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Understanding the motion of surface-rolling nanomachines has attracted lots of attention in recent
studies, due to their ability in carrying molecular payloads and nanomaterials on the surface. Controlling
the surface motion of these nanovehicles is beneficial in the fabrication of nano-transportation systems.
In the present study, molecular dynamics (MD) simulations alongside the potential energy analysis have
been utilized to investigate the motion of Cgg and Cgo-based nanovehicles on the silicene monolayer.
Nano-machine simulations are performed using molecular mechanic forcefield. Compared with
graphene and hexagonal boron-nitride, the molecules experience a higher energy barrier on the
silicene, which leads to a lower diffusion coefficient and higher activation energy of Cego and
nanomachines. Overcoming the maximum energy barrier against sliding motion is more probable at
higher temperatures where the nanomachines receive higher thermal energy. After evaluating the
motion of molecules around local vacancies, we introduce a nanoroad structure that can restrict surface
motion. The motion of Cgg and nanovehicles over the surface is limited to the width of nanorods up to

Received 18th June 2023, a certain temperature. To increase the controllability of the motion, a thermal gradient has been applied

Accepted 6th October 2023 to the surface and the molecules move toward the lower temperature regions, where they find lower

DOI: 10.1039/d3cp02835f energy levels. Comparing the results of this study with other investigations regarding the surface motion
of molecules on boron-nitride and graphene surfaces brings forth the idea of controlling the motion by

rsc.li/pccp silicene-based hybrid substrates, which can be further investigated.
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1 Electronic supplementary information (ESI) available: Supplementary informa-
tion of this study includes the employed parameters in the simulation of Cs, and
nanomachines. Force field parameters including the bonds, angles, dihedrals,
and intermolecular interaction parameters for L] potential are described in detail.
Charge transfer between Ce, and silicene monolayer has been analyzed using a
first-principle calculation. We have also provided the RMS of velocity at various
temperatures to be compared with the equipartition theorem for the validity of
simulations. Velocity distribution is also studied to evaluate if there is a direction
preference at various temperatures. Monovacancy migration is investigated to
check the stability of the proposed nanoroad. The orientation of the nanocar with
respect to the nanoroad is checked to prove the importance of how overcoming
the barrier is correlated to the spatial configuration. The effect of the nanoroad
on controlling the surface diffusivity of molecules is discussed at 100 to 700 K
with 100 K intervals. Moreover, the effect of the proposed array of vacancies as the
limiting agent for controlling the motion has also been surveyed by different
placements of the nanocar with respect to the array. See DOI: https://doi.org/
10.1039/d3cp02835f
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1. Introduction

Investigating the Cgo-based nanocars and their motion on a
variety of surfaces is a rapidly evolving field that has created
significant interest due to their potential in the transportation
of materials at the nanometer scale which has applications
in different fields, including drug delivery,"*> nanoscale
electronics,®* and nanomaterials science.®® Nanocars are
molecular machines consisting of a chassis attached to axles
and wheels made up of fullerene molecules.””® The motion of
these nanovehicles depends on their interaction with the sur-
face on which they are placed.”*° Since these surface rolling
molecules have demonstrated a great ability to transport mole-
cular payloads across surfaces, numerous computational and
experimental investigations have been prompted to achieve a
controllable movement of these molecular machines.""'* Find-
ing their way into many fields, optimization techniques are also
showing promising results to better help scientists in the field
of molecular simulations.”**°

Controllable surface motion has been achieved through the
use of external agents, such as a temperature gradient'”*® or an

Phys. Chem. Chem. Phys., 2023, 25, 28895-28910 | 28895


https://orcid.org/0009-0005-9206-3969
https://orcid.org/0000-0001-6563-7983
https://orcid.org/0000-0002-7422-3026
https://orcid.org/0000-0002-3487-3198
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp02835f&domain=pdf&date_stamp=2023-10-19
https://doi.org/10.1039/d3cp02835f
https://doi.org/10.1039/d3cp02835f
https://rsc.li/pccp
https://doi.org/10.1039/d3cp02835f
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP025042

Published on 14 October 2023. Downloaded by University of California- Irvine on 11/8/2023 7:37:02 PM.

Paper

electric field.'® In this context, Lensen and Elemans®° explored
the use of scanning tunneling microscope (STM) to investigate
and control the motion of molecular rotors on surfaces by
performing tunneling current-time spectroscopy. Simpson
et al.*' focused on the use of STM to study and control the
rotation of a single molecule. Shirai et al.** described the use of
thermal energy to drive the motion of a nanocar along a surface
and they debated about the design of nanocars and the
mechanism by which the surface motions are steered in a
particular direction. Computational methods have found their
way in a variety of forms to help us explain the nature of
processes.”®> Molecular simulations have also been extensively
suggested to reach a comprehensive understanding of the
surface motion behavior of nanomachines.>*>* Nemati et al.”®
explored the effect of thermal gradients on the motion of
molecules and proposed a method to steer their movement.
The results suggest that non-uniform heat-induced substrates
can be utilized to control the motion of molecules and achieve
the targeted transportation on surfaces.

Furthermore, other techniques have been proposed to steer
the motion of molecules over the substrate, which are based on
surface modifications.””*® Vaezi et al.*>® studied the effect of
strain gradient on the motion of Cg, molecules and they
demonstrated that the strain gradient of the surfaces leads to
the directed motion of fullerene. Kianezhad et al.>® investigated
the unidirectional motion of Cgy-based nanovehicles over a
hybrid substrate of boron-nitride and graphene. It has been
indicated that a hybrid substrate with a temperature gradient
can be exploited to control the surface motion of nanocars.
Hybrid substrates have also been probed by Nemati et al.*® to
control the diffusive motion of nanomachines. Due to the
higher intermolecular attraction of nanocars and gold atoms,
the surface motion of nanomachines is restricted to the gold
region located in a silver substrate.

