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In the present study, the regime of motion of fullerene molecules on graphene substrate in a specific
temperature range is investigated. The potential energy of fullerene molecules is analyzed using
classical molecular dynamics methods. Fullerene molecules C36, C50, C60, C76, C80, and C90 are
selected due to spherical shapes of different sizes and good motion performance in previous studies.
Analysis of the motion regime at different temperatures is one of the main objectives of this study.

To achieve this aim, the translational and rotational movements of fullerene molecules are studied
independently. In the first step of the investigation, Lennard-Jone’s potential energy of fullerene
molecules is calculated. Subsequently, the motion regime of different fullerenes is classified based on
their displacement and diffusion coefficient. Findings indicate C60 is not appropriate in all conditions.
However, C90 and C76 molecules are found to be appropriate candidates in most cases in different
conditions. As far as a straight-line movement is considered, the deviation of fullerene molecules is
compared by their angular velocities. Although C60 has a lower angular velocity due to its symmetrical
shape, it may not move well due to its low diffusion coefficient. Overall, our study helps to understand
the performance of different fullerene molecules on graphene substrate and find their possible
applications, especially as wheels in nanomachine or nanocarrier structures.
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Natural molecular machines are the core components of the intricate cellular machinery found in living organ-
isms. They perform complex and vital functions, showcasing remarkable efficiency in the transportation of
materials'~. The extraordinary capabilities of these biomolecular systems have led to the development of syn-
thetic molecular machines designed to operate at the molecular scale*®. The far-reaching influence of controlled
molecular motion on fundamental biological processes confirms the potential benefits that can arise from the
advancement of synthetic molecular machines®8. One striking example of these synthetic molecular machines
is nanocars, a nanoscale vehicle featuring chassis, axles, and wheels specifically engineered for transportation
on various surfaces”'’. Development and understanding of molecular motion on surfaces are indispensable in
mastering the dynamics and behaviors of molecular machines>!!. Among the intriguing questions that have
captivated scientists for a considerable time is the intricate relationship between nanomachine design and their
diffusion properties'?™4,

A variety of nanomachines, characterized by distinct shapes and differing numbers of wheels, have been
developed over time. The first generation of synthetic nanocars featured C60 wheels in their design, marking a
pivotal step in the evolution of nanomachine engineering'>'. C60, while a well-known molecule, has garnered
widespread recognition for its exceptional qualities, as substantiated by numerous experimental and computa-
tional studies conducted on diverse substrates'”!8. Furthermore, the interactions between C60 and substrates
like graphene, silicon, and gold have been extensively examined in prior research. Notably, nanocars equipped
with fullerene wheels have demonstrated remarkable performance on gold substrates, owing to the combination
of their stability and electrical conductivity. Variants of nanomachines, such as four-wheeled and three-wheeled
configurations utilizing C60 as wheels, have been previously investigated!*2.
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Significant advancements in this field were made by Vaezi et al.*!, who meticulously explored the motion of
C60 molecules on boron nitride substrates at varying temperatures. Their investigation unveiled a transition
from dodging to rolling movements as temperatures increased, substantially amplifying the variability of kinetic
and diffusion coefficients. Despite the advances made in C60-related research, there is a noteworthy gap in our
understanding of the motility regimes of various fullerene molecules on diverse substrates. Consequently, it
becomes imperative to assess the applicability and performance of different fullerene molecules on substrates
of varying compositions and properties.

In this context, the study conducted by Wang et al.>* deserves attention, as it investigated the behavior of
fullerene molecules, including C60, C72, C180, C240, and C260, on graphene substrates. Notably, each molecule
reached the substrate’s apex at the swiftest velocity, where their behavior exhibited an intriguing restlessness.
These findings have far-reaching implications, as these molecules can potentially be harnessed for the devel-
opment of high-frequency nano-switches, nanoparticle transport systems, and nanorobotic elements, further
showcasing the diverse applications of nanomachines in cutting-edge nanotechnology.

In the last decade, carbon-based materials, including multilayer graphene, graphene, carbon nanotubes,
and graphene nanoribbons, have received significant attention for their exceptional electronic and structural
properties. These materials have emerged as highly promising candidates for a wide range of applications across
various scientific domains such as Nano Sensors, Nano careers, Nano Catalysts, etc.>"%.

