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Abstract: Molecular dynamics (MD) simulations were conducted to investigate the interactions
between a palygorskite coating and linear chain alkanes (dodecane C5, tetradecane Cy4, hexadecane
Cj4, and octadecane Cyg), representing base oils in this study. The simulation models were built
by placing the alkane molecules on the surface of the palygorskite coating. These systems were
annealed and geometrically optimized to obtain the corresponding stable configurations, followed
by the analysis of the structural changes occurring during the MD process. The interfacial interaction
energies, mean square displacements, and self-diffusion coefficients of the systems were evaluated
to characterize the interactions between base lubricant molecules and palygorskite coating. It was
found that the alkanes exhibited self-arrangement ability after equilibrium. The interfacial interaction
was attractive, and the electrostatic energy was the main component of the binding energy. The chain
length of the linear alkanes had a significant impact on the intensity of the interfacial interactions
and the molecular diffusion behavior. Moreover, the C;; molecule exhibited higher self-diffusion
coefficient values than Cyy, Ci4 and Cig. Therefore, it could be the best candidate to form an
orderliness and stable lubricant film on the surface of the palygorskite coating. The present work
provides new insight into the optimization of the structure and composition of coatings and lubricants,
which will guide the experimental development of these systems for practical applications.

Keywords: palygorskite coating; linear chain alkane; molecular dynamics simulation; binding energy;
mean square displacement

1. Introduction

Palygorskite, also named attapulgite, has a layered chain-like structure with ideal
chemical formula Mgs(H0)4(514010)2(OH)2-4(H20) [1,2]. This mineral shows a 2:1 (TOT)-
type crystal structure [3,4] with wide channels. Three main forms of water are present
in the palygorskite crystal: zeolitic water in the channels, structural water coordinated
to octahedral cations at the edge of the layered structure, and hydroxyl (-OH) groups
combined with octahedral cations [5]. The channel structure and water components in-
side the channels endow this mineral with a large specific surface area and high crystal
structure stability. Previous research on palygorskite has attracted great interest in the
fields of surface engineering, protective coatings, green chemistry, and catalysis [6-12]. Pei
et al. [13] first proposed a hydrophilic-hydrophobic reversal mechanism for the surface of
a modified palygorskite coating and attributed it to the treatment of modifier chains with
different solvents. When palygorskite was modified by solid-state grinding, acid or heat
activation, the corresponding coatings achieved excellent superamphiphobicity and me-
chanical robustness, and could even be applied on aluminum foil, polytetrafluoroethylene
(PTFE) plates, or polyester textile substrates [14-17]. The superior superhydrophobic and
superamphiphobic properties of palygorskite-based coatings [18,19], the high adsorption
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capacity and reusability of palygorskite-based adsorbents [20], and the excellent photocat-
alytic performance of catalysts based on palygorskite benefit from the high aspect ratio
of its nanorod structure, as well as from its excellent mechanical, chemical, and thermal
stability [21-23].

One of the main ways to reduce energy consumption, material loss, and NO, or CO,
emissions is to reduce the friction and wear of the counterpart surfaces of the moving
components of a machine. Over the past few years, extensive efforts have been dedicated
to evaluate the performance of palygorskite as a lubricant additive, which confirmed its
excellent anti-wear properties. PTFE doped by an appropriate amount of palygorskite
additive treated with hydrochloric acid exhibited excellent wear and fracture resistances.
It was reported that the high heat absorption capacity of composites filled with nano-
palygorskite was critical for achieving enhanced performances [24]. A very low wear rate
was observed for liquid lubricants upon blending them with nanosized metal (Mo or Ag)-
dotted palygorskite additives, to form desirable tribofilms on the wear tracks of counterpart
surfaces via possible mechanochemistry and mechanophysics mechanisms [25,26]. It is
worth noting that palygorskite, as an anti-wear and self-healing phase combined with
an organic matrix, is also a desirable candidate to improve tribological properties in the
surface engineering field. However, experimental studies of the microscopic interaction
mechanism between palygorskite coatings and lubricants are scarce, because the in situ
characterization of the formation and removal process of a tribofilm is still a challenge for
current analytical techniques. On this basis, the development of simulation approaches is
still an important requirement to investigate the interactions between palygorskite coatings
and base oil.

