
Self-propelled directed transport of 
C60 fullerene on the surface of the 
cone-shaped carbon nanotubes
Mehran Vaezi1 & Hossein Nejat Pishkenari2

Directed transportation of materials at molecular scale is important due to its crucial role in the 
development of nanoelectromechanical devices, particularly the directional movements along the 
carbon nanotubes (CNTs), due to the applications of CNTs as nano-manipulators, confined reactors, 
and drug or other materials delivery systems. In the present investigation, we evaluate the movements 
of C60 fullerenes on the surface of the cone-shaped CNTs. The fullerene molecules indicate directed 
motion toward the narrower end of CNTs, which is due to the potential energy gradient along 
the nanotube length. A continuum model is proposed to evaluate the mechanism of the directed 
motion and the results of the theoretical model are compared with numerical simulations. Directed 
movements have been examined at various opening angles of CNTs, considering the trajectories 
of motions, variation of potential energy, and diffusion coefficients. At smaller opening angles, the 
driving force on the C60 increases and the molecule experiences more directed transport along the 
nanotube. The motion of fullerene has also been simulated inside the cone-shaped CNTs, with similar 
opening angle, and different average radius. At lower average radius of the cone-like nanotubes, the 
motion of C60 is comparatively more rectilinear. Directional transport of fullerene has been observed in 
the opposite direction, when the molecule moves on the external surface of the cone-like CNTs, which 
is due to the stronger interaction of C60 with the parts of the external surface with larger radius. The 
effect of temperature has been evaluated by performing the simulations at the temperature range of 
100 to 400 K. The direction of the velocity reveals that the thermal fluctuations at higher temperatures 
hinder the directed motion of molecule along the cone-shaped CNTs. The results of the present study 
propose a new method to obtain directed transport of molecules which can be helpful in different 
applications such as drug delivery systems.

Achieving directed motion at nano-scale has a crucial role for several applications in the field of nanotechnology1,2. 
Manufacturing functional nano-devices through the directed assembly of smaller nanoparticles3, is among the 
applications of controlling the movements of low-dimensional materials. Steered locomotion of nanostructures 
can also be exploited to perform precise tasks at molecular dimensions4. As an instance, Regan et al.5 reported 
the fabrication of a mass conveyor based on carbon nanotubes, or Barreiro and her colleagues6 could transport 
the gold particle cargoes with sub-nanometer accuracy along the nanotube length.

Controlling the molecular motions along the nanotube is of particular importance, due to the special 
applications of this nanostructure. Due to the hollow structure of nanotubes, they are employed as nano-
reactors7–9, in which several products can be achieved. Kuzmany et al.10 synthesized sub-nanometer graphene 
nano-ribbons by the reactions of ferrocene molecules inside the carbon nanotubes. The reaction of fullerene 
molecules has been studied inside the CNT, as well. At elevated temperatures, C60 fullerenes transform 
into different products in carbon nanotube such as inner nanotube11, and C60 oligomers and polymers12. 
Consequently, controllable transport of materials inside the CNT can help to control the kinetics of the reactions 
confined within the nanotubes. Moreover, carbon nanotubes have shown considerable potential as the atomic 
force microscope tips13–15. As a result, controlling the maneuverability of particles on the CNT can provide the 
opportunity to design precise nano-manipulators16,17.

Directional motion at molecular scale has been reported in previous investigations18–21, using various 
techniques. Rectilinear transport of materials has been obtained on the surfaces subjected to strain gradient22–25, 
on which adsorbed molecules move from regions with higher strain to less strained parts26. Constructing 
vacancies on the surface is another method to direct the motion of adsorbed materials27. Youzi et al.28 
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demonstrated the one-dimensional motion of molecular machines, surrounded by the series of vacancies, on 
the silicene surface. Applying temperature gradient on the substrate is another technique to steer the molecular 
motions29. The adsorbed materials migrate to the lower temperature area, due to the lower free energy level 
in these regions30. The nanoscale directed movement has also been obtained by angustotaxis effect31, where a 
trapped capped nanotube is derived toward the narrower end of a channel. The underlying physics is attributed 
to the higher contact area between the nanotube and the channel, at narrower side.