Surface motion on the monolayers is an area of interest in
molecular dynamics, with implications for the development of
advanced nanoscale devices and the understanding of various
physical and chemical processes on these surfaces.’"**> Con-
sidering the structural properties of these layers, such as
graphene, boron nitride, and silicene, they can be considered
a prime candidate for nanoscale mass transport.>*** Research
studies mostly focused on the flat structures of graphene® >’
and boron-nitride*®*° as substrates for nano transportation
purposes. The transport and diffusive motion of indium (In)
adatoms across graphene after binding has been investigated
recently, revealing a more growing interest in 2D surfaces.***!
These monolayers are able to form surface ripples leading to a
wavy morphology affecting the surface motion.*

Being a two-dimensional material, silicene is composed of
silicon atoms arranged in a honeycomb lattice similar to that
of graphene.**** The uncovering of the unique characteristics
of graphene has sparked an increasing interest in its silicon
and germanium counterparts (silicene and germanene).*>*
The primary distinction between graphene and silicene or
germanene is their inclination to create sp> hybridization for
carbon and sp® and sp? for silicon and germanium.*” This is
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evident in the fact that bulk Si/Ge has a diamond structure,
while carbon is typically present in a graphitic form.*® The
unique electronic and mechanical properties of silicene, such
as high carrier mobility and strong tensile strength, make it a
promising candidate for a range of applications, including
electronics and energy storage.’®" Hasan et al.>® compared
the surface wave on silicene to that of graphene, where they
found that silicene has a higher surface wave velocity, which
can be attributed to its higher stiffness and stronger intera-
tomic bonding. As a result, evaluating the surface motion of the
silicene is important as it is influenced by the mechanical and
thermal properties of this two-dimensional material.

In this research, we investigated the surface motion of Cgq
and Cgp-based nanomachines over a silicene monolayer by
employing molecular dynamics simulations and potential
energy analysis. Initially, the motion mechanism and dynamics
of the molecules have been studied at various temperatures. To
steer the motion and reach unidirectional movements, a nano-
road is designed on the surface which is based on the surface
vacancies. The potential energy analysis and the characteristics
of surface motion are obtained for nanomachines and fullerene
at a variety of temperatures. The diffusivity of Cs, is inspected
in the presence and absence of the nanoroad to assess its effect.
Aiming to achieve a more rectilinear motion, a temperature
gradient is exerted on the surface. Further insight has also been
provided by comparing the results with previous studies on the
surface motion of Cg, on graphene and boron-nitride.

2. Computational methods

Similar to the methodology used by Kianezhad et al.>* to study

the surface motion of CNTs over gold substrate, potential
energy analysis and molecular dynamics simulations were
employed to study the dynamics of nanovehicles on the silicene
substrate. The surface dynamics of Cg, (fullerene) and two Cg,-
based nanomachines which are named nanocar and nanotruck
were inspected in this study. A schematic representation of Cg,
nanocar, and nanotruck is depicted in Fig. 1, indicating the
chemical formulation, molecular size, and atomic structure of
molecules. Cg is a spherical symmetric molecule made of only
carbon atoms and weighing 720.6 g mol . It is known for
being stable at high temperatures.>*>> The chassis structure is
the main difference between the Cgy-based nanocar and
nanotruck.?® The Cgo-based nanocar has a chassis made of
carbon and hydrogen, which has a molecular mass of
3757.587 g mol ', with C, symmetry.*® On the other hand,
the Cgo-based nanotruck has a more rigid chassis structure due
to the addition of four nitrogen atoms along with carbon and
hydrogen. The molecular mass of nanotruck is 3602.202 g mol "
and has a D, symmetry, which gives it greater symmetry than the
nanocar. Additionally, the nanotruck is smaller in size compared
to the nanocar.””

Silicene is a two-dimensional monolayer material, and it
possesses unique physical characteristics that have been exten-
sively researched in recent years.”® ®° In 2010, the experimental

This journal is © the Owner Societies 2023
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Fig. 1 Atomic structure of (a) Cgo-based nanocar, (b) Cgo-based nanotruck, and (c) Ceg (fullerene). The molecular size and chemical formulation are

indicated for each molecule.

formation of silicene was demonstrated on Ag(110)**®" and

Ag(111)%*%* substrates. Other surfaces, such as ZrB,(0001),*
Au(110),* and 1r(111)% have also been utilized to synthesize
this two-dimensional material. Similar to graphene, the silicene
monolayer here in this study has a hexagonal honeycomb
configuration. However, unlike graphene, silicene is not flat,
but has a periodically buckled topology,®” which is a result of its
sp® and sp> hybridization, because the silicon has a greater
ionic radius compared to carbon.’®®® In Fig. 2, the periodic
structure of silicene and its buckled atomic arrangement is
illustrated. The atomic structure of silicene can be defined by
the lattice constant (a) and the buckling height (4). As pre-
sented in Fig. 2, the lattice constant of the silicene substrate in
our simulations is 2.21 A, and the buckling height is 0.8 A.°®
It is worth mentioning that both the silicene monolayer and Cgo
and Cgo-based nanovehicles are proven to be thermally stable in
the temperature range of simulations of this investigation.®®”

In the current study, Tersoff potential’* has been used to
model the intramolecular interactions in the silicene mono-
layer, in which silicon point vacancies and their energetics

show reasonable agreement with quantum mechanical results.
l.75

Jannatul Islam et al.”” have used this Tersoff potential for Si-Si

A=0.8A

Fig. 2 A schematic view of the atomic structure of silicene, employed as
the substrate in this investigation.®®

This journal is © the Owner Societies 2023

interactions, to study the effects of different types of vacancies
(bi-vacancy, point vacancy, mixed vacancy) and vacancy con-
centrations on the thermal conductivity of 2D silicon carbide.
In another study, Rahman et al”® used Tersoff potential to
study the thermal conductivity of pristine and defective silicene
using molecular dynamics simulations. Moreover, Minh-Quy Le
et al”’ evaluated the effect of vacancies and Stone-Wales
defects on the mechanical properties of silicene using Tersoff
potential. In general, there are many studies evaluating the
properties of pristine and defective silicene using Tersoff
potential.”®"*® As it was reported by Mofidi et al.,*” substrate
ripples are considered in the simulations by this interatomic
potential, which can change the dynamics of the surface rolling
molecules due to the contact level variations. The intra-
molecular interactions of Cgo is also modeled by the Tersoff
potential.®® To describe the internal interactions of the
Ceo-based nanomachines, the Molecular Mechanics (MM3)
force field®**° was utilized. The bond and angle terms were
modeled using a harmonic style, while the torsional terms were
calculated using the dihedral style of the OPLS force field.”"**
No improper terms were taken into account in the calculations.
As presented in Fig. 1, two types of carbon atoms were con-
sidered with different hybridizations, labeled as “CA” and
“C2”, shown in black and green, respectively. The “CA” atoms
in the simulations have either sp® or sp® hybridization, while
the “CA” carbon atoms are sp®® type. ESIt includes the para-
meters utilized in the simulations of Cq, and Cgy-based
nanomachines.

