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Solid-liquid (S-L) interfaces are found in numerous engineering applications, such as 
lubrication and coating systems as well as thermal interface materials. Understanding 
the interactions between (S-L) is crucial for optimizing various engineering 
applications. The main objective of this study is to provide insight regarding liquid 
adsorption on solid surfaces using non-equilibrium molecular dynamics simulations. To 
achieve this goal, a liquid confined between solid surfaces will be modeled to match 
the real state of contact interfaces using a constant temperature as a baseline. The 
results highlight a significant relationship between the peak height values of the liquid 
adsorption layer, density profile, and radius of gyration. Specifically, the peak height 
density at the S-L interfaces for the crystal plane (110) is 784.756 kg/m3, followed by 
(100) at 801.786 kg/m3, and finally the highest is for the crystal plane (111), at 966.940 
kg/m3. Whereas the radius of gyration at the S-L interfaces for crystal planes (100) and 
(111) is approximately 7.45 × 10-21 m2, but for crystal plane (110) it is less and measures 
approximately 7.06 × 10-21 m2. Conclusion, the adsorption layer of solid density near 
solid-liquid interfaces is significantly influenced by the peak height of the solid's 
density. Higher density results in a higher adsorption layer of liquid near solid-liquid 
interfaces. The number of solid density layers does not affect the height of adsorption 
layers for liquids.  
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1. Introduction 

 
The border at the contact of a solid and a liquid is known as the solid-liquid (S-L) interface. S-L 

interfaces are commonly found in several engineering applications, such as thermal interface 
materials by jing et al., [1, 2], lubrication and coating conducted by saleman et al., [3], podulka et al., 
[4], cooling of electronic equipment by shi et al., [5], etc. Equilibrium and non-equilibrium properties 
of nanoscale materials on solid-liquid interfaces are key to the study of nanoscale materials. When 
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the interface thickness is measured in nanometers, comprehending macroscopic theory and physics 
becomes intricate and challenging due to the dominance of molecular exchanges between solid and 
liquid molecules by hilaire et al., [6], lehmann et al., [7], li et al., [8]. Molecular dynamics (MD) 
simulations allow researchers to study the dynamic behavior of molecules in a controlled 
environment, providing insights into the properties and phenomena exhibited by nanoscale 
materials. By accurately shaping the interactions between atoms and molecules, MD simulations can 
help validate experimental findings and guide the design of new materials with tailored properties 
by z.xing et al., [9], Anandakrishnan et al., [10], rohl et al., [11].  

In previous research, MD simulations have demonstrated the dynamic behavior of liquids at the 
nanoscale level, allowing for a better understanding of how they interact with solid surfaces and 
enabling the development of more accurate models for predicting their behavior, such as liquid 
adhesion by nesbitt et al., [12], wu et al., [13], marta et al., [14], liquid diffusion by elbourne et al., 
[15], yang et al., [16], and capillarity by li et al., [17], Alharbi et al., [18].  

In past studies, the adsorption of liquid lubricant on solid surfaces by gao et al., [19], kreivaitis et 
al., [20] and the surface morphology of solid surfaces by hsu et al., [21], olivares et al., [22] were used 
to measure how well lubrication worked. However, a clear explanation of liquid adsorption and liquid 
orientation on solid surfaces at the molecular level has yet to be determined. Thus, this study 
investigates how the adsorption of linear alkane liquids interacts with solid surfaces that have 
different surface structures in a face-centered cubic (FCC) lattice with 100, 110 and 111 planes. To 
understand the adsorption processes, this research analyzes the structural variables of density 
distributions to evaluate the adsorption of liquid on solid surfaces.  
 
2. Methodology  
2.1 Model for the Simulation and Potential Functions 

 
The simulation model is shown in Figure 1, presents a combination of two joined twin compact 

solid surfaces that are in contact with a linear alkane liquid of pentane (C5H12) between the solid 
walls. The solid walls are made of a face-centered cubic lattice (FCC) of gold (Au) with surfaces of 
(100), (110), and (111). This arrangement allows C5H12 molecules to freely move within the space in 
between the solid walls without any interference. The 60Å spacing ensures that there is enough room 
for the C5H12 molecules to move and interact with each other. 

