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A substrate-supported carbon nanoscroll (CNS) oscillator is demonstrated through molecular dynamics
simulations. By tuning the effective surface energy of CNS to a certain range (e.g., via an applied electric
field), a substrate-supported CNS whose core is constrained by an inserted carbon nanotube can be
made to oscillate around an equilibrium configuration at frequencies on the order of 10 GHz. It is found
that stiffer core insertions lead to smaller damping coefficient and higher oscillating frequency, while

temperature has a pronounced influence on the oscillating amplitude.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Carbon nanoscrolls (CNS), corresponding to a graphene sheet
rolled up into a scroll-shaped structure [1-4], have been of
increasing interest due to their unique structural [5-9], dynamical
[6], and electronic properties [4,10]. In contrast to carbon nano-
tubes (CNTs), the core size of the CNSs can be tuned by changing
system parameters such as the effective surface energy via an
applied electric field [11,12].

Oscillators constructed from nanomaterials, such as double-
walled carbon nanotubes (DWCNTs) [13] or oscillation of Cgg
inside a single-walled carbon nanotube (SWCNT) [14], have been
extensively studied. Most of these oscillators were CNT-based,
with oscillatory motions along the axis of the tubes. An exception
is the recently proposed CNS-based breathing oscillator [15].
In the present study, we demonstrate a type of substrate-supported
CNS oscillator through molecular dynamics (MD) simulations. Com-
pared to previously studied oscillators, the substrate-supported CNS
oscillator moves in the direction perpendicular to the axis of the CNS.
Once the core size of the CNS is constrained (e.g., by inserting a CNT),
the dynamic motion of a CNS on substrate could be controlled by
tuning the effective surface energy via an applied DC/AC electric field
[16]. Here we show that, within a certain range of the effective
surface energy, such a CNS can also be made to oscillate around an
equilibrium configuration. The oscillation is driven by a potential
energy well dominated by the van der Waals (VDW) interaction. The
rigidity and size of the core insertion have a great influence on the
oscillatory behavior of CNS on substrate, while temperature affects
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the oscillating magnitude. Comparison with the motion of a multi-
walled carbon nanotube (MWCNT) on substrate shows that the
motion of CNS-based oscillator can be guided and controllable, which
may offer unique advantages over MWCNT-based oscillators on
substrate.

2. Methods

The model system of a CNS-based oscillator on substrate was
constructed from two layers of graphene sheets with the dimen-
sion of 53.9 x 3.7 nm?. The bottom layer served as the substrate
while the upper one was rolled up into a CNS, as shown in Fig. 1A.
DWCNT was inserted into the CNS, both as a template for rolling
up of the CNS and as a way to constrain its core size to facilitate
linear motion [16]. The DWCNT was composed with two SWCNTs
with type (5, 5) and (10, 10).

The bonded interaction among all the carbon atoms was
described by a Morse bond, a harmonic cosine of the bending
angle, and a twofold torsion potential. The Lennard-Jones poten-
tial was used to describe the non-bonded interactions U(ry,4) =
4/¢[(o/ry)'2—(a/ry)Plwhere £=0.3601 kJ/mol, 6=0.34 nm, and
A is a tuning parameter used to control the interactions between
different components of the system. For example, Acc denotes the
CNS-CNS interaction parameter, and Acs denotes the CNS-
substrate interaction. Here we keep the CNS-substrate interaction
unchanged by fixing 1cs=0.8, while A is the tuning parameter
mimicking the effect of an applying electric field on the CNS [12].

All simulations were performed using software Gromacs4 [17].
During MD simulations, the right end (Fig. 1) of the CNS was
fixed on the rigid substrate. NVE ensemble with periodic bound-
ary condition was used. An initial temperature of 10 K was
adopted.
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Fig. 1. A partially folded equilibrium configuration of a CNS on a graphene
substrate. A DWCNT has been inserted to constrain the core of the CNS.

3. Results and discussion
3.1. Oscillation of CNS on substrates

As shown in our earlier work [16], if we define x as the length
of the rolled out part of the CNS on substrate, the energy change
associated with linear motion can be described as (driving force f)

