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ABSTRACT: Miniatured machines has open up a new di-
mension of chemistry, studied usually as an average over
numerous molecules or for a single molecule bound on a
robust substrate. Mechanical motions at a single molecule
level, however, are under quantum control, strongly cou-
pled with fluctuations of its environment -- a system
rarely addressed because an efficient way of observing
the nanomechanical motions in real time is lacking. Here,
we report sub-ms sub-A precision in situ video imaging
of a single fullerene molecule shuttling, rotating, and in-
teracting with a vibrating carbon nanotube, using an elec-

tron microscope, a fast camera, and a denoising algorithm.

We have realized high spatial precision of distance meas-
urement with the standard error of the mean as small as =
0.01 nm, and revealed the rich molecular dynamics,
where motions are non-linear, stochastic and often non-
repeatable, and a work and energy relationship at a mo-
lecular level previously undetected by time-averaged
measurements or microscopy.

Single-molecule mechanics of miniature molecular ma-
chines' is an unexplored field of chemistry.? At such a mi-
nute scale as molecules in a carbon nanotube (CNT)**
the molecule becomes strongly interacting with its fluctu-
ating environment, rendering the mechanics non-linear,
stochastic, and even non-repeatable—a system difficult to
address because an efficient way of observing the nano-
mechanical molecular motions in real time is lacking.
Here, we report in situ video imaging of single molecules
shuttling, rotating, and interacting with a mechanically vi-
brating CNT illustrated for a shuttling Cso dimer (cartoon
in Figure 1a and simulation in Figure 1b), using an aber-
ration-corrected electron microscope, a direct electron de-
tection (DED) camera, and Chambolle total variation
(CTV) denoising.’ With this setup of molecular electron

microscopy, we were able to record strongly correlated
motions of the CNT that vibrates stochastically a few
times per second, and the molecule that translates sto-
chastically within 1.875 ms. This molecular shuttling rep-
resents a prototypal single-molecular machine® — a parti-
cle in a box where a particle has a finite mass having a
potential shown in Figure 1c.” Stochastic translational
motion of Cgo dimers in CNT was previously proposed to
be a non-thermal event,® which is supported by the tem-
perature insensitivity of the frequency of the events ob-
served in this study. The video images with sub-ms sub-
A precision reported below now reveal the rich dynamics,
where a kinetic energy is recurrently supplied from the
mechanically vibrating CNT? to the molecule, and the
CNT was deformed by the translating molecule — a work
and energy relationship at a molecular level previously
undetected by time-averaged measurements or micros-
copy. The technique opens a new dimension in the study
of non-linear mechanics of a single molecule'® at hitherto
unavailable spatio-temporal precision, expected to be
useful for studies of conformational change and reactions
at single molecule level.

The shuttling motion occurring in a weakly chaotic
manner,'' one cannot use the conventional fast imaging
method, pump—probe microscopy'? which requires the
events observed to be repeatable and easily reproduci-
ble.'>'* This limitation would be lifted by fast electron
microscopy (EM) imaging, '° which has not been
achieved for a variety of reasons.'®!” For example, a 78-
ms video image (Figure 1b) illustrates translation and ro-
tation motions of a Cso dimer (67, colored in light
blue),'®!” the structure of which was previously discussed
computationally and experimentally.?! The factors that
limit the potential of EM include low image contrast due
to the small cross-section of light elements, lack of spatial
periodicity of the molecular specimens, and



characteristics of EM and detector (aberration, spatial and
pixel resolution, frame rate, signal and noise intensity).?*
23 An ultrafast camera alone does not solve the problems
because the high frame rate proportionately reduces the
electron dose per frame, making a single-frame image
practically invisible. The present CTV denoising strategy
coupled with a fast DED camera has achieved a time res-
olution of 0.9 ms and a localization precision of 0.01 nm
for imaging of non-periodic molecular structures. A 2.5-
ms time resolution has so far been the fastest EM time
resolution recorded for imaging of crystal facet develop-
ment.'> The demonstrated utility of EM for single mole-
cule dynamics,'* combined with recent reports on micro
electron diffraction of small organic molecules,***>¢ will
encourage more frequent use of EM in chemical research.
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Figure 1. Motions of fullerene molecules in CNT. (a) A rigid
body model showing motions of a kidney-shaped Ceo dimer
in a chiral CNT. (b) A simulation image of (15,5)CNT and a
kidney-shaped Ceo dimer reported by Osawa and Tomanek
as compound 14.2° The vertical pitches with 0.21 nm perio-

dicity on the CNT walls are derived from the graphitic lattice.

(see SI for EM image simulation). (c) A schematic potential
energy of a molecule in a void space of CNT based a re-
ported computational data.” (d) Three video frames with an
exposure time of 78.125 ms/frame (12.8 fps) at 298 K, show-
ing Ceo dimer translation in frame ii. The acceleration

voltage was 80 kV with an electron dose rate of 2.7 x 10° ¢~
nm 2 57!, The vertical pitch with 0.21 nm periodicity on the
CNT walls fits with a model based on (15,5) CNT (Figure
1b, d; see Supporting Information for details). In the video
images in Figures 1b, 2e and 3, the frame is referenced to an
arbitrary time zero, which, in this case, is 6 s after the start
of the observation. The translation took place quickly in less
than 1.875 ms at 300.000 ms as will be illustrated in Figure
3. Scale bar, 1 nm throughout this work.