In terms of intermolecular interactions between the mole-
cules and the silicene substrate, to reduce the computational
costs, the electrostatic forces were ignored. Akimov et al.'®
pointed out that in the absence of an external electric field,
the charge transfer between non-bonded atoms is insignificant.
To show this, a first principle calculation has been performed
for a G4, over the silicene monolayer in the equilibrium
distance to calculate the charge transfer. The charge transfer
between the absorbed molecule and the surface was obtained
by DFT calculations utilizing the Becke 3-parameter hybrid
functional combined with the LeeYang-Parr correlation

Phys. Chem. Chem. Phys., 2023, 25, 28895-28910 | 28897
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functional (B3LYP),”*™®> with the basis set of 3-21G. The net
charge transfer between the Cg, and the silicene monolayer is
0.57 electrons. Ahangari et al®® calculated the net charge
transfer from the nanocar to the gold substrate to be about
9.56 electrons. Nemati et al.>® neglected this charge transfer in
their calculations for proposing a hybrid silver/gold nanoroad.
Moreover, while the charge transfer between Cg, and gold is
higher than silicene and Ceo,”” electrostatic interactions are
neglected in many studies.”””*® A more detailed description of
these calculations is provided in the ESL¥

Intermolecular interactions between the Cgy/nanovehicles
and the silicene substrate have been considered using the
6-12 Lennard-Jones (LJ) potential®® with a cut-off radius of
13 A. The ¢ and ¢ parameters used to model the non-bonding
interactions between the molecules and the silicene substrate is
presented in the ESL.{ As indicated in the ESL{ the intermole-
cular interactions among the silicene surface and both carbon
types in the nanomachines are modeled using identical non-
bonding parameters, same as the C-Si interaction between
fullerene atoms and silicene substrate,*%%1%°

Simulations have been performed using Largescale Atomic/
Molecular Massively Parallel Simulator'®" (LAMMPS) package
and the integrations of equations of motion have been done by
the velocity Verlet algorithm. To have a precise but not costly
simulation, the time step has been set to 1 fs. Moreover, aiming
to let the systems reach the equilibration before the simulation,
they were relaxed at the desired temperatures for 200 ps.
Inspired by our previous works,>”'*> to maintain a constant
temperature, the Noose-Hover thermostat (NVT ensemble) is
used, where the heat exchange rate between the system and the
thermostat is determined by the temperature damping para-
meter (Tdamp), setting to 100 fs.

View Article Online
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3. Results and discussion

The findings of our research are divided into four parts.
In Section 3.1, we presented a detailed description of the
motion of molecules on the silicene monolayer to establish a
foundation for comprehending the substrate effect in contrast
to earlier investigations.>®*¢*%10%194 1y gection 3.2, we employ
local vacancy defects to restrict the motion and examine the
influence of vacancies on the movement parameters. In Section
3.3, we tried to manipulate and control the motion by applying
a thermal gradient. Finally, in Section 3.4, we conduct a
comparative analysis to gain a more profound understanding
of the effect of substrates on the surface motions of molecules.

3.1 Free motion on silicene surface

The molecular dynamics method has been used to study the
surface dynamics of Cgs, and Cgo-based nanovehicles over a
140 A x 140 A silicene substrate. Simulations are conducted at
100 to 700 K with 100 K intervals for all three molecules
(i.e., Cgo and two nanomachines). As described in the metho-
dology section, simulations have been performed for 15 ns after
a 200 ps of relaxation in the NVT ensemble. Trajectories of
motion are depicted for C¢, and Ceg-based nanomachines in
Fig. 3. The aforementioned trajectories are shown based on the
center of mass (COM) of the molecules during the 15 ns
simulation on the silicene monolayer.

Increasing the temperature intensifies the thermal fluctua-
tions which in turn escalates the wavy structure of the 2D
silicene monolayer, affecting the motion of surface molecules.
As shown in Fig. 3, higher thermal energy increases the range of
motion for Cgo. While at 100 K the Cg, range of motion is mostly
limited to a couple of honeycombs, the molecule overcomes the

Nanocar Nanotruck C60
60 80 i
w0l [—T=100K % —T=100K
—T=200K 40+ |—T=200K 150
201 |—T=300K * _ —T=300K| <% Z
< ) T=400K < 9 T=400K < 0
> = s
-20 -150
-40
40 =
.Q -300
60 -400 -200 0 200 400
X (A)
1000
500 %}
2 3 <
a & a —T=400K
-100 —T=600K =500t |— T =500 K
) —T=700K —T=600K
-200 -300 -1000
-150 -75 0 75 150 -150 -75 0 75 150 -1000 -500 0 500 1000
X (A) X (A) X (A)

Fig. 3 Trajectories of motion for nanocar, nanotruck, and Cegg at 100 to 700 K with 100 K intervals. Since desorption occurs for fullerene at 700 K, the

Ceo trajectory is not shown at the temperature of 700 K.
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energy barrier against the transitional motions at higher tem-
peratures. The same observation can be made for Cgo-based
nanocar and nanotruck. Higher intramolecular interactions
between the nanomachines and the substrate decrease the
range of motion compared to Cgo.

It is worth mentioning that Ce, was desorbed at 700 K from
the silicene monolayer, meaning that the contribution of
entropy in the Helmholtz free energy was so significant that
the intermolecular interaction became negligible. Shortly after
starting the simulation, the distance between the Cq, and
silicene became higher than the cut-off radius and they did
not have any interactions afterward. To further evaluate the
desorption temperature, we have simulated the Cg, motion over
the silicene at 25 K intervals between 600 and 700 K. The
desorption did not happen during the 15 ns simulations at
675 K. As a result, considering a 25 K error bar, we can conclude
that the desorption temperature for Ce, is 675 £ 25 K, which is
higher than the desorption temperature of fullerene on boron-
nitride and graphene,>?:38:57:103

Employing the mean square displacement (MSD) and diffu-
sion coefficient, we aim to appraise the translational motion of
fullerene. The MSD parameter is defined as:'®

MSD(t) = (|r(t) — r(0)|”) (1)

where, r is a position vector indicating the center of the mass
(COM). The brackets are based on the notation used in statis-
tical mechanics, representing ensemble averages over the
phase space. In an ergodic system, this is equivalent to inte-
grating the system over time.'°®'%” The diffusion coefficient
can be defined as the slop of the MSD as follows:'®
D = lim i<|r(z) - 1‘(0)|2> @)
1—00 bt

Considering the fact that we are focusing on the surface
dynamics over a 2D material, aiming to study the motion in
the XY plane, b is considered to be equal to 4. It is worth
mentioning that, to obtain a diffusion coefficient in three
dimensions, b will be equal to 6.