OV ols—Tcc W
=== ox T ox @

where V is the potential energy of the system, I'cc is the CNS-CNS
interaction energy, I'cs is the CNS-substrate interaction energy,
and W is the elastic bending energy. The motion of the CNS on
substrate is controlled by the competition between the folding
and unfolding driving forces, with VDW energy playing the
dominant role. I'cc and I'cs are linearly correlated to Acc and
Acs, Tespectively. As shown in Fig. 1, if a sufficiently large value of
Acc is adopted, the interlayer interaction dominates and the
nanoscroll folds up and moves rightward, while if a small value
of Acc is selected, the CNS eventually unfolds and moves leftward.
Within a certain range of intermediate values of A, a partially
folded equilibrium configuration of CNS can be found, and the
CNS can be made to oscillate around this equilibrium. In MD
simulations, Acc was systematically varied for a range of partially
folded equilibrium configurations of CNS and the oscillatory
behavior of the CNS around these equilibrium positions was then
studied. For example, the oscillatory behavior of the configuration
shown in Fig. 1 was observed when 0.91 < /cc < 0.94. The trajec-
tory of the center of mass (COM) of the CNS as a function of the
simulation time at /cc=0.94 is shown in Fig. 2. The CNS oscillates
at a frequency of w~8.5 GHz with damping coefficient ¢=0.016.

Here ¢ is calculated as ¢=1/4/1+ (2n/6)2, where 0=(1/n)In(xo/
Xp) is the logarithmic decrement, xo and x, being two amplitude
peaks separated by n periods.

The total potential energy of the system dissipates during the
simulation time, and its variations are consistent with the posi-
tion of the CNS, as shown in Fig. 3. The energy dissipation has no
apparent correlation with the frequency of oscillation. The sum of
CNS-CNS and CNS-substrate VDW energy is illustrated in Fig. 4,
which indicates a potential well at the equilibrium position, and
the oscillatory motion is dominantly driven by the VDW energy.
While it is not intuitive that such an energy well would exist in a
seemingly translationally invariant motion, we believe that the
observed potential minimum can be attributed to an energy
barrier associated with the edge of the graphene sheet wrapped
inside the elastically deformed core of the CNS, as shown in Fig. 1.
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Fig. 2. The position of the CNS in the x-direction as a function of the
simulation time.
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Fig. 3. Potential energy of the CNS as a function of the simulation time.

We note that the substrate-supported CNS linear oscillator
works only within a certain range of Acc (e.g., 0.91 < Acc < 0.94 for
the configuration shown in Fig. 1). Within the working range, the
frequencies of the oscillator are roughly the same. For the same
CNS-substrate system, the working range of Acc also depends on
the equilibrium configuration of the CNS. Suppose the positive
direction is defined as going leftward, and x;, x, denote the
positions of the CNS in two different equilibrium configurations.
When x, >x;, a relative value of Acc <Acci is observed at
equilibrium. For example, for a less folded CNS located at
x=29.45 nm, the equilibrium occurs at 1cc=0.83. This is different
from our earlier work on CNS-based breathing oscillator [15],
where a wide range of Acc was adopted to induce oscillation.
By tuning Acc (e.g., via an electric field), we can not only control
the folding and unfolding motion of the CNS on substrate [16], but
also design the oscillation of the CNS at a targeted location on the
substrate.
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Fig. 4. Sum of the VDW interaction energy between CNS-CNS and CNS-graphene
as a function of the position of the CNS.

3.2. Effect of rigidity of insertion on oscillatory behavior

Several factors can affect the oscillatory behavior of the CNS-
based oscillator. Besides the strength of CNS-CNS and CNS-
substrate interactions, the mechanical property of the core inser-
tion can also influence the oscillatory behavior of the CNS.

In an earlier work proposed by Andreev et al. [18], the
flexibility of CNTs was controlled by multiplying the angular,
torsional, and non-bonded terms of the carbon-carbon interac-
tion potential by a factor of 10~%, where ¢ is the flexibility
parameter. Here we follow a similar strategy for defining the
flexibility of the insertion. The simulation was repeated several
times with varied values of ¢. For example, ¢ = —1 implies a very
rigid core insertion. We take Acc=0.94 while keeping other
control parameters of the MD simulations unchanged. The COM
position of the CNS on substrate is shown in Fig. 5. With a more
rigid insertion, the oscillator has a higher frequency. The damping
coefficient is ¢=0.006, much smaller than the case with ¢=0.

Further MD simulations were carried out taking ¢=1. In this
case the DWCNT insertion is more flexible and the snapshot of the
MD simulation at 200 ps is shown in Fig. 6. If the insertion is too
soft, we found that the CNS core can no longer be constrained and
the motion becomes uncontrolled. This observation again con-
firms our earlier observation that a rigid insertion is necessary to
induce controllable linear motion of a CNS on substrate [16], see
also Ref. [19].