In recent years, the molecular dynamics (MD) simulation approach has emerged as an
important alternative in the nanomaterial field and played a significant role in the study
of the microstructure and properties of materials on a molecular scale. The exploration of
the intermolecular and intramolecular interaction behaviors of nanomaterials has attracted
widespread interests in simulation approaches, which can serve as effective strategies
to explore novel and promising nanomaterials for industrial applications. Owing to the
complex structure of layered and chain-like clay minerals, MD simulations have been
widely used to model the microstructure of these systems and further elucidate their
intrinsic mechanisms, with the aim to improve the performance of composite materials.
Using molecular models based on monoclinic and orthogonal systems, it was found that
strong hydrogen bonds are formed between the C=O group of the indigo molecule and
the structural water present in the palygorskite channels, which could be located in the
channels without any obstacle [27,28]. Based on this finding, a previous study investigated
the structural evolution during the dehydration process of palygorskite with various water
contents (HO/Mg =4, 2, 1, 0) at different temperatures [29]. Nevertheless, simulation
studies of the interaction between palygorskite coatings and organic lubricants, as well
as of the corresponding mechanism, are still scarce. MD simulation approaches based on
the Materials Studio (MS) package have opened a new avenue for the further exploration
of the microscopic mechanisms of organic processes. This method was employed by
Bu et al. [30] to model the adsorption mechanism of radioactive cesium ions on calcium
silicate hydrates of different sizes. The results showed that the structure of the surface layer
and the competitive mechanism between crystal water and cesium ions could significantly
influence the adsorption process. Turning to lubricant materials, Zhang et al. [31] used
MD simulations to determine the adsorption mechanism of ricinoleic acid on the surface
of an iron substrate in glycerin-based lubricant oil, the crucial effects of the interaction
between zinc dialkyl dithiophosphate (ZDDP) and the adsorbed hexadecane lubricant on
the mechanical and thermal slips were also clarified.

Herein, we first built molecular models of a palygorskite solid coating and typical
mineral base oils (linear chain alkanes) and then carried out MD simulations to determine
their interaction mechanism via the MS package. The molecular structures of palygorskite
and linear chain alkanes (C1,—C1g) were optimized by molecular mechanics. Furthermore,
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the structural and energy changes were systematically investigated. The analysis included
the characterization of the structure, chain length, and distribution of the base oil molecules
on the crystal surface of the palygorskite coating. We identified the interaction mechanism
between palygorskite surface and base oil (linear chain alkane molecules) by analyzing the
binding energies, mean square displacements (MSDs), and self-diffusion coefficients (D) of
the alkane molecules and the relative concentration of water molecules on the palygorskite
coating surface. More importantly, the present simulations provide insight into the intrinsic
interactions between a typical palygorskite crystal and mineral base oil molecules, which
can support further experimental studies on palygorskite coatings and lubricants used in
practical applications.

2. Models and Simulation Methods
2.1. Model Construction

Palygorskite possesses a monoclinic crystal structure with 2/m symmetry, and the
C2/m space group was employed for the present models, using the MS program [32]. A
single palygorskite crystal with lattice parameters a = 13.2858 A, b = 17.8476 A, c = 5.2419 A,
&« =7 =90° and B = 107.560° was obtained from the American Mineralogist Crystal Struc-
ture Database [28,33,34], and the unit cell model is shown in Figure 1a. Then, the relevant
MS module was applied to expand the single crystal into a 2a x 2b x 6c palygorskite
supercell, which was then cleaved along the (100) surface, with a thickness of 19 A. The
obtained palygorskite supercell had a size of 19 A x 35.6952 A x 31.4514 A and contained
2196 atoms. Periodic boundary conditions were applied in the x, y, and z directions. Then,
the palygorskite supercell was geometry-optimized and used for building the interfacial
interaction model.
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Figure 1. Simulation models of palygorskite coating: (a) unit cell model and (b) as-built configuration of the simulation

system.

Mineral base oil is mainly composed of multi-carbon linear alkanes, isoparaffins,
cycloalkanes, and aromatic hydrocarbons. To efficiently assess the interactions between
carbon chains of different length and the palygorskite coating surface, typical linear alka-
nes such as dodecane (CioHyg, labeled as Cy5), tetradecane (C14Hzg, Cq4), hexadecane
(C16Hs4, Cy6), and octadecane (CigHjg, C13) were employed in this study [35,36]. The
linear structures of all alkanes were optimized and used for building an amorphous cell. In
order to build an amorphous cell of size compatible with the (100) surface of palygorskite,
the lattice type of the cell was set to orthorhombic, with a = 35.695 A and b = 31.451 A,
and the ¢ parameter was automatically adjusted according to the density and number of
alkane molecules. The melting points of C1,-Cyg are all less than 30 °C, which is 303.15 K.
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The simulated temperature was set to 303.15K to simulate the amorphous state of alkane
molecules in this study. According to the actual density of C15-Cyg alkanes (approximately
0.75-0.77 g/dm?), the density of all amorphous cells and number of alkane molecules were
set to 0.75 g/dm3 and 30, respectively. The amorphous cells were then subjected to 1000
steps at a temperature of 303.15 K and simultaneous geometry optimization. Then, a frame
was extracted from the MD trajectory and annealed to obtain a more stable structure.