To have a precise estimate of MSD, it is necessary to perform
a large number of diverse simulations and then calculate the
average based on the trajectory of all simulations. An alter-
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carry out a longer simulation and divide the entire trajectory
into several shorter trajectories. Since the first method is
essentially costly, we divided the simulations into 30 smaller
simulations with 500 ps duration and presented the MSD by
averaging over these 30 sub-trajectories assuming that each
interval is independent from the other since we are at the
equilibrium.

MSD of the Cgo and Cgo-based nanomachines is depicted in
Fig. 4 at different temperatures by calculating the sub-trajectory
averages. For all three molecules, increasing the temperature
results in higher MSD values showing a more diffusive motion
over a larger area on the silicene monolayer. Cgo has a weaker
interaction with the monolayer due to a smaller number of
particles, resulting in a higher diffusion coefficient and higher
MSD compared to nanocar and nanotruck. Moreover, the MSD
of the nanotruck is higher than nanocar which can be related to
the structure of the chassis in the nanotruck. The nanotruck
has a stiffer chassis that enables it to retain its motion direction
on the silicene substrate. Conversely, the nanocar chassis is
comparatively more flexible, which results in more frequent
changes in its direction of motion. Similar observations have
been made for boron-nitride and graphene substrate.?>3%%*

Exploring the diffusion coefficient can be beneficial in
comprehending the movement of molecules. MSD diagrams
can be utilized to compute the diffusion -coefficients.
As depicted in Fig. 4, the slope of the MSD diagram for all
molecules increases by escalating the temperature, pointing to
a more diffusive motion which is in good match with the
trajectories shown in Fig. 3. The diffusion coefficient for Cg,
is higher than the nanotruck at each temperature, and the
nanotruck is higher than the nanocar. Further comparisons
between this research and previous studies will be provided
later in Section 3.4, which analyzes the effect of substrate on the
diffusive motion.

In Fig. 5, In(D) is presented as a function of 1/T. Analyzing
this diagram, known as Arrhenius plot, can provide insight on
the mechanism of motion and activation energy. Using the
Arrhenius analysis, we can find the potential energy barrier
against the motion at low-temperature range, since the entropy
share in Helmholtz free energy is negligible at lower tempera-
tures. To describe the activation energy, we have used the
Arrhenius equation.’® This equation establishes the relation
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Mean square displacement (MSD) of (a) Ceo, (b) nanocar, and (c) nanotruck at 100 to 700 K with 100 K intervals as a function of time.
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Fig. 5 Arrhenius analysis of the diffusion coefficient of Cgg and Cgo-based

nanovehicles. Arrhenius analysis provides insight into the different regimes
of motion.

0.002

between the activation energy of nanovehicles and their diffu-
sion coefficient as follows:

D = Dy exp <—k§d ) (3)

where kg and T refer to the Boltzmann constant and tempera-
ture, respectively. The value of D,, which represents the two-

dimensional diffusion constant of nanomachines, is calculated
110

using the Stokes-Einstein equation.

Activation energy of the nanocar at 100 to 200 K range is
0.0453 eV while it is 0.0371 eV for nanotruck. As presented in
Fig. 5, slope changes at 200 K for all three molecules, indicating
the fact that the motion regime has changed at this tempera-
ture, and overcoming the energy barriers is easier as higher
thermal energy is provided for nanomachines. The trajectory of
motion and MSD of molecules are much smaller at 100
and 200 K compared to higher temperatures, approving the
smaller slope of Arrhenius plot at lower temperatures. Raising
the temperature, increases the contribution of entropy in
Helmholtz free energy, resulting in a higher slope of the
Arrhenius plot in Fig. 5. The activation energy at 200 to 700 K
range is 0.1273 eV and 0.1105 eV for nanocar and nanotruck,
respectively. The activation energy for the nanocar is higher
than the nanotruck, pointing to the fact that higher energy is
needed for nanocar to overcome energy barriers and move over
the substrate. The larger activation energy of nanocar confirms
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its smaller diffusion coefficient compared to the nanotruck.
This indicates that the nanotruck has a greater contribution of
entropy in the Helmholtz free energy compared to the nanocar
which is also in accordance with the MSD diagrams of Fig. 4
where the nanotruck exhibits greater mobility on the silicene
surface.

Simulating the motion of Cg, over the silicene monolayer
indicates a smaller activation energy compared to the nanoma-
chines. Activation energy of Cg, at low and high temperatures
(100 to 200 K and 200 to 700 K) is 0.0245 eV and 0.0758 eV,
respectively, which is smaller than those of nanomachines.
The Cq, experiences a more diffusive motion due to a smaller
number of atoms and lower intermolecular interactions with
the substrate. Moreover, activation energy for Cg, is consider-
ably higher over the silicene monolayer compared to boron-
nitride*® and graphene® illuminating the higher interactions
of the molecule with the silicene layer. It is worth noting that in
order to verify the molecular dynamics results in this study, the
RMS value of the transitional and angular velocities are
obtained for C4, and are in agreement with the equipartition
theorem (see Fig. S2 in ESIt). In addition, the distribution of
the absolute velocity value for Cg, at various temperatures is
presented in Fig. S3, in the ESI,{ with respect to the X-axis,
showing the higher thermal energy of Cq, as temperature
increases.