Several attempts were made so far to control the motion of nanoparticles along the carbon nanotubes. 
Previous studies reported the fabrication of artificial nanomotor consists of a short CNT which can translate 
relative to a coaxial inner longer nanotube6. The electric voltage applied to the ends of longer nanotube leads 
to a temperature gradient along the CNT. The shorter nanotube prefers to move toward the ends of longer 
CNT which have a lower temperature. The electromigration phenomenon has also been employed for achieving 
reversible mass transport along the carbon nanotubes5. By establishing electric current through the carbon 
nanotube, the indium nanoparticles experience directed movements on the external surface of the nanotube. 
The migration of the electrons can move indium particles through the collisions and momentum transfer. Using 
molecular dynamics simulations, Legoas et al.32 showed the presence of a retraction force on the extruded core 
of a double-walled carbon nanotube. After the release of extruded core, it is completely retracted inside the outer 
shell. The retraction force is due to the increase of contact area between the core and the outer shell. Machado 
and the colleagues33 reported the curvature driven motion of the encapsulated CNT inside a spiral-shaped 
carbon nanotube. Since the bending energy of the inner nanotube is proportional to the square of curvature, 
the encapsulated CNT experiences a driving force toward the regions of lower curvature. Despite proposing 
different techniques for nano-manipulations along the CNTs, using cone-shaped nanotubes did not receive 
attention in the previous investigations. The conical carbon nanotubes are experimentally synthesized through 
different methods such as arc discharge34, vapor deposition35, pyrolysis36 and bottom-up organic synthesis37,38. 
Exploiting conical nanotubes for controlling the movements seems more practical than the previous methods 
such as using a spiral-shaped CNT or an extruded core of the double-walled nanotube.

In the present study, we investigate the directed transport of fullerene molecule along the cone-like carbon 
nanotubes. Directed motions of C60 fullerenes are studied inside the CNTs with different opening angles. For 
this purpose, we consider the trajectories of motion, variation of the potential energy, potential energy surface 
(PES) analysis, and the diffusion coefficients. A continuum model has been proposed to evaluate the mechanism 
of the directed motion. At a similar opening angle of the cone-like CNTs, we evaluate the effect of average radius, 
by calculating the distribution of the fullerene velocity, and the trajectories of motion. The transportation of 
molecules has also been studied outside the nanotubes. In case of moving outside the cone-shaped nanotube, 
the fullerene molecule shows directed motion in opposite direction compared with the motion inside the CNT. 
Ultimately, we consider the effect of temperature on the directionality of the motion.

Computational methods
The motion of C60 fullerene has been simulated on the surface of the cone-like CNTs, using an all-atom molecular 
dynamics method. The fullerene molecule moves inside/outside the nanotubes, with different opening angles, as 
illustrated in Fig. 1. The radius of the CNTs decreases linearly along their length. Different cone angles (hereafter 
called as α  angle) have been chosen including 112.9, 60.0, and 19.2 degrees, while the slant length of CNTs 
is 80Å. The atomic structures of the carbon nanotube were obtained from Nanotube Modeler39. The fullerene 
nanostructure contains 60 sp2 carbon atoms, arranged in 20 hexagonal and 12 pentagonal faces40.

Different simulations have been performed in the canonical NVT ensemble, which was implemented 
by the Nose-Hoover thermostat41,42. The temperature of the simulations was set to 100 K, and the damping 
parameter of the thermostats was 100 fs. It should be mentioned that, in Sect. 3.4, where we evaluate the effect 
of temperature, the temperature of the system changes from 100 K to 400 K. The inter-molecular interactions 
of C60 and nanotubes were described by Lennard-Jones (LJ) potential, φ = 4ϵ

((
σ
l

)12 − (
σ
l

)6). When the 
distance between a pair of atoms ( l) is equal to 21/6σ , the atoms find the minimum potential energy of ϵ . In 
our simulations, ϵ  and σ  parameters were assumed, 2.4 meV and 3.4Å, respectively43; which is suitable for 
describing the interactions between carbon atoms44. The cut-off radius of the pair potential was considered 12 
Å. The inner-interactions of C60 atoms were captured by Tersoff potential45. To understand the effect of CNTs 
characteristics on the transportation more precisely, the nanotubes had fixed structures during the simulations.

The fullerene molecule was initially placed on the top part of CNTs with the largest radius (red region in 
Fig.  1), and the potential energy was minimized to find its local stable position. The initial velocity of C60 
fullerene corresponds to the temperature of the simulation systems. The reproducibility of the results was 
examined by repeating the simulations, at different initial conditions of C60 (i.e., different distribution of the 
initial velocity). All of the simulations were conducted by Large-scale Atomic/Molecular Massively Parallel 
Simulator (i.e., LAMMPS package)46. The equations of the motions were integrated by velocity Verlet method47, 
and the time step of the integrations was adjusted to 1 fs. Each simulation continued until the C60 reached the 
narrower part of the CNT (blue parts in Fig. 1).

