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Abstract

Dynamics and separation of chiral C60 are numerically investigated in gaseous environment with a
linear velocity. We have found that the probability of location of center-of-mass coordinates of C60 on
Y direction is affected by chiralityof C60, angular velocity of C60, the temperature of gaseous
environment, the pressure of gaseous environment and the species of the particle. When angular
velocity is zero, the transport trajectory is close to the standard normal distribution on Y direction. For
the clockwise C60, it has a higher probability to the positive Y-axis. However, the counterclockwise
rotating C60 tends to approach the negative Y-axis. In addition, we also propose a mechanical
mechanism in microscale systems about chiral separation. Our statistical results present a phenomenon
that is different from the Magnus effect.
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1. Introduction

The Magnus effect is well-known for its influence on the flight path of a spinning ball.
Seifert reviewed the application of Magnus effect devices and concepts in aeronautics . What is
more, some researchers investigated the optical Magnus effect. Surface engineering in chemical
and physical systems has been studied theoretically and experimentally(z), except as the
microparticles moving by Magnus effect. Above all, understanding the Magnus effect of the active
particles in the microscopic world can provide insight into out-of-equilibrium phenomena
associated with physical examples such as target material and C60. These phenomena may appear
in several fields, e.g. coat material in polymer solar cells”, clean surface in material® 7,

shield plating in workpiece and separate microparticles in chirality(x). Compared with the passive
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studies of active matter, microscopic particles moving in confined structures could exhibit peculiar
behaviors, resulting for example in rotational cooperative particle motions distort the lattice and
induce the free dislocations processes(g). The presence of particles could destabilize the interface
which, in turn, affected the behavior of particles at the interface"”. Microparticles can be finely
characterized or distinguished according to their distinct maximum synchronous velocity
spectra’!).

Due to the high stability and the properties of well-characterized electron acceptor, C60 has
attracted ongoing attention in many fields such as condensed matter physics and material science.

Song et al"?

probe single quantum dot (QD) fluorescence spectroscopy distribution and its effect
on the function (electron-transfer dynamics) in QD-C60 complexes. They found that in
self-assembled QD nanostructures, the statistical distribution of the number of adsorbed partners
can dominate the distributions of the averages and standard deviation of their interfacial
dynamical properties. Some reviews had found the colloidal properties of fullerene C60 and
multi-walled carbon nanotubes">. Richa and coworkers'® have studied nanocrystalline mixtures
of Boron subphthalocyanine chloride and C60. Their device performance shows a strong
dependence on active-layer donor—acceptor composition, and peak efficiency is realized at 80wt.%
C60. These research strategies were mainly based on doping and physicochemical properties.
However, in some situations, the mechanical properties of C60 are as important as them. For
example, C60 can generate nanopores in graphene'”, clean the surface and coating(l(’). Therefore,
a deeper understanding of dynamic properties of C60 is necessary for the advanced materials
industries. Wang and James demonstrated correlation between mechanical wave and temperature
variation at the early stage of collision’”. The rebounding processes of C60-graphite surface
collisions at different energies are found to exhibit similar dynamic behavior and the molecular
center-of-mass motion can be regarded as moving in a quadratic harmonic potential®. Girifalco
had researched the molecular properties of C60 in the gas and solid phases(lg). Moriarty had used
anisotropic molecular manipulation to translate, rotate and remove C60 on Si (100)-2X1(19). Liang
and coworkers have investigated the effect of C60 molecular rotation on nanotribology

experimentally®”

. What is more, Aharonov-Carmi effect and energy shift of valency electrons in
rotating C60 molecules had been studied®". These researches present an important issue about the

dynamical behavior of rotating C60.
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In this paper, we will numerically study the dynamics and collision of pure C60 in a channel
with gaseous environments, and show our systematic molecular dynamics investigation on the
movement formation induced by clusters through controlling the environmental temperature, the
number of particles, the rotation angular velocity and the species of gas particles. To understand
the process of particle collision in fluctuating environment more precisely, we use the method of

simple statistical analyses to get its nature.

2. Model and methods

In the presence of an additional torque, the C60 tends to execute circular orbits called chiral C60.
(e.g. chiral microswimmer)®. In this paper, we consider molecular dynamics simulations of collisions
between C60 and gas particles and put them in a box with periodic boundary conditions. As is shown in
Fig.1, the height (AE) is Y-direction, the width (AB) is X-direction and the length (BC) is Z-direction.
v is the linear velocity of C60, which is perpendicular to the Y-direction. w is the angular velocity of
C60, here the counterclockwise and clockwise direction in Y-Z plane are negative and positive

direction, respectively.
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Fig.1 Scheme of separating device: two kind of chiral C60 moving in rare gas environment under periodic boundary conditions.
The big ball is C60 in the channel. The initial states of C60 include the position of center-of-mass coordinate (0, 0, 0). Its linear
velocity v along Z-axis and its angular velocity w around X-axis. Periodic boundary conditions are imposed in the X, Y and Z
directions. The light blue and dark blue balls denote carbon atoms and gas molecules, respectively.