To investigate the intrinsic interactions between linear alkane molecules and the surface
of the palygorskite coating, interfacial interaction models were built by placing alkanes with
different chain length on the (100) plane of the palygorskite crystal (the corresponding models
are labeled Pal/Cy;, Pal/C14, Pal/Cy4, and Pal/C1g). The amorphous cell of the alkanes with
the lowest energy obtained during the annealing process (as shown in Figure 2) and the
geometry-optimized palygorskite supercell were assembled in layers. In particular, the first
layer was the palygorskite supercell and the second was the alkane amorphous cell, and a
distance of 5 A was set between the two. Next, the two layers were built into a surface, and a
30 A-thick vacuum layer was added to minimize the effect of periodic boundary conditions.
The as-built simulation systems are shown in Figures 1b and 3, and the detailed parameters of
the models are listed in Table 1. Geometry optimizations were then performed on all as-built
models to produce the initial configurations of the MD simulations.

Figure 2. Lowest-energy amorphous cells of the alkane molecules during annealing process: (a) C12,
(b) C14, (c) C16, and (d) Cys.
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Figure 3. Initial configurations of simulation systems: (a) Pal/Cjy, (b) Pal/Cy4, (c) Pal/Cj¢ and (d) Pal/Cg,
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Table 1. Parameters of the as-built simulation systems.

Systems Alkanes Number of Density of Number of
Alkanes Alkanes (g/cm?3) Total Atoms
Pal/C, Dodecane 30 0.75 3336
Pal/Cyy Tetradecane 30 0.75 3516
Pal/Cy¢ Hexadecane 30 0.75 3696
Pal/Cg Octadecane 30 0.75 3876

2.2. Simulation Methods

Before the build-up of the palygorskite supercell and alkane amorphous cell models,
a unit cell of palygorskite and the four alkane molecules were created and used to calculate
the atomic charges using the density functional theory (DFT) method [27]. The calculations
were performed with the Energy task in CASTEP module based on MS package, using
the GGA-PBE functional with quality set to ultrafine. The energy cutoff was set as 310 eV
with the SCF tolerance of 5.0 x 10~/ eV/atom and the maximum SCF cycles was 500.
Furthermore, the quality of k-point set was fine and the ultrasoft pseudo-potentials were
used. The final charges of the simulated structures are shown in Figure 4.

(b)

Figure 4. Unit cell structures with charges calculated by the DFT method: (a) unit cell model of palygorskite and (b) linear
alkane molecules for Cq-Cig.

The initially built structures are not stable configurations. Therefore, all initial models
of alkanes, palygorskite, and as-built systems were subjected to geometry optimization
before further use. The molecular mechanics method was used to perform the geometry
optimizations, which were carried out using the Forcite module of MS. The optimizations
were performed with the COMPASS force field, using the Ewald summation for electrostatic
interactions with a tolerances of 1 x 10~% kcal/mol, along with the atom-based van der
Waals method with the cutoff distance of 12.5 A. The corresponding spline and buffer
widths were 1 A and 0.5 A, respectively [37—41]. Atomic charges were calculated by DFT,
as discussed above, and the forcefield atom types were determined automatically. Energy
and displacement convergence tolerances were set to 1 x 10~* kcal/mol and 5 x 107 A,
respectively. The energies of the simulation systems were minimized using the smart
minimization algorithm, combining the steepest descent, conjugate gradient, and Newton
algorithms to remove unfavorable interactions and reach the lowest energy state. The
number of iterations for all of the as-built systems was 5000, whereas that used for the
isolated alkanes and the palygorskite supercell was 1000.
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The annealing process of the amorphous cell of the alkanes was completed according
to the following methods [40]. The initial and highest temperatures of the simulated
annealing algorithm were set to 303.15 K and 800 K, respectively. The annealing process
was carried out for 5 cycles, and the temperature was changed 10 times from heating to
cooling in each cycle and the dynamics steps were 10,000 at each time. Thus, the total
number of dynamics steps was 1 x 10° with a time steps of 1 fs, and structural optimization
was carried out after each cycle. The COMPASS forcefield and the canonical (constant
number of particles, volume, and temperature, NVT) ensemble were used for the annealing
dynamics, and the temperature was controlled by the Berendsen method. At the end of the
annealing process, the output configuration with the lowest energy was used to build the
simulation systems.