Graphene, in particular, has stood out as a particularly apt substrate for propelling nanocars in nanoscale
molecular transport applications, underlining the versatile nature of these carbon-based materials®.

The recognition of these potential applications has recently highlighted research on the behavior of nanocars
on the surfaces of carbon-based materials. Among these investigations, Ejtehadi et al.' conducted a detailed
examination of the diffusional motion of C60 molecules on graphene substrates. Their study also delved into the
effects of these diffusional processes on the integrity of the graphene structure, offering valuable insights into
the intricate interactions between nanocars and carbon-based substrates.

Recent exploration highlights the remarkable interplay between nanocars and carbon-based materials, by
which there exists a high potential for these materials to advance the field of nanoscale molecular transport and
encourage further exploration of their applications in various scientific and technological domains.

Savin et al.”’ studied the thermally induced diffusion of fullerenes on graphene nanoribbons, offering a
comprehensive examination of the dynamics governing the interaction between fullerenes and these special-
ized carbon-based structures. In another study, Jafary-Zadeh et al.”® devised transport pathways on graphene
substrates to restrict the diffusional motion of C60 molecules, introducing a novel approach for fine-tuning and
controlling the movement of nanocars on graphene surfaces.

Meanwhile, Ganji et al.”® employed target density theory to analyze the theoretical exploration of the motion
of graphene and nanocars equipped with p-carborane wheels on graphene surfaces. Their theoretical investiga-
tion provides valuable insights into the dynamic behavior of nanocars and the underlying principles governing
their mobility on graphene surfaces. This innovative approach bridges the gap between theory and practical
applications, offering a promising approach for the further advancement of nanocar technology. These collective
efforts underline the vibrant and multifaceted research focused on understanding and harnessing the potential
of nanocars on graphene substrates.

Monolayers and few-layers of graphene, while often portrayed as perfectly flat, actually exhibit a characteristic
wavy morphology on their surfaces, characterized by ripples and out-of-plane deformations®. Scanning tun-
neling microscopy (STM) has offered a fascinating glimpse into the intricate world of graphene, unveiling the
presence of thermally induced ripples that traverse through this two-dimensional lattice in the form of standing
waves. These ripple waves, captivating in their erratic evolution, possess the potential to exert a profound influ-
ence on the motion of nanocars®'. The intermittent variations in the contact level and the intricate interlock
effects generated by these graphene ripples can introduce an element of unpredictability into the otherwise finely
orchestrated dance of molecule translation.

While prior research has contributed to our understanding of the dynamics of a single molecule, such as
C60, on flat graphene surfaces, surprisingly, the intricate dynamics of nanocars moving across flexible graphene
surfaces along with ripples need to be explored®*. The lack of such investigations leaves a conspicuous gap in
our comprehension of how these remarkable nanomachines navigate the undulating of graphene. In addition to
the ripple-induced uncertainties, another intriguing facet awaiting exploration is the role of chassis rigidity in
the surface dynamics of nanomachines. To the best of our knowledge, no previous studies have ventured into the
uncharted terrain been conducted on nanomachines as they gracefully maneuver across the graphene substrate,
where ripples and rigidity combine to craft an unexplored and captivating choreography of molecular transport.

In the present study, we have investigated the intricate interplay between fullerene size and temperature vari-
ations and their impact on the migration of fullerenes. To achieve this goal, we have conducted a comprehensive
examination of the motion of several fullerene molecules on a graphene substrate. Specifically, we have selected
C36, C50, C60, C76, C80, and C90 fullerene molecules, each distinguished by its spherical shape and varying size.

The first phase of our investigation involved the calculation of the potential energy for these fullerene mol-
ecules. This preliminary step provided invaluable insights into the energy level governing fullerene movement.
Based on the obtained results, we projected the likely trajectories and behaviors of fullerenes under different
conditions.

Furthermore, we employed the classical molecular dynamics method to examine the motion of fullerenes.
Importantly, we conducted these simulations on thermally induced substrates, enabling us to gain better control
over fullerene movement and to replicate real-world conditions more accurately.

The modeling of fullerene motion accomplished in this study holds profound implications. It serves as a
critical foundation for foreseeing and manipulating the movements of fullerene-based nanocars across a wide
spectrum of potential applications. This comprehensive exploration of the dynamic behavior of fullerenes on
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graphene substrates advances our understanding of these molecular systems and sets the stage for groundbreak-
ing developments in nanocar technology.