Results and discussion
Mechanism of the motion: Continuum approach and numerical simulations
To understand the mechanism of the directed motion of C60, the analysis of the potential energy has been 
performed. In this analysis, the fullerene molecule is translated to different points in horizontal plane ( x- y 
plane). At each horizontal position (e.g., (x0, y0)), the molecule is displaced to different heights along the z
-axis. The potential energy between C60 and carbon nanotube is calculated at each height, and the minimum 
potential energy of the molecule is captured. It should be noted that, the translation of C60 occurs with the step-
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length of 0.5 Å in the directions of x-, y-, and z-axis, and the nanotube has the opening angle of 38.9 degrees. 
Figure 2 shows the results of the analysis of potential energy. Based on this analysis, as we move from the wider 
end of the CNT ( Rmax) to the narrower end ( Rmin), the reduction of the potential energy is observed. The 
potential energy gradient along the length of CNT provides the driving force on the fullerene. Hence, the C60 
molecule demonstrates directed motion inside the nanotube. At the wider end of the CNT, the potential energy 
of fullerene is almost − 0.6 eV, which is similar to the case where the C60 is on a graphene surface48. The potential 
energy level decreases to -1.1 eV, at the narrower end of the CNT, which is approximately equal to the potential 
energy of a C60, sandwiched between two graphene layers. Since the fullerene is more stable at the narrower end 
of the CNT, it experiences a directed movement along the cone-like nanotubes.

The variation of the potential energy of C60 has been analyzed, using a continuum model. The continuum 
model is indeed a valuable tool for predicting the interactions between the materials. The continuum model 
assumes that matter is continuous and completely fills the space it occupies, while the materials consist of 
discrete atoms. In the present study, the surface of the nanotubes is considered continuous. This assumption 
is true if the materials include a large number of atoms. In case of nanomaterials with few number of atoms 
the continuous assumption is not right. Here, since the conical nanotubes contain thousands of atoms we are 
allowed to use the assumption. Considering a discrete structure for the surface of nanotubes, we should calculate 
the summation of the vdW interactions between the adsorbed atom (an atom of fullerene) and all of the atoms 

Fig. 1. One of the cone-shaped nanotubes used in the simulations. The slant length of the nanotube is 80 Å, 
and the opening angle is 60.0 degrees. The color bar indicates the variations of the CNT radius. The axes of 
nanotubes are parallel to the z-axis of the coordinate system.
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of the cone-shaped CNT. On the other hand, when we use continuum model, the interaction of adsorbed atom 
and nanotube is obtained by calculating an integral over the surface of the cone-shaped CNT. As a result, the 
computational costs decrease as the continuum model is employed. However, the continuum model may lead to 
the complex integrals which should be solved by the numerical methods.

As mentioned in the model, it is assumed that the carbon atoms are uniformly distributed on the surface of 
the cone-shaped CNT. As a result, the potential energy between an adsorbed atom (an atom of C60) and CNT is 
calculated by integrating the Lennard-Jones potential as follows,

 
Uadatom =

�
φ (r, θ , z) ρ A

1

sinα /2
rdrdθ . (1)

In the recent equation, φ  is the LJ potential energy which is a function of the coordinates of CNT’s atoms (i.e., 
(r, θ , z)), ρ A is the areal density of the atoms over the CNT surface, and 1

sinα /2rdrdθ  is surface element of a 
cone-like CNT with the opening angle of α . The 6–12 Lennard-Jones potential function is given by

 
φ = 4ϵ

((σ
l

)12

−
(σ
l

)6
)

 (2)

Fig. 2. Analysis of the potential energy of C60. At each horizontal position such as (x0, y0), we displaced 
the C60 in the direction of z-axis, and the minimum energy has been captured which is corresponding to a 
specific height of molecule (e.g., z0).
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where, ϵ  and σ  are the LJ parameters and l is the distance between the adatom and the surface element of 
CNT. Considering the position of adatom as (r0, θ 0, z0) and the position of the surface element as (r, θ , z), the 
separation distance can be written as,

 l2 = r2 + r20 − 2rr0cos (θ − θ 0) + (z − z0)
2. (3)

By substituting Eq. 7 into Eq. 1, the potential energy between adatom and con-like surface is rewritten as,

 Uadatom = UR − UA (4)

where, UR and UA are expressed as,

 

UR =
4ϵ ρ Aσ

12

sin (α /2)

∫ 2π

0

∫ Rmax

Rmin

rdrdθ[
r2 + r20 − 2rr0cos (θ − θ 0) + (rcot(α /2)− z0)

2
]6

 

UA =
4ϵ ρ Aσ

6

sin (α /2)

∫ 2π

0

∫ Rmax

Rmin

rdrdθ[
r2 + r20 − 2rr0cos (θ − θ 0) + (rcot(α /2)− z0)

2
]3 . (5)

The cone equation in cylindrical coordinate is considered as z = rcot (α /2), and the apex of the cone-like CNT 
is located at the origin of the coordinate system as shown in Fig. 3d. The total potential energy between C60 and 
cone-shaped CNT is calculated by adding up the potential energies of all atoms in the C60 molecule.