A summary of the results obtained for motion over the
silicene monolayer is provided in Table 1. Mean speed, as
another parameter showing the ability of a molecule to move
over a surface, is higher for Cs, compared to nanomachines.
Also, since the distribution of speed is mostly uniform, the
mean velocity for all three molecules is almost zero. The vertical
equilibrium distance calculated using the potential energy
approach is 6.25 A for Cg, and 6.15 A for nanomachines, while
averaging the distance between the COM of molecules and the
surface for Cgo during the molecular dynamics simulations is
6.522 A which is higher than the results of the potential energy
analysis due to thermal fluctuations. On the other hand, this
distance is lower than the potential energy analysis for nano-
machines indicating higher intermolecular interactions. More-
over, the smaller vertical equilibrium distance for nanocar is
due to the flexibility of the chassis compared to nanotruck. The
anomaly parameter which is the slop of the log(D) — log(¢)
diagram, is higher than 1 for C4, pointing to a super-diffusive

Table 1 A comparison of the surface motion of Cgg and Cgp-based nanomachines over the silicene monolayer

Parameters

Ceo Nanocar Nanotruck

Molecular mass

Dimension in X and Y direction

Mean speed at 300 K

Mean velocity at 300 K

Vertical equilibrium distance (potential energy analysis)
Vertical equilibrium distance at 300 K (molecular dynamics)
Diffusion coefficient at 300 K

Anomaly parameter at 300 K

Activation energy at 300 K

Regime of motion at 300 K

28900 | Phys. Chem. Chem. Phys., 2023, 25, 28895-28910

720.6 g mol !
71Ax71A
0.7415 A ps™*
0.0307 A ps™*
6.25 A

6.522 A

3.64 A> ps?
1.206

75.8 meV
Super-diffusion

3757.587 ¢ mol "
476 A x 22.6 A
0.3210 A ps™*
0.0008 A ps™*
6.15 A

5.655 A

0.0187 A% ps*
0.8541

127.3 eV
Sub-diffusion

3602.202 g mol !
29.7 A x 18.9 A
0.3387 Aps™*
0.0032 A ps™*
6.15 A

5.763 A

0.047 A? ps™*
0.7958

110.5 eV
Sub-diffusion
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regime of motion, and is lower than 1 for nanovehicles reveal-
ing a sub-diffusive regime.®”

3.2 Restricted motion around silicene vacancies

More efficient applications of nanomachines would be
achieved by controlling the surface motion of nanovehicles.?®
The goal of this section is to limit the free motion of the Cgy and
nanomachines on the surface to have a more directional move-
ment by modifying the substrate. We want to examine how
effective is the energy barrier induced by surface vacancies,
against the motion of nanovehicles and at which temperature
range, the nanomachines have adequate thermal energy to deal
with this barrier and move diffusively on the silicene substrate.
In this section, the motion of nanomachines and Cg, were
simulated at the temperature range of 100 to 700 K with 100 K
intervals. We have considered a series of local vacancies on the
silicene substrate. Fig. 6 depicts the local vacancy effect on the
intermolecular potential energy between the Cq, and the sili-
cene surface. It is worth noting that the energy required for
making these vacancies is smaller than on graphene meaning
that when subjected to intense laser irradiation with high-
energy electrons and ions, the formation of structural defects
in silicene would be significantly more likely to occur.'™" As a
result, creating the nanoroad is plausible experimentally. It has
also been mentioned that the monovacancy defects are easier to
migrate in silicene compared to graphene.'' A monovacancy
migration analysis has been conducted on a silicene monolayer
containing a vacancy to check the stability of the proposed
nanoroad and the results are indicated in the ESIf in Fig. S4.
It has been shown that the migration of the monovacancy
happens at 700 K.

Hexagonal atomic configuration of the silicene monolayer is
shown in the background of the intermolecular energy between
Ceo and the surface in Fig. 6 to better interpret the potential
energy analysis. The potential energy between the molecule and
surface has been obtained by moving the Cq, incrementally
over the 2D material horizontally. It is important to note that
the vertical distance that corresponds to the lowest potential
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Fig. 6 Potential energy analysis calculated to reveal the surface dynamics of Cgg and Cgo-based nanomachines. (a) The intermolecular potential energy

obtained by horizontally displacing Cgg on the silicene substrate, (b) local vacancy effect on the intermolecular potential energy by removing one of the
bottom atoms of the monolayer, and (c) effect of local vacancy on the intermolecular energy by removing one of the top atoms.
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energy point in the Z direction is calculated using the line
search algorithm, where at this equilibrium point, the mini-
mum potential energy is determined and recorded. The vertical
equilibrium distance of Cg, over the silicene monolayer is
6.25 A. Based on Fig. 6a, the Cg, is more stable on the atoms
with lower height, as it has lower potential energy there. The
minimum potential energy that occurs on these atoms, is
—0.8177 eV, and maximum potential energy that occurs on
the upper atoms is —0.6370 eV. Potential energy analysis for
local vacancy by removing one of the lower atoms of the
buckled structure of the silicene substrate is presented in
Fig. 6b. This local impurity creates a small energy barrier by
increasing the potential energy over the neighboring upper
atoms on the hexagonal structure of silicene. In this case, the
maximum potential energy on the upper neighboring atoms
increases to —0.5986 eV. On the other hand, it has been shown
that by removing one of the atoms with higher height, while an
energy well will be created on that spot, a higher energy barrier
will also be formed around the potential energy well. This
potential energy barrier and well which was induced by remov-
ing the top atoms (Fig. 6¢), can be employed to restrict the
motion in the horizontal directions. The minimum potential
energy in this case is —0.9817 eV, which is happening for C¢, on
the position of the deleted upper atom. Also, the maximum
potential energy in this situation is —0.5926 eV, occurring on
the neighboring upper atoms, creating a higher energy barrier
on the silicene. Consequently, we fabricated a nanoroad by
removing a series of upper atoms to create an energy barrier
and restrict the motion in molecular dynamics simulations.
Passing over the array of local vacancies, created by remov-
ing the upper atoms of the silicene monolayer, is also investi-
gated for all three molecules using the potential energy
analysis. Fig. 7a illustrates a schematic representation of the
configuration considered for this assessment. Fig. 7b shows
the potential energy variation as the nanomachines and Cgo
move over the array of local vacancies, obtained by the potential
energy analysis. The shaded area for each diagram of Fig. 7b
has been obtained by rotating each molecule by 1 degree
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Fig. 7 (a) Schematic representation provided to depict the configuration utilized to assess the potential energy as the molecules traverse over the array
of local vacancies. The coordinate system is shown in the figure for better interpretations, (b) the intermolecular LJ potential energy, is calculated using
the potential energy analysis, when molecules are passing over the array of local vacancies. The array of defects is assumed to be at X = O for clarification
purposes. The shaded area is the intermolecular interaction, obtained by rotating each molecule by 1-degree increments around their vertical axis. The

darker lines are the average value of the shaded area for each molecule.