Methods

Potential energy of fullerenes

The estimation of potential energy proves to be a highly effective method for the anticipation of fullerene mobility
on a variety of substrates. In this section, a comprehensive investigation is performed on the mobility of multiple
fullerenes, as depicted in Fig. 1, on the graphene substrate, illustrated in Fig. 2.

It is crucial to emphasize that during the computation of potential energy, the fullerene molecule’ bonds is
considered to be rigid to improving the time step of simulations®*-*%. The molecular structures of all fullerenes
are provided by the Nanotube Modeler program in the fullerene library*®. Some fullerene molecules have many
isomers, so we select the one that has a spherical shape like C60 (e.g. From the nanotube modeler, we selected
specific isomers based on their spherical shapes: No.15-Dé6h.cc1 from the 15 isomers of C36, No.271-D5h.ccl
from the 271 isomers of C50, C76-Td.cc1 from the 2 isomers of C76, No.6-D5h.ccl from the 7 isomers of C80,
and No.20-Cl.ccl from the 46 isomers of C90).

A study by Pishkenari et al.*® shows that the potential energy of C60 on a gold substrate exhibits variation
contingent upon its orientation. Their study encompassed an examination of four distinct C60 orientations,
accounting for both translational and rotational motions, ultimately discerning that the Hexa-down orientation
stands as the most stable configuration for motion®>*. Consequently, in the current study, the Hexa-down orien-
tation is consistently adopted for all the aforementioned fullerenes, establishing a uniform and stable foundation
for the investigation of their mobility on the graphene substrate. This deliberate choice streamlines the analysis
and allows for meaningful comparisons across various fullerenes.

4854 6.92 A

b) C36 ¢) C50 d) C60

7.77 A 8.43 A

f) C76 g) C80 h) C90

Figure 1. Different fullerenes with their diameters simulated in this paper are C20 (a), C36 (b), C50 (c), C60
(d), C72 (e), C76 (£), C80 (g) and C90 (h).

€80

Figure 2. The fullerene molecules contacted from Hexa-Down orientation on the graphene surface.
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Tersoff potential is used to calculate bonded terms in graphene and fullerenes (except covalent bond for
fullerenes). Lennard-Jones 6-12 (L]J6-12) potential is used to describe the non-bonded interaction between each
atom of graphene with each atom of fullerenes, which is expressed as follows (Eq. 1):

su=s](2)"- (2]

In this equation, the terms o, €, and r represent the crucial potential parameters governing the interaction
between the carbon atoms. Specifically, o denotes the equilibrium distance of the C-C bond, and it is set o
=3.4 Angstroms (A). The parameter & designates the well depth of the potential with a value of & =2.41 milli-
electronvolts (meV)?**3*%7 The parameter r is the distance between the carbon atoms of the fullerene and the
carbon atoms constituting the graphene substrate at an equilibrium position.

Furthermore, r,,,,_,sstands as the cut-off radius for the Lennard-Jones potential and is defined as r,,,,_,;=13.5
Angstroms (A). This value serves to delimit the range over which the Lennard-Jones potential influences the
interaction between the fullerene and the graphene substrate. The application of the Lennard-Jones potential
with these specific parameters facilitates a precise estimation of potential energy, forming the cornerstone of our
investigation into the mobility of fullerenes on the graphene substrate?®”.

Simulation setup

In the present study, the motion of several fullerene molecules on the graphene surfaces has been analyzed using
the classic molecular dynamics method. The substrates are modeled as 12 x 12 nm? square sheets containing
5744 carbon atoms based on the previous works”’. Additionally, periodic boundary conditions were utilized
in the x and y directions. The flat graphene sheet is positioned at z=0 plane. Simulations are accomplished at
different temperatures in the range of 75 to 600K to investigate the effect of the temperature on the behavior of
fullerene molecules. The temperature of the substrate and fullerenes is controlled by employing the Nose-Hoover
thermostat®®. The fullerene molecule is placed on top of the substrate.

Simulations are performed using Large-scale Atomic/Molecular Massively Parallel Simulator )LAMMPS(
software® (https://www.lammps.org/), and the results are envisioned utilizing the Visual Molecular Dynamics
(VMD) package® (http://www.ks.uiuc.edu/Research/vmd/). Before starting the simulation, the system is relaxed
for 250,000 steps, and then the simulation is performed for 8 ns considering 1 fs time step to attain accurate
results. The velocity Verlet algorithm is utilized to integrate the equations of motion with a 1 fs time step. Ty,
set to 50 fs in the LAMMPS software for NVT ensemble as well*!.