 
Utotal =

60∑
i=1

UR (i)− UA (i) (6)

In the next step, the C60 was displaced along the nanotube length, while the molecule is located in equilibrium 
distance to the CNT wall. The trajectory of the translation of C60 inside the nanotube is demonstrated in Fig. 3d. 
At each position of C60 inside the cone-like CNT, we calculate the potential energy of molecule ( Utotal) by 
numerical integration of the Eq. 5. Figure 3 demonstrates the potential energy of C60 along the nanotubes length 
from the theoretical continuum model as well as MD simulations. In the theoretical model, C60 is displaced 
to different locations along the nanotube, and the potential energy of molecule is calculated at each position 
from the integrals shown in Eq. 5. Since the tube lies between 15 < z < 55, there is no surface atoms in the 
left vicinity of fullerene when its position is z < 15 and hence the potential energy between fullerene and tube 
increases. Similar increase in potential energy is observed when fullerene position is z > 55. These sudden 
changes in potential energy act like energy barrier and prevent fullerene to exit from the conical tube surface 
except at sufficiently higher temperatures.

The variation of the potential energy of C60 has been shown in Fig. 3 as the molecule travels the length 
of cone-shaped CNT. The potential energy level decreases as C60 moves toward the narrower end of CNT, 
which confirms the presence of a driving force on the molecule. By decreasing the opening angle from 112.9∘ 
(Fig. 3a) to 60.0∘ (Fig. 3b), the potential energy level decays to lower values, which is attributed to the increase 
of contact area between C60 and CNT, at smaller opening angles. It is found that, the fullerene experiences 
larger energy gradient by decreasing the opening angles (e.g., 19.2∘ in Fig. 3c), which is equal to 0.28 eV. As a 
result, the decrease of opening angle leads to the faster transport of C60 along the nanotube length. Due to the 
increase of potential energy gradient (driving force) on the fullerene at smaller opening angles, we expect to 
observe more directed movements. The simulation results are also illustrated in Fig. 3a and c by hollow circle. 
The simulation results are completely compatible with the results obtained from the continuum model (dashed 
lines). The sudden increase of the potential energy in the results of the continuum model refers to energy level 
when the molecule is out of the cone-shaped nanotube.

Cone-shaped CNTs with different opening angles
In this section, we aim to study the effect of opening angles of CNTs, on the motion of fullerene molecules 
inside the nanotubes. The opening angles of imaginary cones are considered 112.9, 60.0, and 19.2 degrees. The 
radius of these CNTs decreases linearly, along their axes such as 76.6 Å → 10.0 Å , 50.0 Å → 10.0 Å , and 
23.3 Å → 10.0 Å . The slant length in different carbon nanotubes is equal to 80 Å. In Fig. 4, the snapshots of 
the motion of C60 fullerenes are demonstrated inside the cone-like CNTs from the top view. As we observe 
in this figure, the molecules experience directed motions to the narrower end of the nanotubes. However, the 
rectilinearity of the movements depends on the opening angles of the CNTs. According to Fig.  4, at larger 
opening angles (e.g., 112.9∘), although the molecule moves toward the narrower end of CNT, it does not walk on 
a straight path. As we decrease the cone angle to lower values (e.g., 60.0∘), the C60 shows more directed motion 
to the end of CNT. The translocation time also lessens by decreasing the opening angle of CNTs. At the opening 
angle of 112.9∘, the fullerene travels the length of CNT in 560 picoseconds; while, in case of α = 60.0◦ , C60 
passes the same length in 73 picoseconds. It seems that, by decreasing the opening angle, the driving force on the 
fullerene increases. The validity of the last claim would be examined by the analysis of potential energy.