3.3. Effect of insertion size on oscillatory behavior of CNS

It has been shown that the core of the CNS must be con-
strained in order to achieve controllable oscillation of CNS on
substrate [16]. In addition, the size of the insertion can also be
designed to control the oscillatory behavior of CNS. To demon-
strate this effect, for the same dimension of CNS and substrate, a
MWCNT composed of three SWCNTs of types (5, 5), (10, 10),
(15, 15) was inserted into the CNS. The oscillatory behavior was
studied and the initial configuration was taken as the CNS at the
position of x=12.1 nm. The oscillatory behavior occurred at
Acc=0.89, and the trajectory is shown in Fig. 7.

Compared to the oscillator with a DWCNT insertion, the
frequency of the oscillator with a larger insertion is lower, and
the oscillatory period is longer. This can be explained by the
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Fig. 5. The position of the CNS in the x-direction as a function of the simulation
time for two values of the flexibility parameter ¢.
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Fig. 6. Snapshot of CNS at 200 ps using a flexibility factor of ¢=1.

shallower well for the oscillator with a 3-walled CNT insertion.
The VDW energy shows a minimum at V= —47,000 k]J/mol. The
damping coefficient for this system is ¢~ 0.013, slightly lower
than for the system with a DWCNT insertion. Therefore, alternat-
ing the size of the insertion also influences the oscillatory
behavior of the CNS.

3.4. Temperature effect

The effect of temperature was studied by conducting simula-
tions at different temperatures, and the CNS position with respect
to the simulation time at representative temperatures is shown in
Fig. 8. The damping coefficient is ¢=0.016 at T=10K, and
¢=0.029 at T=300K. At higher temperatures, the damping
coefficient becomes higher. The increase of damping with tem-
perature was also observed in our earlier work on the breathing
oscillation of CNS [15]. If the temperature was increased beyond
400 K, the CNS no longer showed an oscillatory behavior (inter-
esting applications are also envisioned for CNS working at the
critical damping); instead, it escaped from the local potential well
and folded up rightward. Therefore, at very high temperatures, it
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Fig. 7. The position of the CNS as a function of the simulation time for a CNS with
a 3-walled MWCNT insert.
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Fig. 8. The position of the CNS as a function of the simulation time at representa-
tive temperatures.

is likely for the CNS to overcome the local energy well and the
system will no longer be oscillating.

3.5. MWCNT-based oscillator on a graphene substrate for
comparison

It has been shown that the motion of the CNS-based oscillators
on substrate can be guided and controllable. For comparison, we
also studied a MWCNT-based oscillator of comparable size to that
of the CNS-based one. The MWCNT consisted of five SWCNTs of
types (5, 5), (10, 10), (15, 15), (20, 20), (25, 25), and 3.7 nm in
length.

Initially, the MWCNT was located at the center of the substrate
with the dimension of 14.4 x 10.5 nm?, as shown in Fig. 9. The
distance between the edge of the substrate and the CNT was

Fig. 9. Snapshots of the MWCNT on the substrate.
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Fig. 10. Center of mass (COM) position of CNT in the x-direction as a function of
the simulation time.

larger than 2 nm in all three dimensions, which was longer than
the cutoff, 1.4 nm. MD simulation was carried out for 2 ns at an
initial temperature of 10 K with the graphene substrate fixed.
At the initial state of the simulation, the MWCNT rotated and
translocated on the substrate. The equilibrium state was reached
after 500 ps; afterwards the position of the MWCNT remained at
steady values. In order to initiate oscillation from the equilibrium
state, an initial velocity of 0.5 nm/s was imposed on the inner
(5, 5) SWNCT for 0.5 ps in the x-direction; afterwards no external
force was applied. The COM position of the MWCNT in the
x-direction is shown in Fig. 10. Apparently the motion of
MWCNTs on the graphene substrate is not controllable. This is
in great contrast to the CNS-based oscillator, whose motion on the
substrate can be guided and controlled.
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4. Conclusion

In summary, we have demonstrated a substrate-supported
CNS oscillator through MD simulations. It has been shown that
the motion of such an oscillator on substrate is guided and can be
controlled, which may offer a unique advantage over other types
of oscillators, for example a system with MWCNTs on substrate.
The substrate-supported CNS oscillator requires a sufficiently
rigid insertion to constrain its core during oscillation, and the
elastic property of the insertion influences the oscillatory beha-
vior of the CNS. A stiffer core leads to higher frequency and
smaller damping coefficient. On the other hand, a larger diameter
of the insertion leads to a shallower potential well and a lower
oscillatory frequency. Temperature also has a great influence on
the magnitude of oscillation, and at very high temperatures the
CNS is driven out of the potential well and can no longer oscillate
about an equilibrium position.
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