Results and discussion

Historically, research predominantly centered on the C60 fullerene molecule, with less attention given to other
fullerene variants. Meanwhile, the use of other carbon nanoparticles, such as graphene sheets, has gained sub-
stantial popularity in recent studies.

In the present investigation, we not only explore C60 fullerenes but also simulate other fullerene structures
on a graphene substrate. This innovative approach allows us to observe the influence of altering the radius of
fullerene molecules in conjunction with temperature variations on a graphene surface.

Figure 3 illustrates the motion of each of these fullerene molecules on the graphene surface. This study
involves simulations conducted at three distinct temperature ranges: 75 and 150 K (degrees Kelvin) as the low-
temperature range, 300 and 400 K as the intermediate-temperature range, and two additional temperatures of
500 K and 600 K within the high-temperature range.

The analysis of Fig. 3A and B reveals that at lower temperatures, the C90 fullerene molecule demonstrates
the most effective performance. In this context, within this temperature range, the dominant mode of motion
is molecular sliding, and lateral motion is not observed. The larger number of molecules in the C90 molecule
enables it to exhibit superior motion performance in this specific temperature range.

An essential observation within this temperature range is the limited movement of the C60 molecule, which
is traditionally the primary focus of fullerene studies. In contrast, other molecules, such as C90, C76, C50, and
C36, have consistently exhibited more favorable motion behavior than the C60 molecule. This trend persists as
the temperature rises into the intermediate temperature range. At temperatures of 300 K and 400 K, molecules
like C76 and C50 continue to demonstrate highly desirable performance, as evident in Fig. 3C and D.

At 300 K, it is noted that the C90 molecule does not exhibit the best performance among fullerene molecules.
This can be attributed to the prevalence of rolling motion over sliding motion for these molecules. Given its
greater mass, the rolling motion of the C90 molecule is more demanding and necessitates a higher energy input.
Raising the temperature to 400 K and thus supplying the required energy to facilitate the rolling motion of the
C90 molecule enhances its performance.

In the case of other molecules, especially the smaller ones, substantial deviations in motion are noticeable, as
rolling is considerably straightforward for them. As the temperature rises, entering the high-temperature range
(500 and 600 K), a range of molecules display improved long-range movements. Apart from a limited number
of direct linear movements, the predominant mode of motion transitions to rotational movements around
themselves within the hexagonal lattice, as depicted in Fig. 3E and E

To delve into the finer nuances of these molecules’ behavior, a range of motion-related parameters, including
displacement, velocity, diffusion coefficient, and etc. are analyzed. These parameters will offer a more compre-
hensive understanding of the motion of these molecules.

The initial investigated parameter is the distance traveled by various fullerenes, and the results are presented in
Fig. 4. It is evident that, as the temperature rises, all molecules travel significantly greater distances. Additionally,
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Figure 3. Comparison of trajectories of fullerene molecules at the temperatures of (a) 75 K, (b) 150 K, (c) 300
K, (d) 400 K, (e) 500 K and (f) 600K on graphene substrate.

we observe the impact of molecular size on the distance traveled by fullerenes at a given temperature. In essence,
as the size of the fullerene increases, the distance it travels under the same conditions also increases. This phe-
nomenon is attributed to the larger number of carbon atoms in the molecule, resulting in increased interaction
with the surface and, consequently, longer distances traveled.

Upon examining the displacement of each fullerene, it becomes evident that the size of the fullerene has mini-
mal influence on their displacement. Figure 5 illustrates significant differences in displacement across various
conditions. In nearly all cases, the C90 fullerene has displayed favorable performance. To gain a deeper under-
standing of the underlying reasons for this observation, it is essential to analyze and assess other behavioral
parameters of fullerenes. This includes parameters that influence motion, such as the diffusion coefficient, as
well as parameters affecting deviations in motion, like angular velocity and effective velocity of the fullerenes
(The types of fullerene molecules motion have been provided in Table S1).