The reproducibility of the directed motion has been examined, by performing the simulations with different 
initial conditions of C60. The simulations have been repeated five times, while the initial coordinates of fullerenes 
are similar, but the distribution of the initial velocity is different in each simulation. Figure  5 illustrates the 
trajectories of the motion of fullerene molecules inside the cone-like CNTs, from the top view. Based on the 
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results of the simulations, at each opening angle of CNT, the fullerene prefers to move toward the narrower end of 
the nanotube. When the opening angle of the nanotube is 112.9∘ (Fig. 5a), the motion of C60 is almost diffusive; 
however, it reaches the narrower end of nanotube during the simulation. As the opening angle decreases to 60.0∘ 
and 19.2∘ (Fig. 5b and c), we observe more directed movements, and the fullerene travels the length of CNT in 
more straight paths. In case of α = 19.2◦ , in most of the simulations, the molecule shows spiral motions as it 
approaches the end of nanotube (Fig. 5c). According to the analysis of potential energy (Fig. 3), the driving force 
on the C60 molecule increases by decreasing the opening angle of the cone-shaped nanotubes. Since a larger 
driving force is acting on the C60 at smaller opening angles, the molecule is less affected by the random forces 
of the thermal fluctuations. As a result, the fullerene molecule maintains the direction of the initial velocity, 
particularly in the azimuth direction. The preserved direction of the azimuth velocity leads to the observation of 
spiral motions at smaller opening angles.

The average trajectory of the motions was obtained for each opening angle (black curves in Fig.  5). At 
different opening angles of cone-shaped CNTs, the average trajectories almost show the directional transport of 
C60 molecules to the narrower end of nanotubes. However, the standard deviations are larger at different points 
for CNTs with larger opening angles (e.g., α = 112.9◦ ). On the other hand, the standard deviation decreases at 
smaller opening angles such as 19.2◦ , especially in the direction of y-axis. As a result, the fullerene experiences 
more directional movements inside the cone-shaped CNTs with smaller opening angles.

Using the following equation, mean square displacements has been measured for the directed motions, at 
different opening angles of CNTs.

Fig. 3. The potential energy of C60 as a function molecule’s height. C60 travels the length of cone-shaped 
CNT, and it is located in equilibrium distance to the CNT wall. The opening angles of nanotubes are (a) 112.9∘, 
(b) 60.0∘, and (c) 19.2∘. The variation of the potential energy has been obtained by presenting a continuum 
model and numerical simulations. (d) The trajectory of the displacements of C60 has been shown inside the 
nanotube.
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 MSD = ⟨(z (t)− z (0))2⟩ = 2Dtβ  (7)

In Eq. 7, z (t) and z (0) are the coordinates of the C60 in the direction of nanotube length at time t and 0
, respectively. The angle brackets in this equation also refer to the ensemble averaging, which is conducted by 
averaging the square displacements over five simulations with different seed numbers. Figure 6 illustrates the 
MSDs of the directed movements of fullerene as the functions of simulation time. As we decrease the opening 
angles of CNTs, the MSD of the directed motion grows faster with time.

The mean square displacements is related to the diffusion coefficient ( D) through the power-law relation 
presented in Eq. 7. In this equation, the diffusion regime is determined by the β  parameter, which is named as 
anomaly parameter. Table 1 indicates that the diffusion coefficient of the directed motion increases by decreasing 
the opening angle of cone-like nanotubes. The larger diffusion coefficient of C60 is related to the growth of 
driving force at smaller opening angles (previously concluded from Fig.  3). According to Table  1, since the 
anomaly parameter is larger than 1, the fullerene motion follows a super-diffusive regime, at different angles of 
cone-like nanotubes. However, the anomaly parameter relatively finds lower values at larger opening angles of 
the CNTs.

Fig. 5. Trajectories of the motion of fullerene on the CNTs with the opening angles of (a) 112.9, (b) 60.0 
and (c) 19.2 degrees. At each opening angle of CNT, the distribution of the initial velocity is different on the 
fullerene atoms.

 

Fig. 4. Snapshots of the motion of C60 inside the cone-like nanotubes with the opening angles of 112.9, 60.0 
and 19.2 degrees. The color bars indicate the variation of the nanotubes radius.
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Effect of average radius on the directed transportation
In this section, we evaluate the effect of average radius on the directed movements of fullerene. For this purpose, 
three types of nanotubes have been chosen, which are similar in opening angle, but vary in the average radius. 
The opening angle of three nanotubes is 38.9∘, while the radius of CNTs linearly changes from 7.9 Å to 34.5 Å, 
from 34.5 Å to 61.2 Å and from 61.2 Å to 87.9 Å. In these nanotubes, the average values of the radius are 21.2 
Å, 47.85 Å, and 74.55 Å, respectively. Figure 7 demonstrates the trajectories of the motion fullerene inside these 
nanotubes, which have the same opening angle of 38.9∘ and the same slant length of 80 Å, but they are different 
in average radius. At the average radius of 21.2 Å (Fig. 7a), the fullerene travels the length of CNT in a more 
directed path. By increasing the average radius to 47.85 and 74.55 Å (Fig. 7b and c), we observe more random 
movements in the trajectories of the fullerene. As a result, the increase of average radius in cone-like nanotubes 
hinders the directed motion of molecules inside the tube. This result seems reasonable, because in the case of 
a very large average radius, the fullerene interacts with a lower number of CNTs atoms, and it hardly senses 