The geometry-optimized configurations of the as-built systems were used as input
systems for the MD simulations. Because the pressure was not a crucial factor in our
systems, all MD simulations were carried out in the NVT ensemble [40]. In order for the
alkane molecules to fully interact with the palygorskite coating, all surfaces of palygorskite
were in a free state. The MD simulations of the interfacial interaction systems included two
steps. The first was a relaxation stage, which was started by selecting random velocities
from a Maxwell distribution and setting the temperature to 303.15 K. The Newtonian
equations of motion were solved under periodic boundary conditions, and time averages
were used as ensemble averages. The Verlet velocity integration algorithm was applied
with a time steps of 1 fs. The system was coupled to a heat bath using the Berendsen
method with a total relaxation time of 1 ns, and snapshots of the systems were extracted
from the MD trajectory every 5000 time steps. The trajectory file included forces and
velocities. The COMPASS force field was applied to describe atomic interactions. The non-
bonded electrostatic interactions were described by the Ewald summation algorithm [42],
with accuracy set to 0.001 kcal/mol. Van der Waals interactions were calculated by the
atom-based summation method with a cutoff radius of 12.5 A, and the spline and buffer
widths were set to 1 A and 0.5 A, respectively. The second step of the MD simulations
was the equilibrium stage, which was performed by selecting the lowest-energy structure
in the final 300 ps (which was close to equilibrium in the first step) as the MD input
configuration. The MD simulation was then started using the current velocities from the
above structure, and the Nose-Hoover thermostat was adopted to control the temperature.
The accuracy of electrostatic interactions was set to a higher value of 0.0001 kcal/mol.
The simulation was carried out for 500 ps with a time steps of 1 fs, and the trajectory
was recorded every 5000 steps in the production run. The other parameters employed
in the second step of the MD run were the same used in the first stage. The all above
MD simulations were conducted three times for each system with different configurations
generated by amorphous cell, and the average energies were used in this work.

3. Results and Discussion
3.1. MD Simulation and System Equilibrium Process

The relaxation process at four different time points of the MD simulation is illustrated
in Figure 5. At 0 ps, which corresponds to the initial structure after geometry optimization,
the distance between the alkanes and the (100) surface of palygorskite was approximately
5 A, while after 50 ps of MD relaxation the alkanes were fully adsorbed on the surface
and arranged in a disordered configuration, similar to the initial structure. However, after
500 ps, all alkane molecules formed an ordered and layered arrangement. Up to the final
1000 ps, the distribution of the alkanes remained in a stable state similar to the configuration
at 500 ps, which reflects their self- arrangement abilities.
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Figure 5. Configurations of simulation systems at different MD times during the relaxation stage: (a) Pal/Cyy, (b) Pal/Cy4,
(c) Pal/Cy¢ and (d) Pal/Cyg,

The system energy and temperature are crucial factors to assess the thermodynamic
state of a system in MD simulations. The system is considered to be in equilibrium when
the fluctuations of both temperature and energy are in the 5%-10% range [40,43,44]. The po-
tential energy and temperature profiles of the simulation systems in the equilibrium stage
are presented in Figure 6a,b respectively. In the 500 ps long equilibrium trajectory, both
the potential energy and temperature stayed in a relatively stable range, with fluctuations
of less than 10%. This suggests that the simulation systems had reached the equilibrium
state. Moreover, the average potential energy values of Pal/Cyy, Pal/Cy4, Pal/Cy4, and
Pal/C;g were —380,679.12, —381,124.73, —380,648.69 and —380,932.99 kcal/mol, respec-
tively, indicating that the length of the linear alkanes affected the equilibrium state in these
systems.
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Figure 6. (a) Potential energy and (b) temperature profiles of simulation systems in the equilibrium
state.