Figure 6 displays the diffusion coefficients of fullerenes under various conditions. Upon analyzing the trend
of changes in the chart and its correlation with Fig. 5, it is clear that higher displacement is linked to higher dif-
fusion coefficients. Another important observation from this chart is the consistently low diffusion coefficient
of the C60 molecule, as it never attained the highest value in any scenario.
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Figure 4. Comparison of the distance traveled by fullerene molecules at different temperatures.
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Figure 5. Comparison of the displacement of fullerene molecules at different temperatures.

An additional noteworthy observation from the figure is that it signifies the occurrence of long-range motion
for fullerenes in nearly all cases. In prior studies, a diffusion coeflicient of 0.01 was emphasized as the minimum
requirement for transitioning from short-range to long-range motion?®*. In this simulation, this minimum value
is observed in almost all instances, underscoring the suitability of carbon surfaces, such as graphene, for facili-
tating the motion of these molecules.

For a more comprehensive comprehension of the performance of different fullerenes, it is crucial to consider
parameters related to deviations in molecular motion. In this study, an analysis of two key parameters, namely
effective velocity (Fig. 7) and angular velocity perpendicular to motion (Fig. 8), has been conducted to provide
further insights.

The effective velocity of a molecule, in essence, signifies the molecule’s velocity in the expected direction
relative to the molecule’s overall velocity. As depicted in Fig. 7, it is evident that most molecules with substantial
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Figure 6. Comparison of the diffusion coefficient of fullerene molecules at different temperatures.
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Figure 7. Comparison of the effective velocity of fullerene molecules at different temperatures.

displacements exhibit higher effective velocities. However, observation indicates that certain molecules, like
the C80 molecule at 150 K, experienced a reduction of over 80% in their effective velocity. This phenomenon is
attributed to the fluctuating motion of the molecule, which can be rationalized considering the observed displace-
ment and the relatively high diffusion coeflicient of the molecule, as illustrated in Figs. 3B and 4.

Another insightful parameter that effectively serves as an indicator of deviation in fullerene molecules is the
angular velocity of the molecule in the direction perpendicular to the motion, particularly along the z-axis in
this research. This parameter provides valuable insights into the extent to which molecules have deviated from
their primary path during motion.

Upon examining Fig. 8, it becomes apparent that the C60 molecule, despite the challenges discussed in various
sections, has experienced the least deviation in the direction of its symmetrical shape. This molecule consistently
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Figure 8. Comparison of the angular velocity of fullerene molecules at different temperatures.

exhibits the lowest angular velocity. Consequently, it can be inferred that the primary issue with this molecule
is its low diffusion coefficient, as previously discussed.

By examining all the intricacies of the motion behavior of these molecules and taking into account the
obtained results in various sections, it is evident that this study effectively addresses a crucial aspect in nano
machines and carbon-based mobile molecules. In summary, it can be deduced that, by consulting Tables 1 and
2, we can make more informed choices than relying solely on the C60 fullerene. The appropriate fullerene for
each temperature and the overall ranking of fullerenes based on their overall performance can be determined
from the findings of this study.

According to Table 1 and considering that sliding motion is the best type of motion for the molecule, in the
low-temperature range such as 75 and 150 K, larger fullerenes exhibit sliding motion, while smaller fullerenes
gradually experience interference between rolling and sliding motions as the temperature increases. This phe-
nomenon has caused greater deviations for them. Additionally, at a temperature of 75 K, larger fullerenes such
as C80 and C90 could not exhibit reasonable movement due to the resistance from their higher inertia. Con-
sequently, C76, with its lower inertia, exhibited better movement. With the increase in temperature up to 150

75 C76
150 C90
300 C50
400 C90
500 C90
600 C76

Table 1. Candidate fullerenes in different temperatures.

C90
C76
C50
C80
C60
C36

Q| | W N =

Table 2. Fullerenes’ ranks based on their performance on the graphene substrate.
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K and with larger fullerenes such as C90 overcoming their inertia and creating sliding motion, these fullerenes
have been able to exhibit better movement. With the increase in temperature, the interference between sliding
and rolling motion will shift from smaller fullerenes to larger ones. In smaller fullerenes, rolling motion will
gradually dominate over sliding, resulting in fewer deviations in their movement. Therefore, as the temperature
rises to 300 K, it will be the larger fullerenes that experience interference between sliding and rolling motions.
Consequently, lighter fullerenes such as C50, where rolling motion dominates over sliding as previously men-
tioned, will exhibit better movement. As the temperature increases to 400 K and then 500 K, and with rolling
motion dominating over sliding in larger fullerenes such as C90, we will once again observe better performance
from the larger fullerenes. Finally, at a temperature of 600 K, due to the excessively high temperature, C76,
which slightly deviates from structural symmetry, performs better because this asymmetry allows it to move
more efficiently in one direction.

