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Monitoring mechanical motion of carbon nanotube based nanomotor

by optical absorption spectrum
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The optical absorption spectra of nanomotors made from double-wall carbon nanotubes have been
calculated with the time-dependent density functional based tight binding response method. When
the outer short tube of the nanomotor moves along or rotates around the inner long tube, the peaks
in the spectra will gradually evolve and may shift periodically, the amplitude of which can be as
large as hundreds of meV. We show that the features and behaviors of the optical absorption spec-
tra could be used to monitor the mechanical motions of the double-wall carbon nanotube based
nanomotor. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4973406]

Nanomotor is a kind of artificial machine working at
nanoscale that can convert other forms of energy into
mechanical energy' and has many applications in biochemis-
try,” security and defense,’ etc. Among many different fabri-
cation techniques,4 nanomotors made from multi-wall
carbon nanotubes can be dated back to the pioneering work
by Fennimore ez al.,” and continuous experimental and theo-
retical works have been devoted to understand different
properties of CNT based nanomotors.®'® A typical nanomo-
tor made from double-wall carbon nanotube (DWCNT) here
consists of two constituents, i.e., one long inner tube with its
two ends fixed to two anchor pads and one outer short tube
that can move along and/or rotate around the inner tube
under the external driven electric or thermal field.” After
pasting a metal plate on the short outer tube, such a structure
can act as a sensor in microfluidics systems, or a gated cata-
lyst in wet chemistry reactions, or a bio-mechanical element
in biological systems, etc.’

Monitoring the transient dynamics of the nanomotor in
time is essential for its successful applications. In the past
studies, the mechanical motion of DWCNT based nanomotor
is usually observed by the scanning electron microscope
(SEM) apparatus.”®® Although the SEM images can clearly
determine the various configurations of the nanomotor dur-
ing the motion, it is a challenge for SEM apparatus to contin-
uously capture the transient dynamics of the nanomotor,
especially if the motion velocity reaches the prediction value
10® um/s, as given by the molecular dynamics simulation.’
Therefore, alternative methods are required to detect the
mechanical motion of the nanomotor. For example, Cai et al.
have proposed to use the centrifugal effect to measure the
high-speed rotation of a thermally driven carbon nanomo-
tor.'”'® However, in their proposal, a wing made from gra-
phene should be attached to the nanomotor in order to detect
the rotational motion,'”'® which complicates the structure of
nanomotor further.

Another possible way to observe the mechanical motion
of DWCNT based nanomotor is to measure its optical
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spectra, which however has not been discussed so far.
Recently, Liu et al. have systematically developed the real-
time optical imaging and broadband in sifu spectroscopy and
have studied the optical absorption spectra of various types
of CNTs."”?! Their experimental results revealed that the
interaction between two individual tubes can significantly
modify the optical transition energy in DWCNTSs and sug-
gest that optical absorption spectra can be helpful to identify
the relative handedness of DWCNTs, which is indistinguish-
able by the electron diffraction pattern.”’ Therefore, it should
be feasible to apply the same technique to detect the mechan-
ical motion of the nanomotor made from DWCNT, if the
variation of the optical absorption spectra during the motion
are regular enough to be identified and large enough to be
detected.

In this paper, we calculated the optical absorption spec-
tra of the nanomotors made from DWCNTs with the time-
dependent density functional based tight binding (TD-
DFTB) response method.”**® Our results demonstrate the
gradually evolution of the optical absorption spectra of nano-
motor when the outer tube moves along or rotates around the
inner tube, and we propose to monitor the mechanical
motion of the nanomotor by detecting its optical absorption
spectra.