α (degree) D( Å2/ps) β

19.2 0.055 2.721

60.0 0.016 2.567

112.9 0.007 2.295

Table 1. Diffusion coefficients and anomaly parameters of the directed motion C60 inside the nanotubes with 
different opening angles.

 

Fig. 6. Mean square displacements of fullerene have been obtained during the motion inside the CNTs with 
different opening angles.
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the curvature of the nanotube. On the other hand, when the radius of CNT is small enough (compared with 
molecule size), the directed transport is better observed along the cone-like nanotube.

To better quantify the directionality of the motion, we calculated the distribution of the fullerene horizontal 
velocity relative to a unit vector that perpendicularly pints to the nanotube axis (named as n̂). At each point such 
as (x0, y0, z0), the n̂ vector is defined as,

 n̂ = −r̂ = −(x0, y0, 0)/∥ (x0, y0, 0) ∥ (8)

where, r̂ is the normal radial vector in the cylindrical coordinate system, and the brackets calculate the length 
of the vector. In case of a rectilinear motion to the apex of a cone-like CNT, the horizontal velocity of fullerene 
(i.e., (vx, vy, 0)) is completely in the direction of the n̂, at each step of the simulation. The distribution of the C60 
horizontal velocity around the n̂ has been obtained for different average radii of the CNT (Fig. 8). It should be 
mentioned that, analogous to the previous analysis in Fig. 7, the opening angle is similar in all of the nanotubes 
(38.9 degrees), and they are repeated five times to ensure the obtained results.

At the average radius of 21.2 Å (Fig. 8a), the horizontal velocity is mostly distributed in the directions around 
0 degree, which means that C60 moves in the direction of the n̂ most of the time. Consequently, the molecule 
almost experiences a directed movement toward the apex of the cone-like CNT, when the average radius is 21.2 
Å. At larger average radius of nanotube such as 47.85 Å, and 74.55 Å (Fig. 8b and c), we observe the growth of 
velocity distribution in the directions other than the direction of n̂. However, a larger portion of the velocity is 
still distributed around 0 degree, which implies the directed movement of the molecule. As a result, in case of 
larger average radius of CNT, the fullerene spends more time moving in the random directions, but it still prefers 
to reach the narrower end of the nanotube. The last results are in agreement with the trajectories of the motion, 
which have already been shown in Fig. 7.

Fig. 8. Distribution of the horizontal velocity of C60, in different angles relative to the direction of −r̂, when 
the radius of nanotubes changes as (a) 7.9 Å → 34.5 Å, (b) 34.5 Å → 61.2 Å and (c) 61.2 Å → 87.9 Å. The results 
are extracted from five simulations with different initial conditions of C60.

 

Fig. 7. Trajectories of the motion of fullerene in cone-like nanotubes with similar opening angle of 38.9 
degrees. The radius of nanotubes linearly changes as (a)   7.9 Å → 34.5 Å, (b)  34.5 Å  → 61.2 Å and (c)  61.2 Å  
→ 87.9 Å.
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Moving outside the cone-shaped nanotubes
Using carbon nanotubes as the tips of the atomic force microscope49 leads to the higher imaging resolution50 as 
well as, the precise manipulation of molecules at nano-scale dimensions51. As a result, controlling the motion of 
adsorbed molecules outside the CNT is of interest in the field of nano-manipulation.