The structures of the simulation systems in the equilibrium state are shown in Figure 7.
The spatial distance between the alkanes and the (100) plane of the palygorskite coating
was further reduced in the equilibrium state compared with the initial systems (as shown
in Figure 3). This confirms that the alkane molecules tended to be adsorbed on the (100)
plane of the palygorskite coating in the equilibrium state, and then formed stable layered
structures. The equilibrium configurations of the alkanes were almost the same as those at
1000 ps in the relaxation stage, which indicates that the structure of the systems tended
to remain stable after equilibrium. Figure 7e-h displays top views of the corresponding
structures in equilibrium, showing that the alkane molecules were evenly distributed on the
palygorskite (100) surface and arranged regularly. This indicates that the alkane molecules
can self-arrange after the system is in equilibrium. It can be concluded that the linear
alkanes and the surface of the palygorskite coating have excellent compatibility. Thus,
the nano-palygorskite substrate might serve as solid coating of solid-liquid lubrication
systems with alkane-based lubricants.
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Figure 7. Configurations of modeled systems in equilibrium state: (a) Pal/Cjy, (b) Pal/C14, (c) Pal/Cjgand (d) Pal/Cyg. The
(e~h) panels show top views of the (a—d) structures.



Coatings 2021, 11, 286

9o0f 16

3.2. Interaction Energies

In this study, all energy calculations were performed on the last 500 ps of the MD
trajectory of the equilibrium stage, and the energies of production stage were calculated
using a self-compiled code and their average values were used as energy parameters. The
binding energy and interaction energies (Eping and E, respectively) between the linear
chain alkanes and the crystal surface of palygorskite were calculated by the following
formula [45,46]:

Eping=—E= (Epal + Ealkane) — Etotal 1)

where Ep,1 and Egjkane are the single-point energies of the individual palygorskite crystal
and alkane molecules, respectively. Ei,q > 0 (E < 0) indicates that the interaction force
between the alkane molecules and the (100) plane of palygorskite is attractive, rather
than repulsive. A higher binding energy denotes a stronger attractive force. The binding
energies of all linear alkane systems in the equilibrium state are listed in Table 2. The
table shows that all systems exhibited positive energy values, which indicates that the
alkanes adsorbed on the surface of palygorskite through attractive forces. Moreover, the
binding energies of Pal/Cj; and Pal/Cy4 were significantly greater than those of Pal/Cy4
and Pal/Cyg, which indicates that the binding energy did not increase with increasing
chain length of the alkanes.

Table 2. Binding energies between linear alkanes and palygorskite surface (units: kcal/mol).

Scheme Etotal Epal Ealkane AE Epind
Pal/Cqp —380,621.34 —380,871.75 616.13 —365.72 365.72
Pal/Cy4 —381,071.52 —381,017.62 154.27 —208.18 208.18
Pal/Cy¢ —380,805.33 —380,783.75 318.03 —339.61 339.61
Pal/Cyg —381,207.72 —380,957.77 2.64 —252.59 252.59

To further investigate the intrinsic of the interaction between alkane molecules and the
surface of palygorskite, the intermolecular interaction energies (Ejnter) in all linear alkane
systems were calculated, which were used to compare with the corresponding binging
energies listed in Table 2. The Ejnters under system equilibrium were calculated from the
cohesive energy density, and the results are listed in Table 3. A higher absolute value
of Einter denotes a stronger strength of interaction. Tables 2 and 3 show that the binding
energy of Pal/Cy; is greater than the Ejntr, which indicates that alkane molecules can
overcome the obstacles of intermolecular interactions and stably adsorb on the surface
of palygorskite. At the same time, intermolecular interaction energy provides a certain
strength and thickness of the adsorbed alkane molecules film. On account for that the
shear slip preferentially occurs between Cp; alkane molecules during frictional sliding,
the adsorbed Cj; alkane molecules film plays roles of lubrication and antiwear. In the
regime of boundary lubrication, a thick and stable adsorbed lubrication film is beneficial
to isolate direct contact of peaks on the surface of counterparts. The effects of friction
reducing and antiwear mainly depend on the thickness and stability of the adsorbed
film. However, the overlarge intermolecular interaction energy of the lubricating film
will increase the resistance when the molecules move together, thereby reducing the effect
of friction reduction. Therefore, a higher binding energy between Cj; and palygorskite
surface and certain strength of intermolecular interaction energy are helpful to form stable
adsorbed lubrication film. Table 3 also shows that the Ejnter among alkane molecules in the
presented systems mainly comes from van der Waals energy, which indicates that the main
driving force for molecules to form a stable lubrication film is van der Waals force.
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Table 3. The intermolecular interaction energy of alkanes in the equilibrium systems (units:
kcal/mol).