around the normal direction to the surface and finding the
minimum potential energy by moving the molecule incremen-
tally in the X direction by 0.5 A steps. Considering the sym-
metrical structure of nanomachines, rotation of the molecules
has been done by 90 degrees (i.e., the range of [0.90]) around
the normal axis to the XY plane. Passing Cg, over the array of
defects with different orientations does not highly affect the
potential energy variation; however, overcoming the energy
barrier for nanocar and nanotruck highly depends on how they
approach the defect array and their spatial orientation around
their Z axis. Intermolecular potential energy between the Cgo-
based nanocar and the silicene substrate is indicated for
different angles in Fig. S5 in the ESL{ It can be deduced that
the angle with which the nanocar encounters the array of

vacancies is effective on the ability of the proposed nanoroad
to steer the motion. In Fig. 7b, the average potential energy is
presented as well, which shows the potential energy well and
barrier when the Cg, travels over the arrays of vacancies. As a
result, this type of surface modification is more effective for
controlling the motion of Cg, due to its spherical shape and
smaller size.

To better evaluate the effect of the proposed nanoroad, we
have performed molecular dynamics simulations for 15 ns, and
compared the results to the free motions. Fig. 8a illustrates the
simulation setup for the surface motion of nanocar over the
vacancy-based nanoroad. The width of the nanoroads in this
section is correlated to the width of Cg, and nanomachines.
The road width for nanocar and nanotruck was considered to

100 K

300 K

500 K

700 K

(b) (c) (d)

Nanocar Nanotruck Ceo

Fig. 8 (a) Graphical representation of the nanoroad created by the array of local vacancies. Trajectories of motion at 100, 300, 500, and 700 K for
(b) nanocar, (c) nanotruck, and (d) Ceo, sShowing the effect of nanoroad in restricting the motion on the silicene monolayer. Scale bar for Cgg is 100 A and

for nanotruck and nanocar is 25 A.
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be 62.20 A, and it was 39.58 A for Cg. In other words, we
considered three honeycombs on each side of the molecules,
which gives the molecules sufficient space to move within the
road. Also, the box dimension in the X direction has changed in
a way that the width of the neighboring roads, created by
periodic boundary conditions on the left and right sides, will
be identical to the one in the middle. Simulations have been
conducted at 100 to 700 K with 100 K intervals to further
evaluate the temperature efficacy on the limited movement of
Ceo and nanomachines.

Fig. 8b-d show the trajectories of the motion for Cey-based
nanocar, nanotruck, and fullerene, respectively. For the sake of
simplification, only 100, 300, 500, and 700 K results are
presented here. Trajectories of motion for all three molecules
at all 7 temperatures are indicated in the Fig. S6 of ESL.{ The
surface motion of Cg, is fully limited to the nanoroad during
the simulation up to 300 K, showing the effect of the energy
barrier. At 400 K, sufficient thermal energy is supplied for the
Ceo to overcome the energy barrier occasionally (Fig. S6, ESIT).
At higher temperatures, Cg, is able to overcome the energy
barrier frequently; however, the diffusivity is decreased for
motion over the nanoroad compared to free motion, which will
be discussed later on. Studying the trajectory of motion for
nanotruck reveals that the motion is limited to the nanoroad up
to 400 K, while in the case of nanocar, overcoming the barrier
first happens at 600 K (Fig. S6, ESIT). This is in accordance with
the fact that chassis rigidity has made nanotruck more capable
of preserving its motion direction, so overcoming the barrier
occurs at lower temperatures, while nanocar will be driven away
when one of its wheels encounters the barrier due to its
flexibility. In other words, the flexibility of the chassis of
nanocar wastes some part of the molecules energy, and the
nanocar requires more thermal energy to escape the nanoroad.
As a result, compared to nanotruck, nanocar will remain in the
nanoroad up to the higher temperature of 600 K. Moreover, to
have a more in-depth knowledge of the effect of the array of
vacancies on the surface motion of nanovehicles, a group of
simulations is conducted on controlling the surface motion
of the nanocar at 100, 300, and 500 K by placing an array of
vacancy exactly under the chassis, placing two arrays in a way
that the wheels are on the outer side of the proposed nanoroad,
and initially placing two wheels on the potential well created by
the nanoroad to better interpret the effect of nanoroad. Results
are indicated in Fig. S7, in the ESL.¥

To further analyze the effect of the nanoroad on restricting
the motion over the silicene monolayer, we have compared the
diffusion coefficient for Cg, and nanomachines at different
temperatures. Fig. 9 presents the diffusion coefficient in the
presence of the nanoroad and in the case of a surface free
motion for all three molecules at various temperatures. Results
indicate that the proposed nanoroad has decreased the diffu-
sion coefficients of the motion in all cases. It should be
mentioned that while in free surface motion, desorption had
happened at 700 K for Cg, it did not occur in the presence of
nanoroad during the simulation. As demonstrated before, for
the surface free motion, the diffusion coefficient is higher for
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Fig. 9 Diffusion coefficient of Cgo and Cgg-based nanomachines at
various temperatures in the presence (red) and absence (blue) of the
nanoroad. Cgo has been desorbed during the 15 ns simulation at 700 K
in surface free motion.

Ceo than nanomachines, and for nanotruck is higher than the
nanocar. Nevertheless, this result is different in the presence of
the nanoroad. For the nanotruck, the diffusion coefficient is
significantly higher than the nanocar at higher temperatures
while at lower temperatures (lower than 400 K), the diffusion
coefficient of nanotruck is almost equal to or is slightly smaller
than the nanocar. This has happened because of the rigidity of
the chassis in the nanotruck, where at low temperatures, since
nanotruck still does not have ample energy to easily overcome
the barrier when it encounters the energy barrier the whole
molecule needs to rotate decreasing the diffusion coefficient.
On the other hand, nanocar is more flexible and when a
wheel encounters the barrier at low temperatures it can easily
move away.