The variation of the potential energy of C60 molecule has been evaluated using the continuum model present 
in Sect.  3.1, as well as the numerical simulations. According to Fig.  9, the potential energy of the molecule 
decreases as it moves toward the wider end of the cone-shaped CNT. Compared to the case where C60 moves 
inside the nanotube (Fig. 3), the direction of the energy gradient is different. The molecule prefers to move from 
the narrower end of CNT to wider regions, because the molecule has lower potential energy on wider regions. 
This conclusion seems reasonable, because when the fullerene is on the wider end of the nanotube there is larger 
area of CNT under the C60 and the fullerene interacts with more CNTs atoms. The fullerene experiences a larger 
energy gradient when it moves outside the cone-shaped nanotubes with smaller opening angles. For example, at 
the opening angle of 19.2∘ (Fig. 9c) the potential energy of C60 changes by 0.1 eV from narrower end to wider 
side of the CNT. The energy gradients in Fig. 9 are smaller than the ones observed when C60 was inside the 
nanotube (Fig. 3). It should be mentioned that, as we observe in Fig. 9, the results of the theoretical model are in 
agreement with the variations of the energy recorded from the simulations.

The trajectories of the motion of C60 has been captured during the motion outside the cone-shaped 
nanotubes with different opening angles. As we observe in Fig. 10, the trajectories of the motion confirm the 
migration of fullerene molecule from the parts with smaller radius to the regions with larger radius. To examine 
the repeatability of the result, five simulations have been performed by changing seed number. At the opening 
angles of 112.9∘ and 60.0∘ (Fig. 10a and b), the average path of the motion is more straight. While at the opening 
angle of 19.2∘, since the molecule rotates around the CNT, the average trajectory indicates an almost spiral path.

Fig. 10. Trajectories of the motion of C60 outside the cone-like carbon nanotubes with the opening angles of 
(a) 112.9∘, (b)60.0∘ and (c) 19.2∘. The averages and standard deviations of the trajectories are demonstrated in 
the figure.

 

Fig. 9. Potential energy of C60 when it moves outside the cone-shaped nanotubes with the opening angles 
of (a) 112.9∘, (b)60.0∘ and (c) 19.2∘. The variation of the potential energy was obtained from the continuum 
model as well as the numerical simulations.
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Directed transportation at different temperatures
To understand the effect of temperature on the directionality of motion inside the cone-like nanotubes, the 
simulations have been conducted at the temperature range of 100 to 400 K. At each temperature, we calculate 
different parameters such vr and vθ , which are the average values of radial and angular speeds of fullerene, in 
the cylindrical coordinate system. In the rectilinear transport of C60 toward the narrower end of CNT, the speed 
of molecule is in radial direction, while the angular speed has a negligible share. As a result, the vr/vθ  ratio has 
also been calculated, which is another criterion to understand the directionality of the fullerene motion.

According to Fig.  11a, the radial speed is more affected by the opening angle of CNTs, rather than the 
temperature of the environment. At the opening angle of 112.9∘, the radial speed increases by raising the 
temperature, which is related to the growth of thermal energy at higher temperatures. However, the increase 
of radial speed with the temperature is not observable clearly at smaller opening angles of CNTs. Figure 11b 
demonstrates the variation of angular speed at different temperatures, and opening angles of nanotubes. As the 
temperature rises, the angular speed of fullerene also increases, especially at smaller opening angles such as 38.9∘. 
The angular speed growth refers to the non-directional movements of the C60 molecule at higher temperatures. 
The ratio of radial speed to angular one ( vr/vθ ) indicates the proper conditions for achieving directional motion 
inside the cone-like CNTs. According to Fig. 11c, the vr/vθ  ratio considerably increases as the opening angle 
of nanotube decreases, and when the temperature of the system is lower. The last conclusion is consistent with 
the trajectories of motion and potential energy gradients in Figs. 3 and 5, respectively. At smaller opening angle 
of CNT, larger driving force is acting on the C60, which leads to a directional movement inside the cone-like 
nanotube. Moreover, as we increase the temperature, the thermal fluctuations hinder the directed transport of 
fullerene and the molecule experiences non-directional movements in the random directions.

Previous investigations on the one-dimensional directed transport of nanomaterials can be categorized to 
different groups. In some of the studies the one-dimensional movements occur on the surface. It is possible 
to steer the motion of materials on the surface, by applying some modifications on the substrates. Nemati 
et al.52 demonstrated the restricted movements of fullerene molecule along the edge of the atomic steps on 
the gold surface. Using hybrid substrates is another method to restrict the lateral motion of molecules on the 
surface53. According to the previous investigations, on the gold-silver hybrid substrate, the adsorbed molecules 
prefers to move on gold regions due to the lower potential energy of molecule on this area53. Using the atomic 
vacancies on the substrate is another technique which has been proposed to constrain the surface motion in 
one-dimension54. Although these modifications of the substrates help to restrict the surface motion in one-
dimension, the direction of the movements is not under control in these methods. In some of the previous 
works, an external agent has been employed for achieving directional motions. The electric field of the scanning 
electron microscope is able to manipulate the particles on the surface in a desired direction55. This type of 
manipulation is commonly implemented in the experimental investigations56. By applying transverse vibration 
on the graphene nanoribbon, Chen et al.57 demonstrated that the adsorbed nanoparticle moves away from the 
fluctuating regions, a phenomenon named as fluctuotaxis. The difference in atomic fluctuations of the substrate 
behind and ahead of the nanoparticle gives rise to a driving force acting on the adsorbed particle.

