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Abstract: In tribology studies, the interaction between solid and liquid surfaces is a common focus, with particular at-
tention given to wear rates and surface scars. These wear and scar issues are analyzed through adsorption mechanisms. 
A key factor in these problems is the orientation of the liquid on solid surfaces, which requires an in-depth examination 
of molecular orientations. This study aims to investigate the adsorption mechanisms of liquids on solid surfaces by ana-
lyzing structural quantities such as density, orientation order parameters and radius of gyration. The research employs 
molecular dynamics simulations to model a gold solid with face-centered cubic (FCC) (100) surfaces in contact with 
three different alkanes (pentane, heptane, and 3-ethylpentane). The simulations are conducted at a uniform temperature 
set at 0.7 of the liquid’s critical temperature. It is found that, in all the structural quantities, high adsorption behavior 
have been observed near the solid surfaces. And among these three liquids, 3-ethyl-pentane exhibit the lowest value of 
adsorption behavior. Results indicate that liquids with linear molecular structures exhibit higher adsorption behavior 
compared to those with branched structures, which in a way will affects heat transfer near the contact interfaces. Further 
research is needed to explore how the surface structure of the solid affects these interactions with different types of liq-
uid with branches.
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1. Introduction

Solid-liquid interfaces where solid surfaces come into contact with long-chain polymers play a critical role in
various technological and biological applications. These include thermal interface materials [1], energy systems [2], tri-
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bological systems [3], NEMS and MEMS technology [4], and many more. Understanding the equilibrium and non-equi-
librium properties of these interfaces at the nanoscale is essential for advancing our knowledge of nanoscale materials. 
When the thickness of polymeric films approaches the nanometer scale, traditional macroscopic theories and physics 
become inadequate. In these nanoscale systems, interface behaviors are primarily influenced by molecular interactions 
at the solid-liquid interface and the surface morphology of the solid [1,5], which can be described through adsorption 
mechanisms. Knowledge of adsorption mechanisms is fundamental to understanding phenomena such as adhesion [6], 
corrosion resistance [7,8], and lubrication [8], and is closely tied to the transport properties related to heat and mass 
transfer. 

Previous research has explored adsorption mechanisms through studies of liquid adsorption on solid surfaces [1,5,9] 
and the effects of surface morphology [10,11] . However, despite extensive investigations, a detailed molecular-level 
understanding of liquid lubricants on solid surfaces remains lacking. This paper aims to address this gap by examining 
adsorption mechanisms from the perspective of molecular orientation on solid surfaces using non-equilibrium molecular 
dynamics simulations. Specifically, the study evaluates three types of alkane liquids (pentane, 3-ethyl-pentane, and hep-
tane) in contact with a Face-Centered Cubic (100) surface, assessing adsorption mechanisms based on density, orienta-
tion order parameter, and radius of gyration. 

2. Methods
2.1. Model and Simulation Basic Dimensions

The simulation establishes a system organized in a structured, layered configuration consisting of alternating solid, 
liquid, and solid phases, as depicted in Figure 1. In this setup, the interfaces where the solid and liquid phases come into 
contact are referred to as solid-liquid (S-L) interfaces. Consequently, this system features two distinct S-L interfaces 
within its arrangement. The solid phase in the simulation is represented by a gold surface with a face-centered cubic 
(FCC) crystal structure with the (100) plane, which interacts with three different liquid substances namely are pentane, 
3-ethyl-pentane, and heptane.

Figure 1.Layered arrangement of solid, liquid and solid of the simulation system
The dimensions of the overall simulation system are 40.7 Å × 40.7 Å × 114.4 Å along the x, y, and z directions, 

respectively. The details of the number of liquid molecules for pentane, 3-ethypentane and heptane is tabulated in Table 
1 along with the number of solid atoms in x, y and z-directions. Within this setup, the liquid layer extends to a length of 
60 Å in the z-direction in between the layers of solid. To model the behavior of an infinitely large solid, periodic bound-
ary conditions are applied in the x and y directions, allowing for continuous replication of the system in these directions. 
In contrast, the z-direction is constrained to remain fixed at its position, thereby simulating the conditions of an exten-
sive and unbounded solid extending infinitely to the left and right. This configuration aims to replicate and investigate 
the interactions and properties at the solid-liquid interfaces as they would occur in a realistically large-scale system.
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Table 1. Number of liquid molecules and number of solid atom in x, y and z-direction.
Number of liquid molecules Number of solid atoms in x, y and z

Pentane 445 10 × 20 × 6

Heptane 339 10 × 20 × 6

3-ethylpentane 336 10 × 20 × 6

2.2. Attraction and repulsion forces of solid and liquid

In order, to accurately model the behavior of solid and liquid phases within the simulation, a range of interaction 
forces must be meticulously applied to replicate real-world conditions. Specifically, the simulation addresses three main 
categories of interaction forces: solid-to-solid interaction forces, liquid-to-liquid interaction forces, and solid-to-liquid 
interaction forces. These forces are implemented based on established methods detailed in references [9,12,13], which 
provide the theoretical foundations and parameters necessary for the accurate representation of these interactions in the 
simulation. The solid-to-solid interaction forces are modeled by Morse potential which are given as in equation (1).