According to Table 2, it can be stated that heavier fullerenes have performed better compared to lighter
fullerenes. Among factors such as molecular symmetry and size, one of the significant factors influencing the
performance of heavier fullerenes is their weight. Due to this weight and their closer energy absorption to the
graphene surface, they naturally exhibit better movement. This is in accordance with the Lennard-Jones potential
(Eq. 1), where reduced distance (r) results in higher energy and consequently better movement.

According to Table 2, it is evident that other fullerenes, which have not been significantly studied or consid-
ered so far, can perform better for applications that have traditionally used C60 fullerene. Based on the data in
this table, C60 fullerene does not appear in the top positions, suggesting that these other fullerenes may offer
superior performance for such applications.

Conclusion

The use of carbon-based nanoparticles has surged recently across various applications , encompassing mate-
rials such as fullerenes, graphene sheets, and carbon nanotubes. There is a growing emphasis on nanocarriers and
nanomaterials for delivering nanostructures, particularly in pharmaceutical applications. Molecular machines
based on fullerenes are notable among these nanocarriers.

Numerical methods have become essential tools for studying nanoparticles due to their precision, speed, and
cost-effectiveness*~*°. This study employs molecular dynamics principles to explore the behavior of different
fullerenes on a graphene surface. Unlike previous studies that focused primarily on C60 fullerenes, this research
investigates the potential of other fullerenes through simulations.

Additionally, this study examines how altering the size of fullerenes affects their motion on a graphene surface
under varying temperatures.

The simulation results indicate a direct relationship among the distance traveled by different fullerenes, tem-
perature variations, and the number of carbon atoms within the fullerene structure. This suggests that as both
temperature and the carbon atom count increase, so does the distance traveled by the fullerenes. This effect is
attributed to enhanced interactions between fullerenes and the surface, allowing them to engage more effectively
and cover longer distances.

Upon examining other critical parameters evaluated in the simulations, it becomes clear that the distance
traveled alone cannot solely determine the superior or inferior performance of fullerenes as initially expected.
Simply traveling a greater distance does not necessarily indicate better performance. To gain a more comprehen-
sive understanding, it is essential to consider the analysis of additional factors such as the diffusion coefficient
and deviation. These factors are crucial in evaluating the overall performance of fullerenes.

The diffusion coeflicient quantifies how efficiently a fullerene moves between locations by transferring energy
to surrounding molecules. It should be noted that the diffusion coefficient alone cannot be the sole indicator of
superior performance for fullerenes that travel longer distances. Even if a fullerene covers a greater distance, its
performance may not be better if its diffusion coefficient is low. Therefore, the diffusion coefficient should be
assessed alongside other parameters to provide a comprehensive evaluation of a fullerene’s performance.

Additionally, parameters related to deviations and angular velocities of molecules are crucial in assessing
fullerene performance. Generally, fullerenes with higher effective velocities and lower angular velocities tend to
perform better, although there are exceptions. For instance, the C80 fullerene at 150 K, despite traveling further
than C60, does not show superior performance due to its low diffusion coeflicient and fluctuating motion under
specific conditions.

Simulation results indicate a correlation between angular velocity perpendicular to the motion plane and
molecule deviation from their primary path. Fullerenes with symmetric structures, such as C60, exhibit less
deviation, suggesting symmetry aids in maintaining consistent motion trajectories. However, deviations from
the primary path, influenced by factors like diffusion coefficient and angular velocity, impact fullerene perfor-
mance. Excessive deviation can lead to inefficient motion or stalling, affecting overall molecule performance in
nanostructure applications.

In conclusion, this study highlights varied performances among different fullerenes, emphasizing the impor-
tance of selecting the appropriate type for specific applications. Performance isn't solely determined by distance
traveled; factors like angular velocity and diffusion coeflicient significantly influence fullerene behavior and
suitability for various applications. Understanding these factors is crucial for optimizing fullerene functionality
in practical applications.

33,34,42

Data availability
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