Another group of investigations utilize carbon nanotubes as a track for the one-dimensional directed 
transportation. The nanotubes subjected to temperature gradient can direct the encapsulated nanoparticles 
toward the regions with lower temperature58, because the particle finds lower free energy on this area59. The 
directed transportation of nanomaterials on the CNTs is also available by passing the electric current through 
the carbon nanotubes60. According to the electromigration phenomenon, the direction of motion is controllable 
by changing the current direction. The directed motions caused by electromigration and temperature gradient 
are utilized to fabricate nanomachines based on carbon nanotubes5,6. Directed transport of materials along 
the carbon nanotubes is also achievable by performing some modifications on the structure of nanotubes. As 
previously mentioned, the spiral-shaped nanotubes are able to direct the motion of encapsulated nano-objects33. 
The curvature gradient in these nanotubes leads to a driving force toward the areas with lower curvatures. In 
this study, we showed that the conical structure of the nanotubes steers the motion of molecules located on the 

Fig. 11. The average values of (a) radial and (b) angular speeds of C60 at different temperatures and opening 
angles of cone-like nanotubes. (c) The ratio of radial to angular speed has been obtained as a criterion for the 
directional transport of molecule inside the CNTs.
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internal and external surfaces of the CNTs. The synthesis of cone-shaped nanotubes is experimentally feasible61. 
Therefore, it is conceivable to put this novel approach for directed transport of nanomaterials into practice.

Conclusions
Directed transport of C60 fullerene has been studied along the cone-like nanotubes, using molecular dynamics 
simulations. The radius of CNTs decreases linearly as we move along the nanotube length. According to the 
results of the simulations, the fullerene experiences directed movements toward the narrower end of the CNTs. 
The potential energy of the molecule is lower at the narrower end of the nanotube, which is due to the increase 
of interactions between the C60 molecule and the CNT surface.

Different opening angles were chosen for the nanotubes including 112.9, 60.0, and 19.2 degrees. The 
trajectories of the motion of fullerene revealed that, the C60 molecule has more directional movement inside the 
CNTs with smaller opening angles (e.g., 19.2∘). To understand the reason for this observation, variations of the 
potential energy were obtained at different opening angles of CNTs. Based on the results of the simulations, by 
decreasing the opening angle of nanotube, the driving force on the fullerene becomes larger. At smaller opening 
angles, the molecule finds a larger potential energy gradient, which leads to the rectilinear motion of C60. Based 
on the mean square displacement analysis, the fullerene showed larger diffusion coefficients as the opening angle 
of CNT decreases.

At a constant opening angle, the directionality of the motion was examined at different average radius of CNT. 
For this purpose, the opening angle of nanotubes was chosen 38.9∘, while the radius of CNTs linearly changed as 
7.9 Å → 34.5 Å, 34.5 Å → 61.2 Å and 61.2 Å → 87.9 Å. The trajectories of the fullerene motion demonstrated that, 
the C60 has more diffusive motions inside the nanotubes with larger average radius (e.g. 61.2 Å → 87.9 Å). On the 
other hand, at smaller average radius of nanotubes (e.g. 7.9 Å → 34.5 Å), the fullerene showed a directed motion 
toward the narrower end of CNT. The distribution of the horizontal velocity of fullerene also revealed that, when 
the average radius of CNT is smaller, the directed transport is better achieved along the cone-like nanotube.

The motion of fullerene molecules has been studied outside the cone-like nanotube. The directed transport 
of C60 was observed in the opposite direction, when the molecule moves outside the CNT. It has been shown 
that, when the fullerene is located outside the CNT, it has stronger interactions with the parts with larger radius. 
The fullerene motion inside the cone-like nanotube has been evaluated at the temperature range of 100 to 400 K. 
The ratio of radial to angular speed ( vr/vθ  ratio) indicated that the C60 molecule has more directed movement, 
at smaller opening angle of nanotube, and lower temperatures. As we increase the temperature, the thermal 
fluctuations hinder the directed transport of fullerene and the molecule experiences movements in random 
directions.

Data availability
The data that support the findings of this study are available on request from the corresponding author.
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