3.3 Thermal gradient on vacancy-based nanoroads

To further steer the surface motion and control the diffusivity
of the motion of molecules on the silicene monolayer, the effect
of thermal gradient has been surveyed in this section. To apply
the thermal gradient on the silicene substrate, the following
process is implemented. A silicene monolayer of 500 A length
with the same width as the previous section is considered for
each molecule, as presented in Fig. 8a. To prevent large move-
ments, two regions of fixed atoms with a spacing of 10 A are
considered by setting the force components applied to them to
zero. Five equally spaced intervals of 10 A are considered to
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create a thermal gradient from 600 to 300 K by applying NVT
ensembles. Finally, NVE ensembles are exerted on the remain-
der of atoms between the NVT groups. To create the desired
thermal gradient, the system has been relaxed for 1 ns before
starting the simulation. To go through the effect of thermal
gradient on directing the motion and how a combination of
thermal gradient and the proposed nanoroad is effective, Cg is
placed at the lower end of the substrate, where the temperature
is 600 K. The simulation continues until the center of mass of
the molecule reaches the upper side of the surface, where the
temperature is 300 K, and the simulation stops using the halt
command in LAMMPS."®" Naturally, Cs, moves toward the
lower temperature regions, seeking lower energy.

The initial velocity can affect the trajectory of the motion of
the molecule; especially, in this case, where overcoming the
barrier can be also related to the orientation of the molecule in
which it encounters the energy barrier. As a result, we have
performed 20 different simulations for both cases (i.e., with and
without the nanoroad) and the resultant trajectories are shown
in Fig. 10. The red shade is the area covered by the Cq, motion
during 20 simulations in the presence of nanoroad (two arrays
of local vacancies), and the blue shade is the region covered by
the motion of Cg, in the absence of nanoroad, where there is no
surface modification. It can be seen that the combination of the
nanoroad and thermal gradient is more effective in controlling
the surface motion of Cg, as expected. In the presence of the
nanoroad the covered area by Cg, over the substrate has
decreased significantly. Due to the thermal gradient of the
substrate, the fullerene finds directed motion along the direc-
tion of the Y-axis. The molecule moves from higher thermal
energy (warmer region at 600 K) to the colder region of the
substrates (300 K).

The trajectory of motion for one of the simulations in the
equal initial conditions over the pristine and vacancy-defected
silicene in Fig. 11 shows how effective the nanoroad is in
controlling the surface motion of Cg, in the presence of the
thermal gradient. It is evident that in the absence of the

200 1
100 1
>~ s
-100 1
No road
200} With road | |
-200 0 200 400

X (A)

Fig. 10 Evaluating the effect of thermal gradient on the motion of Ceg in
the presence (red) and absence (blue) of the nanoroad. The shaded area is
the regions that were covered by the motion of Cgp, as a result of
20 different molecular simulations.
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Fig. 11 Manifestation of the effect of nanoroad on controlling the motion
of Cgo When the temperature gradient is applied to the silicene substrate
by showing the trajectory of motion of one of the simulations. By applying
the temperature gradient, the motion of the Cgg in the presence of the
nanoroad is limited, while over the pristine silicene monolayer, Cgo
experiences more transversal motion. Applied thermal gradient using
molecular ensembles of NVT and NVE to the substrate is indicated on top.

nanoroad, Ce, has more transverse movements compared to
the case where the nanoroad is present. It is worth mentioning
that at high temperatures, the vacancy often disappears by
atomic rearrangements. This behavior can be spotted in some
regions (mostly at the higher temperature end due to provided
higher thermal energy) in Fig. 11 when the thermal gradient is
applied to the nanoroad. The elapsed time in each case is
indicated in Fig. 11, showing that the Cg, can reach the other
end of the substrate faster when the nanoroad is there. Also, the
configuration of NVT and NVE ensembles are presented in
Fig. 11 with their spacing.

Fig. 12 demonstrates the motion of two nanomachines on
the temperature-gradient substrates in the presence and
absence of nanoroad structure. According to this figure, the
employed nanoroad had no significant effect on the displace-
ment range of nanomachines in the direction of X-axis.
However, due to the temperature gradient of the substrate,
the nanomachines show directional motion along the Y-axis.
To constrain the motion of nanovehicles in the X-axis direction,
narrower nanoroads are required. By dividing the simulations
into equal intervals (500 ps independent simulations), the
diffusion coefficient is calculated to better clarify the effect of
nanoroad on restricting the motion. The average of the diffu-
sion coefficient of the conducted 20 simulations for the surface
motion of Cgy in the presence of the nanoroad, when the
thermal gradient is applied is 8.26 A ps™*, while in the absence
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Fig. 12 Thermal gradient effect on the motion over the silicene substrate for (a) nanocar and (b) nanotruck in the presence (red) and absence (blue) of
the nanoroad. Results indicate a small restriction of the motion in these cases.

of the nanoroad it is 21.11 A% ps™, revealing the effect of the

nanoroad on limiting the diffusion of Ce,. However, studying
the average diffusion coefficient for nanotruck and nanocar
indicates insignificant changes. Diffusion coefficient for the
nanotruck in the absence of the nanoroad, when only the
thermal gradient is applied, is 0.32 A*> ps™* and for
the combined effect of thermal gradient and nanoroad is
0.14 A* ps™. For nanocar on the other hand, whether in the
presence of the nanoroad or when only a thermal gradient is
exerted, the diffusion coefficient is about 0.11 A* ps™'. The
limitation effect of the nanoroad on controlling the diffusivity
of motion of the nanotruck is due to the rigidity of the chassis,
decreasing the diffusivity when the molecule encounters the
energy barrier. Conversely, the flexibility of the chassis of
nanocar helps the molecule to continue the motion as it
encounters the energy barriers created by local vacancies.

3.4 Comparing the surface motion on silicene, graphene, and
hexagonal boron-nitride

In this section, we compare the results obtained in this study
with previous investigations on the surface dynamics of other
2D materials. By comparing the motion over various surfaces,
we can enhance our ability to select the suitable 2D material for
controlling the motion.>® Many studies have been conducted in
recent years on the effect of substrate,”®”"''* surface mani-
pulations,**”*® and combining surfaces®>*

dynamics of molecules. Graphene®>'%%'13
are mostly researched 2D materials for surface motion and
similarity in structure and mechanical properties*® brings forth

to steer the surface

and boron-nitride3®*°

Table 2 Comparing the surface motion of Cgg over silicene, hexagonal boron-nitride, and graphene

the idea of an analogy of surface motion. Table 2 provides a
comprehensive comparison between the properties of motion
over graphene, hexagonal boron-nitride, and silicene for Cgo. As
presented in Table 2, there are some differences between the
surface motion characteristics of silicene and the other two
monolayers.