2 ( ) ( )( ) [ 2 ]ij o ij or r r r
ijr D e eα α− − − −Φ = − (1)

where D is the constant interaction forces between solid atoms given as 7.6148 × 10-13 erg, r0 is the equivalent 
distance between solid atoms is 3.0242 Å and alpha is 1.5830 Å-1 [14,15]. 

In particular, the liquid-to-liquid interaction forces are modeled using two primary types of forces: bonded inter-
action forces and non-bonded interaction forces. The bonded interaction forces encompass three distinct types of inter-
actions essential for simulating the internal dynamics of liquid molecules. These include stretching interactions, which 
resist changes in bond lengths between atoms; bending interactions, which resist changes in the angles between bonds; 
and torsion interactions, which account for the resistance to rotational movements around bonds. These bonded forces 
are crucial for accurately representing the structural properties and flexibility of liquid molecules. The bonded interac-
tion consists of inter-molecular interactions which calculate the forces of CH2-to-CH2, and CH2-to-CH3 interaction forc-
es. The CH2 and CH3 are represented as pseudo atom in this study, the details explanation related to the pseudo atom are 
elaborated in refs [5,17]. The bonded interaction which are stretching interactions are given as equation (2).

2( ) ( )
2

r
ij ij eq

kU r r b= −  (2)

where the kr is energy value of the interaction between inter-molecules of liquid given as 1.3323 × 10-19 j/rad and 
beq is 1.54 Å. The bending interactions is given by equation (3).

2( ) ( )
2 o
kU θθ θ θ= −  (3)

where kθ and θ0  is given in Table 2. And finally the torsion interaction which is given as equation (4).

o 1 2 3( ) (1 cos ) (1 cos 2 ) (1 cos3 )U V V V Vϕ ϕ ϕ ϕ= + + + − + +  (4)

Where the detail value of each parameter is shown in Table 3
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Table 2. Bending Interaction Parameters.
θ0 kθ/kB

Pentane & Heptane 114.00° 62500 K

3-ethylpentane 109.47° 62500 K
1 kB is boltzman constant (1.3806 × 10-23).

Table 3. Torsional Interaction Parameters.

V0/kB (K) V1/kB (K) V2/kB (K) V3/kB  (K)

Pentane & Heptane 0 355.04 -6819 791.32

3-ethylpentane 1416.3 398.3 139.12 901.2
1 kB is boltzman constant (1.3806 × 10-23).
Alongside bonded forces, the non-bonded interaction forces are also employed to represent the interactions that oc-

cur between molecules or between different parts of the same molecule that are not directly connected by bonds. These 
non-bonded interactions primarily include Van der Waals forces, which consist of attractive forces between molecules 
or atoms separated by more than two bond lengths. Van der Waals forces, which include London dispersion forces and 
dipole-dipole interactions, are fundamental for capturing the cohesive behavior of liquids. The methods for modeling 
these non-bonded forces follow the approaches outlined in references [17] and [18], which utilized the Universal Force 
Fields (UFF) given as equation (5).

12 6

( ) 4 ij ijLJ
ij ij

ij ij

U r
r r
σ σ

ε
    
 = −           

(5)

The rij is the distance between the atom i and j. The σij and εij is calculated by the Lorent-Bertholet combining 
rules to calculates the interaction forces given as equation (6) and equation (7).

ε ε ε=ij ii jj (6)

and

2
ii jj

ij

σ σ
σ

+
= (7)

For the solid-to-liquid interaction forces, the simulation utilizes the Lorentz-Berthelot combining rules. These rules 
provide a systematic approach to calculate the cross-interaction parameters between the solid and liquid phases, ensur-
ing that the interactions at the solid-liquid interface are realistically represented. The use of the Lorentz-Berthelot com-
bining rules in this study adheres to the techniques described in references [9] and [1], which offer a robust framework 
for these types of interfacial interactions.