Contributions to Ej,¢er

Einter
Systems (callmol) (kcal/mol)
EvdW Eelect
Pal/Cq» —278.23 —301.83 23.60
Pal/Cq4 —406.04 —386.53 —19.51
Pal/Cqg —491.64 —488.17 —3.47
Pal/Cig —606.81 —570.37 —36.43

The main components of the total energy in the equilibrium systems are listed in
Table 4. The total energy of the system is mainly composed of valence energy (Eyalence)
and non-bonding energy (E,on-pond) contributions. The non-bonding term includes the
van der Waals energy (Eyqw) produced by van der Waals interactions and the electrostatic
energy (Eglect) associated with Coulomb interactions. Table 4 shows that the main contri-
bution to the total energy of the equilibrium structure was the non-bonding term, which
mainly derived from the electrostatic energy. This indicates that the interaction between
alkane molecules and palygorskite mainly originated from Coulomb forces in non-bonding
interactions.

Table 4. The main components of the total energy in the equilibrium systems (units: kcal/mol).

Contributions to E,on-pond

Eyalen Epon-bon Eiotal
Systems (keal/mol) (keal/mol) (kcll/]:;oi) (keal/mol)
Evch Eelect
Pal/Cyo 31,880.02 19,245.89 —431,743.89 —412,498 —380,679.12
Pal/Cyy 32,259.22 19,357.32 _432677.23  —413319.92  —381,124.73
Pal/Cyg 31,939.41 19,064.11 _43158691  —412,522.79  —380,648.69
Pal/Cyg 31,985.38 19,171.35 —432,020.58  —412,849.23  —380,932.99

3.3. Mean Square Displacement and Diffusion Coefficient

In MD simulations, the MSD is generally used to evaluate the dynamic behavior of a
molecule, and can be expressed as follows [47]:

n

MSD = (|r(t) ~ %) = 3 In(t + to) —rilto) @)
i=1

where ri(tg) and r;(t+ty) are the positions of the i particle at o and t + t(, respectively.
The self-diffusion coefficient can then be obtained by fitting the MSD curve with the
Einstein’s formula [48]: .
. 2
D = lim = ({|r(t) =r(0)") 3)
The MSDs of the linear alkanes in the equilibrium stage are shown in Figure 8a.
Obviously, in the equilibrium stage, the mobility of C;, and Cy4 is much higher than that
of Cy and Cyg, The shorter the carbon chain length of the alkane molecule, the higher
its mobility. In order to accurately reflect the dynamic characteristics of a molecule in
a simulation, the diffusion coefficient is usually obtained by fitting the relatively stable
central region of the MSD curve. Using Equation (3), the middle 400ps region of the
equilibrium trajectory was fitted by the least-squares method, and the fitted MSD curve
of each system is shown in Figure 9a—-d. The fitted parameters of the MSD curve and
the obtained diffusion coefficients are listed in Table 5. Generally, the higher diffusion
coefficient of alkane molecules indicates that it has strong diffusion ability on the surface of
palygorskite and is easy to form a uniformly distributed lubricant film. For all simulated
systems, the self-diffusion coefficients of the linear chain alkanes in the equilibrium stage
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are shown in Figure 8. The D values decrease firstly and then increase with increasing
chain length, with C;; and Cy4 having higher diffusion coefficients of 0.03499 A2/ ps and
0.01254 A2 /ps, respectively. This confirms that the chain length of the linear alkanes has
a great impact on their diffusion coefficient. Based on our MD simulation, to achieve
optimal evenly lubricant film, C1, would be the best candidate due to its highest diffusion
coefficient.
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Figure 8. MSD profiles (a) and self-diffusion coefficients (b) of alkanes in equilibrium systems.

100

dmay 000 e Co | Tl (/wY e Y
140 i (a) — C,, Fitted . (b) —C,, Fitted
120 — 80 —
~ h ~
100 7 &
S | = 60-
2 80 | a ,
- ! I
1
= 60 i = 4o- !
! :
40 : :
i ' 20 :
1
S| ! r :
1 i | :
ot—————F—— T ot—————T—— T
0% 100 200 300 400"° 500 0% 100 200 300 400"° 500
Time (ps) Time (ps)
100 c 100 S
..... ” ceeesCyq
. (C) ——C,; Fitted . (d) —— C, Fitted
80 80 —
~ ~
= =
« 60— « 60—
@) @)
2 (%)
= 40 = 40
i )
20 | B 20 |
w 4 i
1 t i
0 i ! 0 i |
—— 7 — 77—
0% 100 200 300 406"° 500 0% 100 200 300 400"° 500
Time (ps) Time (ps)

Figure 9. Fitted MSD profiles in equilibrium systems: (a) C15, (b) C14, (c) Cy4, (d) Cyg.
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Table 5. The fitted parameters of the MSD curve and the obtained diffusion coefficients.