 

 
Fig. 1. Liquid in-between two parallel solid walls 

 
In the simulation model, the united atom (UA) model of NERD potentials is used to represent the 

linear alkane liquid of C5H12. The same contact forces were applied in previous research by 
soltanahmadi et al., [23, 24]. The related equation and detailed modeling of UA NERD potentials can 
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also be found in past studies by you et al., [25], samant et al., [26]. For the solid walls, Morse 
potentials were employed due to their ability to accurately describe the behavior of atoms at the 
interface. Morse potential can be modeled written as Eq. (1): 

 
Φ(rij) = 𝐷𝐷�𝑒𝑒−2𝛼𝛼�𝑟𝑟𝑖𝑖𝑖𝑖−𝑟𝑟0� − 2𝑒𝑒−𝛼𝛼�𝑟𝑟𝑖𝑖𝑖𝑖−𝑟𝑟0��                                                                                                       (1)   
 

From the above equation, rij represents the distance of interaction between atoms i and j. The 
interaction of Au's free electron is not taken into consideration in this investigation. Although it was 
not considered, the influence is insignificant. The combined Lorentz-Bertholet principles are used to 
simulate the forces that interplay between solids and liquids. The same interactions and forces were 
employed in earlier research by xia et al., [27], wu et al., [28]. 
 
2.2 Details of the Simulation Process 
 

The algorithm known as r-RESPA, short for Reversible Reference System Propagator Algorithm, is 
a widely accepted method for efficient and accurate time integration in molecular dynamics 
simulations. Using multiple time steps allows for a more realistic representation of both 
intermolecular and intramolecular interactions by yu et al., [29]. This approach has been successfully 
applied in previous research by fernandes et al., [30], selezneva et al., [31] to investigate the dynamic 
behavior of solids and liquids at the atomic level.  

In the beginning, the simulation system was slowly raised to the targeted temperature for 1–4 
million-time steps. The temperature of the simulation system is controlled using velocity-scaling 
methods. Next, the simulation system was controlled and maintained at a uniform temperature of 
0.7 Tc for the critical temperature (Tc) of the linear liquid alkane for 3–5 million-time steps. To verify 
the suitable molecule count placed in the simulation and to ensure that the linear alkane liquid 
behaves in a similar way as the actual liquid, the simulation system was managed at a uniform 
temperature of 0.7 Tc of the liquid. Data acquisitions were collected for the last step with a uniform 
temperature condition of 3-5 million interactions. After the data acquisition step, post-processing of 
the data is done. In post-processing, the calculation of the density and radius of gyration is evaluated 
according to the slab definition. A Flowchart of the simulation details is shown in Figure 2. 
 

 
Fig. 2. Flowchart of representing the simulation process 
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3. Results and Discussion 
3.1 Density Distributions   

 
The density profile is the most important piece of information since it provides insight into the 

adsorption behavior of liquids at the center of systems and in the vicinity of solid surfaces. In these 
investigations, the simulation was divided into several layers parallel to the solid walls, which are 
referred to as slabs. The number of slabs is 5,900, and the thickness of each slab is approximately 
0.01Å along the z-axis. The density distributions of the simulation systems are determined according 
to the quantity of CH3 and CH2 molecules found within each slab. Figure 3 presents the density 
distribution for C5H12 liquid in contact with (100), (110), and (111) crystal planes. 

According to Figure 3, for the crystal planes of (100) and (111), the solid structure layers were set 
to six; however, for the crystal plane of (110) they were set to ten layers. This setup was accomplished 
to ensure that all simulation systems, regardless of FCCs, have an approximately similar simulation 
system size. In the density profiles, the adsorption layer near the S-L interfaces for crystal plane of 
(100) has a peak height of 801.786 kg/m3, while crystal plane of (110) shows a slightly lower peak at 
784.756 kg/m3. And the crystal plane of (111) exhibits the highest peak height, approximately 
966.940 kg/m3.However, the same density profile of solids has been observed for all three types of 
crystal planes, where the peak height of solid layers decreases as it moves towards the solid-liquid 
interfaces. This is due to the stronger fluctuation of solid molecules at solid-liquid interfaces. The 
same applies for the density profile of C5H12, regardless of the FCC in contact with the liquid. The 
density profile of liquid oscillates in the vicinity of the solid-liquid interface on both sides of the 
simulation system, and a flat line appears at the center of the system. The flat line is referred to as a 
bulk-like region. The same density profile for liquids and solids has been observed in previous studies 
by luz et al., [32], pham et al., [33]. 