2.3. Simulation Step

In molecular dynamics simulation the data that is crucial to collect is the velocity and position of each molecule. 
In this study, the velocity and position data are calculated by the reversible reference propagator algorithm (R-RESPA). 
The r-RESPA calculate the velocity and position based on the forces of the inter-molecular and intra-molecular interac-
tions respectively for 1 femto second and 0.2 femto second. 

Initially the simulation system is run at 0 K for 10000-to-30000-time step for liquid molecules and solid atom 
to be in an equilibrium positions. Then the simulation system temperature was raised slowly to the 0.7 of the critical 
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temperature of the liquids. After the simulation system reached the temperature, it is maintained at the temperature for 
1-million-time step. This step is to make sure the simulation system has uniform temperature of 0.7 of the critical tem-
perature. Then finally, the data collection step, where the simulation system is run for another 2-million-time step.

3. Results

3.1. Distribution of Density in z-Direction

In order to understand the character of the adsorption behavior of liquid on solid surface the density distribution 
of the system of layer of solid liquid solid is tabulated. To calculate the density distributions the simulation systems was 
divided into 5900 slabs with the thickness of approximately 0.02 Å in the z-direction. 

Figure 2 illustrates the density distributions of the simulation models for Pentane, Heptane and 3-ethyl-pentane in 
contact with FCC (100). This distribution reveals characteristic features that have been observed in prior research stud-
ies [1,5,12,13], where a notable oscillation is present near the solid surfaces on both sides of the simulation system and 
a relatively constant density is found in the central region of the distribution. The constant value at the central region of 
the density distribution is uses to validate the simulation model. The value should have approximately the same value of 
the liquid at the 0.7 of the critical temperature of the liquid. Based on the central region of the density distribution it is 
found that all three liquid is validated, and the value is approximately 570 kg/m3 for pentane [19], 610 kg/m3 for heptane 
[20] and 622 for 3-ethyl-pentane [21]. As depicted in Figure 2 there exists oscillation closest to the solid surfaces. This
kind of oscillation is referred to as the adsorption layer of liquid.

Figure 2.Density distributions of pentane, 3-ethyl-pentane and heptane.
Due to the inherent symmetry of the model, Figure 3 shows only the left half of the density distribution profiles is 

depicted in the figure for further analysis. The results show that the adsorption layers for heptane and pentane are both 
thicker and positioned closer to the solid surface compared to 3-ethyl-pentane. Specifically, the peak density of the ad-
sorption layer for heptane is approximately 945.28 kg/m³, followed by pentane at 797.89 kg/m³, and 3-ethyl-pentane 
at 758.11 kg/m³. Additionally, the density distribution profile for 3-ethyl-pentane exhibits noticeable differences in the 
positions of the peaks and valleys compared to heptane and pentane. These variations arise from the differences in mo-
lecular structure among the liquids. While both pentane and heptane possess a linear molecular structure, 3-ethyl-pentane 
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features a branched structure at the center of the molecule. This branching introduces differences in the behavior of in-
termolecular forces, influencing the observed adsorption phenomena. The position of the peaks represents the adsorption 
behavior of each of the liquid. based on past investigations, it is understood that the closer the position of the adsorption 
layer shows the higher the adsorption of the liquid that may influences the shear rate of the liquid [22]. Additionally, the 
height of the peaks of the adsorption layer represents the force characteristics in which higher peaks shows higher heat 
transfer rate and adsorption force [9,13]. As established in previous studies [23], the oscillations observed near the solid 
surfaces are attributed to the interplay of attractive and repulsive forces between the liquid molecules and the solid sur-
face. Based on the density distribution results, it is evident that heptane exhibits the highest level of adsorption onto the 
gold solid surface, followed by pentane, with 3-ethyl-pentane showing the least adsorption. 

Figure 3.Density distributions of pentane, 3-ethyl-pentane and heptane.

3.2. Order Parameters

Orientation order parameters serve as a key reference metric for determining the alignment of liquid molecules 
relative to solid surfaces. This parameter is quantified on a scale from -0.5 to 1.0, where a value of -0.5 signifies that the 
liquid molecules are perfectly parallel to the solid surface, 1.0 indicates that the molecules are oriented perpendicular 
(normal) to the surface, and a value of 0 represents a completely random orientation of the molecules.