The structure of the nanomotor we consider here consists
of a long inner tube and a short outer tube (Fig. 1), which has
been discussed frequently in the former studies. > 121416
Other existing structures of nanomotors™*'*'"'* have gone
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FIG. 1. Atomistic structure of a DWCNT based nanomotor. The ends of the
carbon nanotubes are passivated by hydrogen atoms. (a) The translation dis-
tance R of the outer tube moving along the axis of the inner tube; (b) the
counterclockwise rotation angle @ of the outer tube around the axis of the
inner tube. Green: carbon atoms; blue: hydrogen atoms.
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beyond the scope of the current work and can be studied in a
similar way. In our modelling, the inner tube will be made
from (5,0) CNT with five unit cells, while the outer tube will
be made from (10,0) or (11,0) CNT with one unit cell. The
ends of both the tubes are passivated by hydrogen atoms. For
a given nanomotor, its configuration is characterized by the
translation distance R along the axis direction and the counter-
clockwise rotation angle ® of the outer tube in relative to the
inner tube, as defined in Fig. 1.

The atomic positions of the two tubes are relaxed sepa-
rately by the conjugate gradient algorithm implemented in
DFTB+ package®* before they are assembled together as a
nanomotor. In the DFTB method, the system energy is com-
posed of the electronic band-structure energy and the short-
range repulsive potential between atom pairs,”>® and the
pbc-0-3 parameter set’” has been used to construct the
DFTB Hamiltonian in our calculations. The threshold of
max force component for the structure relaxation is set as
10~* Hartree/Bohr, and the converge criterion for self-
consistent charge calculations is set as 1077 Hartree. The
reliability and validation of the DFTB method has been veri-
fied by its widespread applications to different carbon nano-
structures including carbon nanotube,zs’29 fullerence,zz’30
nanodiamond,‘“_35 etc.

TD-DFTB response theory*>*® has been applied to cal-
culate the optical absorption spectrum for each configuration,
where the optical transition frequencies (); are given by the
Casida equation®®

Z[w,-zj5ik5j15a‘z + 2/@ijK o kier/ O FL,, = QIF fjg (1)
kit

and the oscillator strength for singlet-singlet transition is

given by fi =3Q1 35 o1 2 (ilrely;) \/%Ff/aﬁ Here,
¢;(e;) denotes the Kohn-Sham orbital (energy) obtained in
the ground state calculation; Kjj, /; is the coupling matrix,22
and w; = ¢ —¢. 0 and 7 denote the electron spin. This
method has been tested for fullerene and polycene series sys-
tematically, which show reasonable accuracy compared to the
experimental and DFT results,”* and has been successfully
applied to study the optical properties of various nanoscale
systems including fullerence,22 silicon nanoclusters,3743 cad-
mium sulfide,***¢ zinc selenide nanostructures,*’ etc.

First, we investigate the effect of the coupling interac-
tion between the two tubes in the nanomotor on the optical
absorption spectra. We consider a nanomotor made from the
(5,0)/(11,0)0 DWCNT as an example, where the outer tube
has one unit cell and the inner tube has five unit cells.
Nanomotors with longer tubes and larger diameters will con-
tain more carbon atoms and require more computation resour-
ces, but the optical absorption spectra can still be alternatively
obtained by the Fourier transformation of the resulting dipole
moment after a real-time propagation of the time-dependent
density matrix.***’ The optical spectra of ultrashort CNT will
be seriously affected by the quantum confinement effect.”®
The configuration of the nanomotor is set as R=0A and
® = 0° in the calculation. The (5,0) CNT has been found to
be metallic because of the o-n mixing induced by high curva-
ture.”" Thus, a small gap about 47 meV is obtained for the
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inner tube due to the quantum confinement effect. The results
shown in Fig. 2 suggest that the optical absorption spectrum
of the nanomotor is not a simple summation of the spectra of
the two constituent tubes, which implies strong inter-tube
interaction in this structure. It is observed that much more
peaks appear in the optical spectrum of the nanomotor in Fig.
2. This can be understood from the lower symmetry of the
nanomotor due to inter-tube interaction, which breaks the
original selection rules for the quantum state transitions in
individual tubes and makes more state transitions to be
allowed. For comparison, we have also calculated the spectra
for another nanomotor made from (5,0)/(16,0) DWCNT with
larger inter-tube separation and negligible inter-tube interac-
tion, which is just the summation of the spectra of the inner
and outer tubes. Therefore, it is possible to infer the configura-
tion of the nanomotor from its optical absorption spectrum
only if there exists strong enough inter-tuber interaction.