Due to higher attraction between Cg, and silicene, the
vertical equilibrium distance is lower compared to boron-
nitride and graphene. This higher intermolecular interaction
has also caused a significantly smaller diffusion coefficient at
various temperatures. The diffusion coefficient of fullerene over

the silicene monolayer at room temperature is 3.64 A% ps™*

which is noticeably smaller than 31.00 A% ps~* and 70.00 A% ps™*,
the diffusion coefficient for surface free motion of Cg, over
boron-nitride and graphene, respectively. As a result, the
anomaly parameter (power-law dependence on time) is smaller
over the silicene compared to the other 2D materials at the
same temperature. According to Fig. 6, the maximum energy
barrier against sliding (i.e., the energy required to move freely
over the surface), which is the difference between the highest
and the lowest energy, is 180.6 meV over the silicene. The
minimum energy barrier against sliding, which is the energy
needed to move over the atoms with lower height, is 65.3 meV.
The Cgo does not have the required energy to move freely over
the surface at low temperatures, so the motion is mostly
restricted to the movements of the atoms with lower height
in the buckled structure of silicene, where the molecule
requires lower thermal energy. The higher potential energy on
the upper atoms (presented in Fig. 2) limits the motion at low

29,35,38,39,87,115

Parameters Silicene Boron-nitride Graphene
Vertical equilibrium distance 6.25 A 6.4 A 6.4 A
Thermal energy required for desorption 818 meV 940 meV 650 meV
Desorption temperature 675 £ 25 650 £ 25 550 £ 25
Maximum energy barrier against sliding 180.6 meV 12.7 meV 14.1 meV
Minimum energy barrier against sliding 65.3 meV 2.5 meV 1.4 meV
Diffusion coefficient at 300 K 3.64 A ps! 31.00 A? ps~* 70.00 A ps~*
Anomaly parameter at 300 K 1.206 1.52 1.71
Activation energy at 300 K 75.8 meV 89.0 meV 39.2 meV

Regime of motion at 300 K

This journal is © the Owner Societies 2023

Super-diffusion

Super-diffusion Super-diffusion

Phys. Chem. Chem. Phys., 2023, 25, 28895-28910 | 28905


https://doi.org/10.1039/d3cp02835f

Published on 14 October 2023. Downloaded by University of California- Irvine on 11/8/2023 7:37:02 PM.

Paper

temperatures. However, by increasing the temperature over-
coming the maximum energy barrier against sliding will be
more frequent. These two values for graphene and boron-
nitride are considerably smaller than silicene. We can conclude
that in a hybrid substrate, nanomachines are more attracted to
silicene. This notion brings forth the idea of the fabrication of
nanoroad composed of silicene and other 2D materials to steer
the surface dynamics of the nanovehicles. Also, carbon struc-
tures, including Ce, and nanovehicles are hydrophobic,"**
meaning that if we have a surface of hydrophilic material,
molecules are better capable of overcoming the barrier and
better move, especially in this study where the intermolecular
interactions with silicene are higher than other 2D substrates.
As a suggestion, we can cover the surface of silicene with oxygen
atoms, and since the ¢ in the LJ for oxygen-carbon is much
smaller than for silicon-carbon, molecules will be more cap-
able of moving over the surface. This idea can solve the smaller
mobility problem over the silicene substrate.

The insight provided by comparing the thermal energy
needed for desorption indicates that the Cg, requires 818 meV
to be desorbed. The desired desorption thermal energy is in fact
the global minimum of the potential energy between the full-
erene and the silicene monolayer. This value is 940 meV for
boron-nitride and 650 meV for graphene. This outcome points
out that the desorption of the Cg, over the silicene is compar-
able to boron-nitride and it should be higher than graphene.
Molecular simulations indicate that the desorption of Cg, has
happened at 700 K during our 15 ns simulation, while it did not
occur at 675 K. Consequently, the desorption temperature over
the silicene is 675 + 25 K while for boron-nitride®® and
graphene®” it was 650 + 25 K and 550 + 25 K, respectively.

4. Conclusion

Based on its potential applications in electronics and nano-
technology, silicene has garnered significant interest in recent
years. In this study, the surface dynamics of Cgo and two
Ceo-based nanomachines (nanocar and nanotruck) are investi-
gated using molecular dynamics simulations and potential
energy analysis. Surface free motion of nanomachines has
indicated that the diffusion coefficient is smaller on silicene
compared to boron-nitride and graphene monolayers, due to
the higher energy barriers on silicene monolayer, resulting in
higher activation energy. Higher thermal energy is needed for
desorption alongside the fact that the desorption temperature
is higher for silicene compared to graphene brings forth the
idea of controlling the surface motion by fabrication of a hybrid
substrate. Nevertheless, this idea requires further analysis.

At low temperatures, the motion is mostly restricted to the
movements of the atoms with lower height, since enough
energy is not yet provided to overcome the maximum energy
barrier against free translations. However, by increasing
the temperature, entropy share in the Helmholtz free energy
increases, and overcoming the barriers is more frequent. It has
been shown that the diffusivity of the motion of Cg, is more
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than nanomachines, due to its lower intermolecular inter-
actions. Moreover, it has been indicated that the diffusivity of
the motion of nanotruck is higher than nanocar, pointing to
the smaller activation energy of nanotruck as a result of its rigid
chassis and the ability to preserve the motion direction.

Based on the potential energy analysis, an array of local
vacancies has been designed (named nanoroad structure) to
limit the motion of Cgy, and nanomachines. It has been dis-
played that in all cases the displacement range has been
decreased and limited. Nonetheless, the spatial orientation
with which the nanomachines encounter the vacancy is effec-
tive in overcoming the energy barrier. For the surface free
motion, the diffusion coefficient for the nanotruck is always
higher than nanocar. However, in the presence of the proposed
nanoroad, the rigid chassis of the nanotruck decreases the
diffusion coefficient at low temperatures. On the other hand,
the flexible chassis of nanocar help the nanomachines to better
move inside the vacancy-based nanoroads. To further analyze
the motion controllability, a temperature gradient has been
applied to the substrate and the effect of the nanoroad has been
studied in the presence of temperature gradient. It has been
revealed that the displacement ranges of motion and the area
that Ceo covers during the motion on the silicene monolayer
have decreased significantly when we applied the temperature
gradient on the nanoroad. Additionally, the trajectories of the
motion of Cgy and nanomachines revealed that the molecules
experience a directed motion from the areas with high-
temperature to the low-temperature regions.
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