 Figure 4 shows the Orientation Order parameter for pentane, Heptane and 3-ethyl-pentane imposed over the 
density of the liquid. The results displayed in the figure reveal that, near the solid surface, all three types of liquid exhib-
it a nearly parallel alignment. As the distance from the solid surface increases, the liquid molecules transition to a more 
normal orientation with respect to the surface. This pattern of behavior is consistent with findings from previous studies 
[5], which have also observed a shift from parallel to normal orientations as the distance from the solid surface increases 
towards the central region of the simulation system. As understood from previous studies [5,25,26] the central region 
does not have any influences from the solid surfaces thus the liquid does not have any influence on the orientation of 
the liquid does make it randomly oriented. For the case of the liquid near the solid surfaces the attraction force and re-
pulsion forces from the solid surfaces that making the adsorptions layer of liquid in a way influences the orientation of 
liquid near the surfaces.
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Figure 4.Orientation order parameter of (a) pentane, (b) Heptane and (c) 3-ethyl-pentane.
Figure 5 illustrates the orientation order parameters for pentane, 3-ethyl-pentane, and heptane, specifically for the 

left sides of the simulation model since as observed in Figure 4 it is symmetry. Based on Figure 5, there are noticeable 
differences in the profiles of the orientation order parameters among the different liquids. The figure shows that while 
the general shapes of the orientation profiles for heptane and pentane are quite similar, 3-ethyl-pentane exhibits some 
distinct variations. Specifically, the peaks and valleys in the orientation order parameter profile for 3-ethyl-pentane are 
less pronounced compared to those for heptane and pentane. This observation suggests that although 3-ethyl-pentane 
maintains a parallel orientation close to the solid surface, it is more prone to transitioning to a random orientation as the 
distance from the surface increases. This behavior highlights the greater stability of the parallel orientation for heptane 
and pentane compared to 3-ethyl-pentane.

Figure 5.The left side of orientation order parameter of pentane, 3-ethyl-pentane and heptane super imposed between 
each other.
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3.3. Radius of Gyration.

Radius of gyration is another structural quantity that have been utilized in the past to represent the characters of the 
liquid adsorption of solid surfaces [5,7]. The radius of gyration is an index that determines the shape of liquid. The radi-
us of gyration is calculated by mean square given in equation (8).

2 2

1

1 ( )
N

i cp
i

R r r
N =

= −∑
 

(8)

where N is the number of molecules in a slab, r is the position of each pseudo atom and r cp is the center position 
the liquid molecules. In the present simulation in order to calculate the radius of gyration the simulation system was 
divided into 1200 number of slabs in the z-directions. Figure 6 shows the radius of gyration of pentane, 3-ethyl-pentane 
and heptane in a single plot.  Based on the figure 3-ethyl-pentane has the lowest value of radius of gyration followed by 
pentane and the highest is heptane. As observed from the figure since the temperature of the simulation system is con-
stant and on both sides of the simulation system present solid, the radius of gyration appear symmetry.  This kind obser-
vation is similar to the past investigations [5,17]. Based on the previous investigation results the higher value of radius 
of gyration shows that the index of the shape of the liquid are in the parallel position with the solid. On the other hand, 
at the central region since the influence of the solid surface are not significant the index of the shape of the liquid are in 
randomly oriented.

Figure 7 shows the left sides of the radius of gyration for all three liquids. It is found that, for pentane and heptane 
there are a significant higher value of radius of gyrations appear near the solid surfaces, however such kind of presence 
does not observe for 3-ethyl-pentane. This observation suggests that the 3-ethy-pentane is less significant to be adsorbed 
on the solid surfaces thus creating lower value of radius of gyration.

Figure 6.Radius of gyration of pentane, 3-ethyl-pentane and heptane super imposed between each other.
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Figure 7.Left sides of the Radius of gyration for pentane, 3-ethyl-pentane and heptane super imposed between each other

4. Conclusions

This study examines the adsorption behavior of linear versus branched alkane liquids. It is found that, based on
the structural quantities which are density, order parameter and radius of gyration, 3-ethyl-pentane is les likely to be ab-
sorbed on solid surfaces as compared to pentane and heptane. In overall, the findings indicate that branched liquids are 
less likely to adsorb onto solid surfaces compared to linear liquids. This difference significantly affects heat transfer at 
the solid-liquid interfaces and impacts hydrodynamic lubrication conditions. However in this investigation, the authors 
did not address different types of branched liquid such as different position of the branched liquid and longer branched 
liquid. In addition to that, this investigation only look at one types of Face-centered cubic (FCC) lattice surfaces of (100), 
although it is well known that FCC has 3 different types of surfaces namely are (100), (110) and (111). Thus, further 
research is needed to explore the effects of surface structure on contact interfaces, particularly for different FCC orienta-
tions such as (110) and (111) and also different types of branched liquid. 
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