We employ the classical molecular dynamics method based on the Tersoff-Brenner (TB) potentials

of carbon-carbon (C-C) bonding interactions in C60 clusters.
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where VR(r,]-) represents the repulsive pair-wise interaction. VA(r,]-) represents the attractive potential due
to valence electrons. i and j refer to the atoms in C60. r; and u; A; ; is the distance and energy
parameters of atoms and atoms in C60, respectively. For the sake of simplicity, we do not provide the

parameters in detail (such as 4, By, a; b;), and all the parameters for Tersoff-Brenner potentials are

given in Rafii-Tabar'*®.

(23),24)

The Lennard-Jones (LJ) potentials are used to expressed the van der Waals interactions of

gas-gas and gas-carbon interactions and the form is

12 6
o o
VLJ(V;/)=4$ r— - r— . (3)
ij ij

The distance and energy parameters of this pair potential obtained with semi-empirical combining rules

from the Lennard-Jones ¢ and ¢ parameters of the carbon atoms and the atoms in gas.

o,._+0
O = 5 (4)
2
Eog = EecCe , (5)

“ _» “ _»

where “e” and “g” refer to the atoms in rare gas and carbon atoms, respectively. while parameters
of the atoms in C60 are given for some relevant systems in Table I.

TABLE I Parameters of Lenard-Jones potentials for different atoms.

Atom 0..(A) l£.. | (K)
He-He™ 2.560 10.9
Ne-Ne® 2.750 35.6
He-C® 2.980 19.3
Ne-C%® 3.075 71.2

The dynamics of ith particle is described by the following Langevin equations

ARt ©®
ov(r)
E‘(t):_Tl’fi(t):_rmvi+\/2k3mr7;)§i(t) Q)

where m is the relative atomic mass of atoms i, r;is the displacement of atoms, 7 is the time, fi(?)

consists of two parts, one for viscous drag is [Imv;, and another for random forces

isA/2k BmT OF f ; () since the randomness is an inherent property of molecular systems. V(r;) is

4
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the potentials of atoms, which include TB and LJ potentials. v;is the velocity of the atoms, /" is the
surface viscous coefficient when atom collision, the Gaussian white noise satisfies <¢(#)>=0, and
<&(H)E(s)>=0,0(t-s). Ty is the temperature of environment, kz is the Boltzman constant. The
random velocity of gas molecules depend on the distribution of Maxwell distribution. The time
step is 0.55 fs, the simulation runs 3x10” time steps giving a total molecular dynamics time of
16.5 ps to obtain the center-of-mass coordinates of C60 in the Y-axis. k is normalized density of

C60 falling Y-axis, which satisfies,

+00
j kdy =1. (8)
We define P as the rate of probability of C60 located on positive Y-axis (N,) to that located on
negative Y-axis (N;). P can describe how much a chiral C60 tend to go to negative or positive

Y-axis. The equations are defined as

Pt o)

,
where N, and N, are the frequency of the center-of-mass coordinate of C60 in negative and
positive Y-axis when passing through the gas, respectively. If P>1, it means C60 tends to deflect

and fall to negative Y-axis, and vice versa. E is the standard error of P. which is defined as

leZE, E= /LZ(PZ.-I_D), (10)
g n-143

where n is the number of simulations; P; is the rate of probability of C60 located on Y-axis of data

i F is the average of P;.

3. Results and discussions

In this work, we propose two kinds of gaseous environment to test the validity of Magnus effect in
microscale systems: (A) rotated C60 in the neon gaseous environment and (B) rotated C60 in the
helium gaseous environment. Unless otherwise noted, our simulations are under the parameter sets:
AE=40 A, AB=40 A, BC=160 A and v=10 A ps™'. Our statistics was on the basis of center-of-mass
coordinates of C60. For the convenience of discussion, we focus on equimolar gaseous environment,
where the number of the neon particles is equal to the number of the helium particles.

A. rotated C60 in the neon gaseous environment

In this section, we will systematically study the movement of rotated C60 in terms of w, T and N

5



RSC Advances

in the presence of the neon gaseous environment.

