane is shown here. In addition, on the left sides of the density profiles is shown here due to the
profiles is approximately symmetry as observed in the figure, the adsorption layer closest to the solid
has the highest peak values compared to the rest. Furthermore, there exists slight variation in the
height of the adsorption layers, it is found that FCC(111) has the highest value of peak height follow
by FCC(100) and FCC(110). This value has been predicted since, the number of solid molecules appear
near the interfaces of solid and liquid is the highest for FCC (111). Thus, based on the figure it can be
concluded that the solid like layers of the adsorption layer appear due to the forces coming from
solid surfaces and the height of the adsorption layer depend closely on the number of solid molecules
appear near the interfaces of solid and liquid.
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Fig. 4. Density profiles of FCC (100), (110) and (111) contacting
liquid butane using offset position of z-axis
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3.2 Radius of Gyration

In order to further clarify the characteristics of the liquid adsorption behaviour near the interfaces
of solid-liquid, the radius of gyration is calculated for each of the simulation model. Radius gyration
is a method used to identify the shape of molecules for liquid in a liquid film. In this investigation the
radius gyration is calculated based on the average distance of each atom presence in the molecule o
the centre of the molecules.

Figure 5 shows the radius of gyration of liquid pentane and butane contacting FCC (100) surface.
As observed in the figure on average, radius of gyration for pentane is higher than butane. And
regardless of the types of liquid the value of the radius of gyration is higher at the solid surfaces and
start to shows average value at the centre of the simulation systems. Since the same kind of profile
have been observed on the left and right sides of the simulation system only the left sides is shown
in the figure.
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Fig. 5. Radius of gyration for pentane and butane facing FCC
(100)

Figure 6 shows the radius of gyration for liquid pentane in contact with FCC (100), (110) and (111).
Only the figure of radius of gyration for liquid pentane is shown in the figure since both liquids shows
approximately similar characters. Based on the figure the value of radius gyration shows the highest
near the solid surfaces. Among the three types of crystal plane, FCC (110) shows the highest value
followed by FCC (111) and last is FCC (100). Although in the density profiles FCC (110) shows the
lowest peak height however in the radius of gyration the values is the highest.
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Fig. 6. Radius of gyration for pentane facing FCC (100), (110)
and (111)

In order to further identify the shape of the liquid in the liquid film, the radius of gyration is further
decomposed into x, y and z-axes. Figure 7, Figure 8 and Figure 9 shows the radius of gyration for FCC
(110), (100) and (111) in the x-, y- and z-axes. It is found that, for the case of x- and y-axes, the radius
gyration shows a high value near the solid surfaces and a flat line is observed at the centre of the
simulation systems. The same kind of behaviour have been observed in all FCC surfaces and
regardless the type of liquid. Based on close observation it is found that the radius of gyration value
for FCC (111) is slightly higher than FCC (100). This kind of behaviour is predicted due to the large
adsorption layers of density profile is also observed for density profile of FCC(111). However, an
extremely large value is observed for liquid pentane in contact with FCC (110) as shown in Figure 8.
A larger value of x-axis is found here. This is due to the surfaces structure of the solid surfaces. As we
all know, that the molecules arrangement for FCC (110) has a larger peak and valleys in the x-
directions. And based on the results of radius of gyration decomposed into x-, y- and z-axes shows
that the shape for FCC(110) is the highest which predict that the liquid is trapped inside the valleys
of the surface structure of FCC (110). Since the same kind of characteristics is observed liquid butane
only liquid pentane results are shown here. In addition, although the characteristics is almost similar
however on average, the value of radius of gyration for liquid pentane is slightly higher than liquid
butane.

3.3 Significant of the Results to the Potential Applications

In overall the findings of the results shows that liquid of alkane is normally adsorbed on solid
surfaces and the liquid are oriented in parallel with solid surfaces regardless the surface structure.
This kind of liquid adsorption mechanism shows close relation with wear rates and scar. The wear
rates of contact surfaces are coming from the lack of liquid adsorption on solid surfaces thus
producing large scar at the contact interfaces [2]. Based on these results, the identification of liquid
with high adsorption on solid surfaces is crucial in order to overcome or reduce the implication of
wear rates and scar that happen at the contact interfaces. On the other hand, in the case of electronic
cooling, there exists thermal paste that have been applied at the contact interfaces between
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computer processor and heat sink . This kind of applications look at the heat transfer at the contact
of thermal paste (can be consider as liquid) and solid of the heat sink [3].
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Fig. 7. Radius of gyration decomposed into x-, y- and z-
axes for pentane liquid contacting FCC (100)
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4. Conclusions

In this study the, adsorption mechanism of linear alkane liquid is investigated using molecular
dynamics simulation at a constant temperature. The adsorption mechanism of the linear alkane liquid
was explain based on the density profiles and radius of gyration for the liquid. Based on the findings,
it is concluded that, the behaviour of liquid adsorption on solid surface depends closely on the
number of solid molecules present near the interfaces of solid liquid. In addition, the adsorption
mechanism is also affected by the characteristics of the surface structure for solid. According to the
current results the effect of surface structure has a higher effect toward the liquid orientation on the
solid surfaces.

The results are significant to the specific studies of journal bearing application and thermal
interface materials. However further investigation in term of different types of materials and
lubrication or liquid is crucial and should be explored in the future. Based on past studies of non-
equilibrium molecular dynamics simulation (NEMD) it is found that, the combination of solid and
liquid play a significant role in the adsorption mechanism and heat transport at the interfaces
[4,5,19,23]. To the best of the authors knowledge these problems have not been explored yet. Thus,
future investigation should be focusing more on different types of liquid and surfaces.
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