We further calculate the optical absorption spectra of
the same nanomotor in Fig. 2 when translation distance R is
increased from 0A to 8 A with step length 0.25A and the
rotation angle @ is fixed as 0°, and the results are shown in
Figs. 3(a) and 3(b). We find that the evolution of spectra in
Fig. 3(a) lacks periodic pattern in terms of R, which is caused
by the breaking of translation symmetry of the inner tube
with finite length. However, after carefully examining the
finer structure of the spectra in the energy window [0, 0.6]
eV, we find that the first relatively strong peak shifts with the
increasing R in a periodic pattern approximately, as shown in
Fig. 3(b). The shift period is around 2 A, which is about half
of the lattice constant a with 4.26 A for the (5,0) CNT here.
This phenomenon can be understood from the fact that the
crystal structure of the ideal (5,0) CNT can be recovered by
the joint operations of J-translation and Z-rotation. If the
details of the atomic structure of the outer tube can be
neglected, the §-period of the peak shift will approximately
hold. This periodic shift is however destroyed for the optical
absorption spectra in higher energy range, which implies the
higher sensitivity of the spectra to the quantum confinement

T T T T T T T

——(5,0)/(11,0)
----- (5,0)

Oscillator Strength [arb. unit]

1.0 1.5 2.0 25 3.0
Energy [eV]

FIG. 2. The optical absorption spectrum of the nanomotor made from (5,0)/
(11,0) DWCNT (black real line), and the spectra for the constituent inner
long tube (red dash line) and outer short tube (blue dot line). The configura-
tion of the nanomotor is set as R =0 and ® =0. The spectra are broadened
by the Lorentz line shape with the width 0.02eV.
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FIG. 3. (a) and (b): The optical absorption spectra of the nanomotor made from (5,0)/(11,0) DWCNT when the outer tube moves along the inner tube. Here,
the rotation angle @ is fixed as 0°, and the translation distance R varies from 0 A to 8 A with the step length 0.25 A (shown from bottom to top). The spectra are
broadened by the Lorentz line shape with the width 0.02eV. (c) and (d): charge density distributions of the initial (red) and final (blue) state of the transition
corresponding to the first strong peak when R =2 A in (b), and the isovalue is taken as 5 x 107%.

effect. Besides, we observe that the shift amplitude of the
first strong peak is as large as 150 meV, which can be easily
detected by the modern optical spectroscopy technique.lg_21
In Figs. 2(c) and 2(d), we plot the charge density distribu-
tions of the initial and final states for the transition corre-
sponding to the first strong peak when R =2 A, respectively.
We find that the initial state is distributed in the middle of
the inner tube, while the final state is located at the end of
the inner tube and is far from the outer tube. Thus, the
observed periodic shift of the peak here is caused by the
modulation of the wavefunction of the initial state by the
position of the outer tube, which in turn can be used to moni-
tor the translational motion of the nanomotor.

Finally, we study the evolution of the optical absorption
spectra of the nanomotor when the outer tube rotates around
the inner tube counterclockwise. The nanomotor used here is
made from (5,0)/(10,0) DWCNT, with one unit cell for the
outer tube and five unit cells for the inner tube. The structure of
this nanomotor has five-fold rotation symmetry around the
axis, and the outer tube itself has ten-fold rotation symmetry.
Therefore, the structure and the corresponding optical absorp-
tion spectrum will repeat with the period 36" when the outer
tube continuously rotates around the inner tube. Besides, the
configurations to be calculated can be reduced to the range
@ € [0°,18°], if we further consider the reflection operation of
the nanomotor over one plane passing through the tube axis
and @ = 0°. In Figs. 4(a) and 4(b), we show the calculated
optical absorption spectra of the nanomotor in different energy