Y =a + b*x D (Azlps)
Systems
a b ble
Pal/Ci, 14.28218 + 0.37 0.20993 + 1.44 x 1073 0.03499 4+ 2.41 x 10~*
Pal/Cyy 11.09352 4 0.24 0.07525 4+ 9.39 x 10~* 0.01254 + 1.57 x 1074
Pal/Ci, 7.48414 4 0.18785 0.0257 £7.28 x 10~* 0.00428 4+ 1.21 x 10~*
Pal/Cyg 8.0188 + 0.17 0.03879 + 6.67 x 10~* 0.00646 & 1.11 x 10~*

3.4. Water Molecules in Palygorskite

The analysis of water molecules on the palygorskite crystal surface has often been
used to elucidate the interaction between the clay (palygorskite) and the surrounding
environment, because water hosted in the channels of the clay has a significant influence
on its properties [49-52]. To further evaluate the properties of water molecules on the
palygorskite surface, the binding energies between alkanes and water molecules on the
(100) surface of palygorskite were calculated and reported in Table 6. The Eys and E,jxane
values in the table are the single-point energies of individual water and alkane molecules,
respectively. The interaction energies of all systems were low and the binding energies were
negative, which indicates a small repulsive force between alkane and water molecules. This
behavior is consistent with the hydrophobicity of alkanes, thus confirming the reliability
of the present simulations. Based on the results in Section 3.2, the absolute values of
the alkane—palygorskite binding energies were much higher than the alkane-water ones.
Hence, the attractive force between alkanes and palygorskite was much higher than the
repulsion between alkanes and water molecules, so that the alkane molecules could be
firmly adsorbed on the surface of palygorskite and form stable molecular layers.

Table 6. The binding energies between alkanes and water molecules on the (100) surface of paly-
gorskite (units: kcal/mol).

SYStems Etotal Ews Ealkane AE Ebind

Pal/Cq» 1045.94 395.97 616.13 33.84 —33.84
Pal/Cq4 578.06 401.28 154.27 22.50 —22.50
Pal/Cqg 822.52 468.67 318.03 35.82 —35.82
Pal/Cyg 366.56 350.48 2.64 13.45 —13.45

The above results show that, despite the presence of a repulsive force between alkane
and water molecules in the equilibrium systems, as shown in Figure 7, water molecules
remained adsorbed on the surface of palygorskite after the MD simulation. The relative
concentration of water molecules on the surface of palygorskite in the Pal/Cyy system
was then calculated, and the values along the X, Y, and Z axes are presented in Figure 10.
Along the X axis direction, which is perpendicular to the (100) plane, the water molecules
were distributed in one layer, with a higher relative concentration. Two obvious peaks
atY =9 A and Y =27 A (corresponding to the positions of the channels) were observed
along the Y axis, and a certain concentration of water molecules was also present at other
positions. An almost uniform distribution of water molecules was observed along the Z
axis. These results indicate that, without the constraints of the adjacent channels, water
molecules were dispersed more evenly on the palygorskite surface and were not repelled
by the alkane molecules.
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Figure 10. Relative concentration of water molecules on the palygorskite surface in the Pal/Cj,
equilibrium system.

The interaction energy between water molecules on the palygorskite surface and
the palygorskite framework was further calculated, and the results are listed in Table 7.
In the table, E, s denotes the single-point energy of individual water molecules on the
palygorskite surface and Ey, is the energy of the isolated palygorskite framework, without
the surface water layers. The results indicate a high adsorption energy between the water
layers and palygorskite. On the one hand, strong hydrogen bonds were formed between
the water molecules of palygorskite and the oxygen atoms in the silicon tetrahedron, as
previously reported [29,51-53]. Hence, the zeolitic water molecules were stably fixed in the
channels and on the palygorskite surface. On the other hand, strong van der Waals and
electrostatic interactions were present between the water molecules and the palygorskite
framework, resulting in a large adsorption energy of water molecules on the palygorskite
substrate. This interaction enables the water molecules to maintain a stable distribution on
the surface of palygorskite, even under the repulsive forces of alkane molecules.