As seen in Figure 3, the average peak height for the solid wall in (111) shows the highest value, 
followed by (100) and (110), which is expected since the number of molecules for each solid layer is 
different between FCCs, and (111) has the highest value and the highest number of molecules present 
in each solid layer. Regarding this setup, the adsorption layers for the liquid also experience the same 
trend, where the first peak of the liquid, which is located next to the solid-liquid interfaces, has the 
highest peak height for (111), followed by (100) and (110). Although the simulation systems exhibit 
approximately similar system sizes, the adsorption behavior of the liquid at the solid-liquid interfaces 
is different. Although the number of molecules for FCC (110) has the largest number of molecules 
present in each bulk solid, the adsorption layers of liquid adjacent to the solid layer show the lowest 
peak height. Thus, according to the results, the number of molecules in the liquid next to the liquid 
layer plays a significant role in determining the adsorption behavior of the liquid at the solid surfaces, 
which relates to the attraction and retraction forces between the solid and liquid.  
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(a) FCC (100) 

 
(b) FCC (110) 

 
(c) FCC (111) 

Fig. 3 Density profile of C5H12 liquid in contact with the solid walls of (a) 
100, (b) 110 and (c) 111 
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3.2 Radius of Gyration  
 
The main function of the radius of gyration is to determine the shape and orientation of liquid in 

the x, y, and z directions. There are 5900 slabs, each with a thickness of roughly 0.01 Å along the z-
axis. The density distributions of the simulation systems are determined by the number of CH3 and 
CH2 molecules within each individual slab. Figure 4 presents the radius of gyration for C5H12 pentane 
liquid facing the FCC lattice structure of the solid wall for (100), (110), and (111). The following Eq. 
(2) is to investigate the mean square radius gyration by joksimovic et al., [34]. This equation can be 
expressed as (𝑅𝑅2) where (N) is the number of molecules, (𝑟𝑟𝑐𝑐𝑐𝑐) is the molecule from the center of 
mass in the position vector,(∑) is the overall number of molecules from the center of mass, ( 〈 〉 ) is 
for combination, the average of a slab, and (𝑟𝑟𝑖𝑖) is the united atom’s position vector by bouchendouka  
et al., [35]. 
 
𝑅𝑅2  =  1

𝑁𝑁
 �  ∑ (𝑟𝑟𝑖𝑖  −  𝑟𝑟𝑐𝑐𝑐𝑐)2𝑁𝑁

𝑖𝑖=1  �                                                                                                                         (2) 
 

 
Fig 4. Radius of Gyration for C5H12 on 
liquid and solid walls of (100), (110) 
and (111) 

 
Based on Figure 4, the radius of gyration shows a high peak at the S-L interfaces for all types of 

FCCs. Whereas, in the center region, the value is approximately similar regardless of the FCCs. Since 
the radius of gyration profile is symmetrical on both the left and right sides of the simulation 
framework, only the right sides are shown in the figure. From the results, the crystal plane (110) is 
higher compared to the other two planes (110) and (111). The overall peak height of the radius of 
gyration near the S-L interfaces for each crystal plane is as follows, for (100) stands at 7.45 × 10-21 m2, 
(110) at 7.47 × 10-21 m2, and (111) at 7.06 × 10-21 m2.  

The radius of gyration further decomposes into the x-axis, y-axis, and z-axis for each crystal plane 
(100, 110, and 111) for liquid alkane C5H12, as shown in Figure 5 For each plane, the graph was 
organized as follows: (a), (b), and (c) are for the x-axis; (d), (e), and (f) for the y-axis; and (g), (h), and 
(i) for the z-axis, as shown on the solid surface. 
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Fig 5. For each crystal plane (100, 110, and 111) for C5H12 liquid alkanes, (a), (b) and (c) refer to 
the x-axis; (d), (e) and (f) for the y-axis; and (g), (h) and (i) for the z-axis 

 
The results determined the behavior of liquid pentane (C5H12) molecules in contact with different 

crystal planes of a solid surface, focusing on the radius of gyration analysis along the x-axis by lobbert 
et al., [36]. This analysis revealed the arrangement and interaction of liquid C5H12 molecules across 
different crystal planes (100), (110), and (111). The key research finding is examining the radius of 
gyration analysis along the x-axis (a, b, and c), which indicates distinct behaviors of liquid C5H12 