ranges when the rotation angle @ is increased from 0° to 18°
with step length 0.5° and the translation distance R is fixed as
8.53 A. In contrast to the case of translational motion, we find
that most peaks in the spectra evolve smoothly and regularly
during the rotational motion of the nanomotor (Fig. 4(a)),
which implies less importance of quantum confinement effect
here. Besides, some peaks appear in the spectra and then shift
during the rotational motion of the nanomotor. As shown in
Fig. 4(b), a peak located above 0.3 eV gradually appears and its
intensity becomes stronger and stronger when @ varies from 0°
to 18°, accompanying with the monotonic blueshift of its
energy. The amplitude of the blueshift of the peak is as large as
200meV, which can also be easily detected experimen-
tally.'”' We also notice that the shift of the peak becomes
slow when the rotation angle ® approaches 18°, where the dis-
tances between the carbon atoms in the outer and inner tubes
become relatively larger and their interaction becomes smaller.
Besides, we plot the charge density distributions of the initial
and final states of the corresponding transition when ® = 2° in
Figs. 4(c) and 4(d), respectively. We see that the initial state is
distributed over one half of the nanomotor structure, while the
final state is almost located at the touching region of the inner
and outer tubes, which can be modulated by the rotation of the
outer tube. Therefore, our calculation results here confirm that
it is also possible to monitor the rotation motion of the nanomo-
tor by detecting the optical absorption spectra.

In conclusion, we have calculated the optical absorption
spectra of the nanomotor made from the double-wall carbon
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FIG. 4. (a) and (b): The optical absorption spectra of the nanomotor made from (5,0)/(10,0) DWCNT when the outer tube rotates around the inner tube counter-
clockwise. Here, the translation distance R is fixed as 8.53 A, and the rotation angle varies from 0° to 18° with the step length 0.5° (shown from bottom to top).
The spectra are broadened by the Lorentz line shape with the width 0.02eV. (c) and (d): charge density distributions of the initial (red) and final (blue) state of
the transition corresponding to the strong peak when ® = 2° in (b), and the isovalue is taken as 5 x 107*.

nanotube with the time-dependent density functional based
tight binding method. The calculation results suggest that the
spectra depend sensitively on the configuration of the nano-
motor when there exists strong enough interaction between
the inner and outer tubes. When the outer tube moves along
the inner tube, there exists one peak the energy of which
shifts with an approximate period in the spectra, while the
other peaks do not shift periodically due to the quantum con-
finement effect of the ultrashort inner tube. When the outer
tube rotates around the inner tube, most of the peaks in the
spectra shift smoothly and regularly. The shift amplitudes of
the peaks in the spectra are found to be several hundred
meV. The previous experimental results on DWCNTs show
that either blueshift or redshift of the optical transition
energy by up to 150 meV can be induced by the intertube
coupling,® which agree reasonably with our simulation
results here. Therefore, the predictions in our simulations
can be further verified by the modern optical spectroscopy
techniques.'”™' Besides, the effects of vacancy defects and
surrounding polymers on the mechanical properties of the
carbon nanotubes have been studied by molecular dynamics
simulations recently,’>>® which may impact the mechanical
motion of the nanomotor and should also be observed in the
optical absorption spectra. Our work here demonstrates the
feasibility to use optical method to monitor the mechanical
motion of the double-wall carbon nanotube based nanomo-
tor, which will motivate further experimental efforts and
could have potential applications in designing, fabricating,
and utilizing nanomachines.

We thank T. A. Niehaus for providing the TD-DFTB
code and helpful discussions. This work was supported by
NSFC Project Nos. 11604162, 61674083, 51522201, and
11474006.
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