Table 7. The interaction energies between water molecules on the palygorskite surface and the
palygorskite framework (units: kcal /mol).

Systems Etotal Ews Ep AE Ebind

Pal/Cqp —380,886.28 395.97 —377,686.59 —3595.65 3595.65
Pal/Cyy —381,017.62 401.28 —377,804.38 —3614.53 3614.53
Pal/Cy¢ —380,698.07 468.67 —377,259.93 —3906.81 3906.81
Pal/Cyg —380,898.11 350.48 —377,857.79 —3390.79 3390.79

It is well established that molecular interaction models and simulations can shed
light on the design of experiments in most fields related to materials, including lubricants
and crystalline materials. This study provides a theoretical basis for developing new
solid-liquid composite lubricant phases consisting of linear chain alkanes (C1,—C1g) and
a palygorskite coating. With respect to the as-built Pal/Cy systems, all alkane molecules
shifted toward the palygorskite surface during the MD process. The geometry optimization
of the systems played an important role in the present simulations. Based on these calcula-
tions, the interaction energies, mean square displacements, and self-diffusion coefficients
of the alkanes, as well as the relative concentrations of water molecules on the palygorskite
coating surface, were analyzed to determine the interaction mechanism between base oil
and palygorskite. The potential energy and temperature of the system reached steady
state during the equilibrium stage. At the same time, the chain length of the linear alkanes
affected their binding energy, with the Pal/Cj, system showing the highest value. The
binding energy results and the relaxation process further confirmed that the linear chain
alkanes were adsorbed to the (100) plane of the palygorskite coating in the equilibrium
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state, suggesting the palygorskite coating has good compatibility with the studied alkanes.
The binding energy was mainly composed of van der Waals and electrostatic interactions,
and the intermolecular interaction energy of alkanes was mainly contributed by van der
Waals force. Therefore, the stable and order configuration of alkanes can be attributed to
the synergy of the Coulomb force between alkane molecules and the surface of palygorskite
as well as the van der Waals forces among alkane molecules. The MSD and D values of
the simulated systems were significantly affected by the chain length of the alkanes. For
all simulated systems, the highest diffusion coefficient of C1, molecules indicates that it
has strong diffusion ability on the surface of palygorskite and is easy to form a uniformly
distributed lubricant film. In this study, Cjp presented strong adsorption capacity and
relatively uniform distribution on the surface of palygorskite. Therefore, to achieve excel-
lent orderliness and form a stable lubricant film on the surface of the palygorskite coating,
Cjz should be the best candidate among the four alkanes. On the surface of palygorskite,
the water molecules formed weak repulsive interactions with the alkane molecules, along
with strong attractive interactions with the palygorskite framework. As a result, the water
molecules were adsorbed on the palygorskite coating surface. These findings provide
new insight into the intrinsic interactions and potential dispersion behaviors in linear
chain alkane/palygorskite systems and can shed light on the design of experiments for
solid-liquid composite lubricant systems.

4. Conclusions

In summary, molecular models of the interaction between the crystal surface of a
palygorskite coating and C;,-Cyg linear alkanes were built and subjected to molecular
dynamics simulations. The structures of the alkanes and palygorskite were optimized and
MD simulations were started from the geometry-optimized structures. The results of the
structural changes during the MD process showed that alkanes with linear chains exhibited
self-arrangement on the (100) palygorskite plane after equilibrium. The interaction between
alkanes and palygorskite coating was attractive rather than repulsive, it was mainly derived
from Coulomb and van der Waals forces, and the intermolecular interaction energy of
alkanes was mainly contributed by van der Waals force. This resulted in the alkane
molecules being adsorbed on the (100) plane of the palygorskite coating evenly and formed
stable layered structures. The Cj, exhibited highest diffusion ability on the surface of the
palygorskite coating, which would be the best candidate to form an orderliness and stable
lubricant film. The water molecules formed weak repulsive interactions with the alkane
molecules, along with strong attractive interactions with the palygorskite framework. As a
result, the water molecules were adsorbed on the palygorskite coating surface and were
not repelled by the alkane molecules. The present results shed light on the interactions
between linear chain alkanes (base 0il) and the crystal surface of a palygorskite coating.
These findings can be an important reference in the development of solid-liquid composite
lubricant systems for practical applications, and will facilitate the optimization of the
selection of chain alkane molecules, the form of interaction, and the dispersion of the
alkane base oil on the palygorskite surface.
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