molecules on the crystal planes. Although the peak heights of the radius of gyration for the (100) and 
(111) crystal planes are similar, the (110) crystal plane had a higher peak height. The higher peak on 
the (110) crystal plane introduces an interesting difference since it signifies a unique behavior of 
liquid C5H12 molecules when positioned on this surface. The elevated peak suggests that liquid C5H12 
molecules assume an extended arrangement along the x-axis on the (110) plane, differentiating their 
behavior from crystal planes (100) and (111). This difference in performance may be due to various 
factors. One possible explanation can be the unique atomic arrangement of the (110) plane, which 
can provide more available space and encourage liquid C5H12 molecules to spread out and align along 
the x-axis. It is also believed that liquid C5H12 molecules will experience stronger attractive forces or 
specific interactions with the (110) surface plane, leading to their extended arrangement along the 
x-axis. 
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The behavior of liquid pentane (C5H12) molecules on the y-axis at the solid surface of crystal planes 
(100), (110), and (111) is shown in (d), (e), and (f) of Figure 4. The main finding regarding the y-axis 
indicates that crystal planes of (100), (110), and (111) all share the same peak height in the radius of 
gyration analysis from simpson et al., [37]. This uniformity in peak heights suggests the consistent 
behavior of liquid C5H12 molecules across these different crystal planes along the y-axis. The liquid 
C5H12 molecules revealed a similar vertical distribution and arrangement from the solid surface, 
irrespective of the specific atomic arrangement of the crystal planes. 

Regarding the z-axis, the characteristics of liquid (C5H12) molecules within the bulk-like region for 
the above-mentioned crystal planes are presented in (g), (h), and (i) of Figure 4. The primary focus is 
to investigate the radius of gyration along the z-axis. The core study outcome revealed that the crystal 
planes of (100), (110), and (111) all share an identical peak height in the radius of gyration analysis. 
The uniform peak height suggests a consistent behavior of liquid C5H12 molecules across different 
crystal planes along the z-axis within the centered region. This consistency indicates that the vertical 
distribution and arrangement of the liquid pentane particles on the solid surface remain unchanged, 
regardless of the specific atomic arrangement of the crystal planes by cheng et al., [38]. This insight 
offers a deeper understanding of the interactions between these molecules and solid surfaces within 
the centered region. The fact that the peak heights remain constant on the crystal planes of (100), 
(110) and (111) indicates that the liquid C5H12 molecules tend to arrange themselves in a similar 
manner along the vertical direction.  

The same radius of gyration profile was observed in previous research papers from [39]. However, 
the researchers did not investigate the decomposed components of the radius of gyration. Based on 
our results for the y-axis and z-axis, the radius of gyration profile exhibited similar outcomes 
regardless of the crystal planes. While for the x-axis, the (110) crystal plane attained the highest value 
compared to the (100) and (111) crystal planes. This indicates that the alkane liquid was absorbed in 
the crystal structure of the (110) plane on the x-axis. Based on the surface structure of (110), 
elongated holes exist along the x-axis, which confirms that these holes were engaged by the liquid 
alkane C5H12 molecules. 

 
4. Conclusions 

 
This study explored the behaviors of linear alkane liquids when interacting with three specific 

crystal planes: (100), (110), and (111). The main analysis provided an understanding of the density 
distribution and radius of gyration. These parameters were used to describe how liquid molecules 
are adsorbed near solid-liquid interfaces. The density profiles exhibited clear characteristics at these 
interfaces, indicating that the presence of molecules in the adsorption layers nearby the solid-liquid 
interfaces is affected by the quantity of molecules present in the layers where solid molecules 
interact with the liquid. Additionally, the radius of gyration has exhibited fluctuations in its results, 
which correlate with the lengths of the crystal planes of (100), (110) and (111). This research 
examined the way liquid pentane (C5H12) molecules interact with various crystal planes of a solid 
surface, with specific importance placed on examining how they behaved concerning the analysis of 
the radius of gyration along the x-axis, y-axis, and z-axis. The findings demonstrate that distinct 
behaviors characterize liquid pentane (C5H12) molecules on three types of crystal planes of a solid 
surface, with the (110) crystal plane displaying an extended arrangement along the x-axis, possibly 
due to its unique atomic arrangement and surface structure. Conversely, uniform behaviors are 
evident along the y-axis and z-axis, indicating consistent vertical distribution and arrangement across 
the (100), (110), and (111) crystal planes. As a conclusion, the adsorption layer of solid density near 
the solid-liquid interfaces is significantly influenced by the peak height of the solid’s density, which 
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appears adjacent to the solid-liquid interfaces. The higher the solid’s density appears near the solid-
liquid interfaces, the higher the adsorption layer of liquid near the solid-liquid interfaces. The 
numbers of the solid’s density layer do not affect the height of the adsorption layers of liquid near 
the solid-liquid interfaces. Additionally, the liquid is aligned in parallel with the solid surfaces, 
regardless of the crystal plane, and randomly oriented at the center of the liquid. These findings 
contribute to a deeper understanding of the adsorption phenomena and offer valuable implications 
for lubrication and coating systems in tribology, as well as the selection of various material 
combinations for thermal interface materials. 
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