At T=350 K and N=288, we do 2000 simulations repeatedly by using different w with v=10 A ps™.
Figure 2 shows the P as a function of the Y coordinate of C60. It is found that directed current
occurs and the curves are almost the same for both clockwise and counterclockwise C60. When
w=0, the value of P wandering around a straight dotted line p=1, it means that the distribution of
C60 follows the standard normal distribution. When w<0, |w| increases from zero to 15, the value
of P is larger than one. It means that the distribution of counterclockwise C60 does not follow the
standard normal distribution along Y=0, and more C60 particles move to the negative Y-axis.
When w>0, the opposite results are observed and more C60 particles move to the positive Y-axis.
In order to observe more conveniently, we employ the distribution of C60 at w=-15, 0 and 15 rad ps™".
As is shown in the inset of Fig.2, the peak of the distribution of C60 have three positions. when w=-15
rad ps’', its peak locates on negative Y-axis. On the contrary, when w=15 rad ps”, its peak locates on
positive Y-axis. Obviously, particles with different angular velocities can be separated in the flowing

gaseous environment.
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Fig.2 The rate P as a function of the rotation velocity w in neon gaseous environment. The inset is the normalized density & as a
function of the Y-coordinate in neon gaseous environment with w=-15, 0 and 15 rad ps”. 7=350 K and N=288.

In first section, we have observed that the distribution of rotated C60 depends on the angular
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velocity in the gaseous environment. To analyze the separation of C60 considering rotate fluctuations,
we can get its nature by using the same statistical analyses.

The probability of C60 located on the Y-axis as a function of the number of gas particle is shown
in Fig.3. The peak of the distribution of C60 has three positions. For N=128, its probability curve has a
peak located on negative Y-axis. For N=200 and N=288, the position of the peak of probability curve is
the same as the former. Upon increasing N from 128 to 288, the ratio between the frequency of the
center-of-mass coordinate of C60 in negative Y-axis and positive Y-axis decreases monotonically from
1.63 to 1.41 at w=-15 rad ps'l. It is suggested that counterclockwise C60 in the process of moving is
more focused on the negative Y-axis with a relatively low pressure gaseous environment. In other word,
with excessive gaseous particles, the separation of C60 will be hindered. Therefore, the
counterclockwise particles will be separated to the negative Y-axis direction where the number of

particles plays an important role.
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Fig.3 The rate £ as a function of the Y-axis coordinates in neon gaseous environment. The inset is the rate P as a function of the
number N in neon gaseous environment. 7=350 K and w=-15 rad ps™.

Fig.4 depicts the bar charts of the probability of C60 located on the Y-axis with the temperature
fluctuations when w=-15 rad ps'1 and N=288. When the Y-coordinate varies from 0 to -20, it is found

that the black bar charts are higher than other bar charts on the negative Y-axis. But for the
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Y-coordinate from 0 to 20, the bule bar charts are higher than other bar charts on the positive Y-axis.
Upon increasing 7 from 250 to 350 K, the ratio between the frequency of the center-of-mass coordinate
of C60 in negative Y-axis and positive Y-axis decreases monotonically from 1.51 to 1.41. In a word, the
effect of separation is the same. This is because the possible location of counterclockwise C60 is more
inclined to the negative Y-axis. What is more, the rate P decreases monotonously with the temperature
increasing. Therefore, the temperature is one of the factors that affect the particle separation.
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Fig.4. The bar chart of rate k on the Y-axis coordinates in neon gaseous environment. The inset is the rate P as a function of the

temperature 7 in neon gaseous environment. N=288 and w=-15 rad ps™.

As is shown in Fig.2, we can note that the more w increases, the more friction increases, and then
the angle of deflection becomes bigger. What is more, the collision frequency increases with the
number of gaseous particle. Due to the collisions, w gradually decreases, and the effect of overall
separation weakens. The probability of collision always increases with the temperature. When the
restriction of collision become more obvious, the effect of separation abates. From Fig.4, we can find
that the number of gaseous particle is enough, the effect of separation works well and is subdued with

the increase of temperature.
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B. rotated C60 in the helium gaseous environment
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Fig.5 The rate P as a function of the rotation velocity w in helium gaseous environment. The inset is the normalized density k as
a function of the Y-coordinate in neon gaseous environment at w=-15, 0 and 15 rad ps™'. 7=350 K and N=288.

The results of the helium gaseous environment are shown in Fig.5. It is found that the separation
methods in the helium gaseous environment are not significant than neon gaseous environment. As the
angular velocity increases, the rate P fluctuates. When w=-15, 15 and 0 rad ps’', the distinction of their
curve was not obvious and tend to present the standard normal distribution. Compared to the neon
gaseous environment, it is known to us that the mass and size of neon particle are bigger than the
helium particle. From the above results, the efficiency of separation in gaseous environment is affected
by changing the mass and the size of gaseous particles. Thus, it is possible to increase the efficiency of
separation in gaseous environment experimentally.

C. Comparing rotated particles moving in gaseous environment in micro scale and macro scale

In macro scale, when the rotating angular velocity of rotating object has misalignment with its
flight velocity, a lateral force will come into being on the vertical direction of phase plane of rotating
angular velocity and the velocity. The phenomenon that the trajectories of objects deflects under the
influence of transverse force is considered to be Magnus effect. For example, as is shown in Fig.6, the

clockwise football will go down along negative Y-direction in gaseous environment.
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On the contrary, in micro scale as shown in Fig.6, our studies suggested that the clockwise
particles have a larger probability to go up along positive Y-direction in gaseous environment. We
propose different mechanical mechanism should be considered.

The Magnus effect is determined by Bernoulli's law, which describes that the increase of fluid
velocity will cause the decrease of the pressure, and the decrease of fluid velocity will cause the
increase of the pressure. Thus the rotating object has the lateral pressure difference, and transverse
force is formed.

In order to give the explanation of the mechanical mechanism of our statistical results, we plot the
schematic diagram of the mechanical mechanism in Fig.6. As is shown in Fig.6, the collision between a
rotating particle and a gaseous particle generates a applied force. Due to the existence of the angular
velocity, the carbon atoms of area A begin to approach gaseous particles, thus producing an incremental
van der Waals forces AF;. On the contrary, the carbon atoms of area B go away from gaseous
particles, thusproducing a deducing van der Waals force AF,. We ignore other areas due to the long
distance (>0.7nm). According to nanotribology, C60 rotation does not provide an additional energy
dissipation channel in the friction process and the interaction energy increases when shortening

intermolecular distance %

. Hence, the difference between AF; and AF, can be regarded as a
centripetal force in the movement of objects. According to the characteristic of van der Waals force, as
displayed in the inset of Fig.6, AF;>/\F,, thus a join force (in positive Y-direction) will be produced,
which leads to a change in the direction of flight under the interaction between a join force and a linear

velocity. The results suggest that the cluster ion beam is a good tool for directional bombardment,

doping, coating, membrane cleaning and chirality separation.

10
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Fig.6 the Mechanical mechanism of Magnus effect and collision of particles. The inset is C60 molecule and gaseous particle and

the van der Waals force of C60 molecule is as a function as intermolecular distance (r).

4. Concluding remarks

To conclude, we numerically studied the transport of different chiral C60 moving in steady
gaseous environment of neon and helium. We have found that the probability of location of
center-of-mass coordinates of C60 on Y direction is affected by the chirality of C60, angular velocity of
C60, the temperature of gaseous environment, the pressure of gaseous environment and the species of
the particle. The effect of the chirality comes about via the viscous drag. For the clockwise C60, it has a
high probability to the positive Y-axis. On the contrary, it has a high probability to the negative Y-axis
when the chirality of C60 is counterclockwise. The direction of the transport can be reversed by tuning
the angular velocity. The angular velocity of C60 would significantly influence the probability of
distribution by the energy of viscous drag. However, a relatively lower temperature of gaseous
environment also can obviously reduce the probability of deflection due to the friction process. The
pressure of gaseous environment plays an important role in the transfer process of C60. There exists
an optimal value of the angular velocity and temperature at which the P has a direct proportion
relationship with V. The mass and the size of gaseous particles will weaken the combined effect that
the former factors above have that on the efficiency of separation in gaseous environment. We expect
that our results can not only provide insight into the understanding of the mechanism of rotating C60 in

gaseous environment, but also be applied potentially to the functionalization of C60, and the

11
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production of C60-doping and C60-coating.
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Abstract

Dynamics and separation of chiral C60 are numerically investigated in gaseous environment with a
linear velocity. We have found that the probability of location of center-of-mass coordinates of C60 on
Y direction was affected by chiral of C60, angular velocity of C60, temperature of the gaseous
environment, pressure of the gaseous environment and the species of the particle. When angular
velocity is zero, the transport trajectory are close to the standard normal distribution on Y direction. For
the clockwise C60, it have high probability to the positive Y-axis. However, the counterclockwise
rotating C60 tends to the negative Y-axis. In addition, as shown in Fig.A, we also proposed a
mechanics mechanism in microscale systems about chiral separation. Our statistical results present a

phenomenon that is different from the Magnus effect.
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Fig.6 the Mechanics mechanism of Magnus effect and collision of particles. The inset is C60 molecule and gaseous particle and

the van der Waals force of C60 molecule as a function as intermolecular distance (r).