Our first goal was to obtain molecular images from an
ultrafast camera that outputs 1600 fps or 0.625 ms/frame;
0.021 nm x 0.021 nm pixel ' at 400 k magnification). The
signal-to-noise ratio (SNR) being as low as 0.05, a single
frame hardly reveals any molecules or CNT (Figure 2a;
see the original video in Video S1). At this frame rate, one
pixel receives only 0.83 electrons/frame (or 1,875 ¢” nm~
2) at the maximum detector-safe electron dose rate (EDR)
of 3 x 10° e nm? s7'. It is only after superimposing 50
frames (31.25 ms/frame) by a pixel averaging method that
the molecular images become clear enough (Figure 2b;
SNR = 0.20). The molecules on the left have a van der
Waals (vdW) contact (intermolecular distance d = 1.01
nm), while those in the center are a [2 + 2] dimer (d = 0.90
nm, Figure 2¢)."* With the superimposition, however, we
lose the advantage of the 1600-fps camera because the
SNR gain is proportional to the square root of the expo-
sure time, to which the time resolution is inversely pro-
portional.

We cannot rely on contrast enhancement methods?’ for
imaging of moving objects, and instead explored image
processing methods of the raw EM images.”® ?° After a
comparison of several methods, we found that CTV" de-
noising and superposition exhibit a good balance between
noise reduction and preservation of original signals; in
particular, edge information essential for molecular imag-
ing. Thus, we obtain a 0.625-ms/frame image with SNR
= 0.15 where we identify the molecules (Figure 2c). After
simultaneous three-frame CTV superposition and de-
noising (1.875 ms/frame, Figure 2d), we see the mole-
cules very clearly with SNR = 0.30. With denoising, we
can thus achieve a comparable SNR at a 17 times faster
frame rate (Figure 2b vs. 2d).
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Figure 2. Fast video imaging of fullerene molecules with
CTV denoising and superimposition. An underfocus of 12 +
2 nm was used to maintain stable imaging of the molecules
throughout this study. The same time scale as in Fig. 1d. (a)
A single-frame original image of Ceo molecules at 423 K
taken at 0.625 ms/frame with a DED camera at 80 kV and an
EDR of 1.3 x 10° ¢ nm™ s7.. (b) Fifty-frame superimposi-
tion without denoising. Distance d shown in nm. (¢) CTV
denoised single-frame image of the molecule shown in (a).
(d) Three-frame superimposition of (c) (1.875 ms exposure).
(e) Motions of a Ceo dimer in a vibrating CNT (80 kV, EDR
=2.7x10°e nm2s!). The same video as Figure 1b at 298
K but reanalyzed at 4.375 ms/frame. The x, y, and z values

are defined as shown. See also the Supporting information
for larger images (Figure S7) and the video (Video S2).

With the effective denoising protocol in hand, we next
examined the ‘pebble-in-a-maraca’ translation motions of
fullerene molecules in a vibrating CNT. Through obser-
vation of roughly 400 molecules in CNTs for a total ob-
servation time of 10 min over roughly a million frames at
0.625 ms/frame (roughly 380 million images of Csp in to-
tal), we found a few tens of cases of translation taking
place within 1.875 ms, out of which four events seen on
two molecules were suitable precise analysis (Figures 2e,
3, and 4). Other events suffered either excessive CNT vi-
bration or overlapping with neighboring CNTs. Figure 2e
illustrates the same molecular events as the one in Figure
1b, but at 18 times faster frame rate of 4.375 ms/frame,
revealing that the dimer (6-7) translated in the 297.8125—
302.1875 ms frame where we see a faint image of the di-
mer (colored in light blue: see Video S2 for the original
video images). Here, we observed molecular translation
and rotation, as well as CNT vibration and deformation,
which we quantify with parameters x (translation of the
molecule from origin), y (a parameter represents the lat-
eral CNT vibration; displacement of the center of CNT
from the place at time zero), and z (CNT diameter) in nm
(For details on these parameters, see Supporting Infor-
mation).
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Figure 3. SMART-EM video frames showing the motions of a Céo dimer in a vibrating CNT. (a) The same dimer translation
as Figure 1b at 298 K, but reanalyzed at 1.875 ms/frame. The x, y, and z values are plotted against time in Figure 2b. See
the Supporting Information (Video S2) (80 kV, EDR =2.7 x 10° e nm 2 s!). (b) Oligomer translation (blue), CNT vibration
(red), and deformation (green) taken every 6.25 ms. The time frames highlighted in gray corresponds to time frames of
Figure 1b (i)-(iii). (c) Expansion of 290 ms area of CNT vibration with quadratic function curve fitting, dimer translation
(blue dashed), and maximum point of vibration (pink). (d) Four representative frames (A)-(D) in Figure 3b (6.25 ms/frame)
illustrating the vibration of the CNT. Red bar indicates the center of CNT (y) calculated from the two edges of CNT (green).

At a faster frame rate of 1.875 ms/frame in Figure 3a,
we found that translation and rotation of the dimer (6-7)
are strongly correlated to CNT vibration and deformation.
In a sequence of frames ii to iv in Figure 3a, the dimer
translated between 299.0625 and 300.9375 ms (300 ms +
0.9375 ms, colored in light blue) until it hit molecule 8.

Figure 3b quantitatively summarizes the dimer motion (x)
in blue, together with the CNT vibration (y) taking place
roughly 10 times during 1000 ms with an amplitude of 0.1
nm or less. Here, we find that one of the vibration events
caused a single translation event. The CNT diameter
(green) changed by less than +0.05 nm. As magnified in



Figure 3c, we see that the translation (blue dashed line)
took place 10 ms after the CNT vibration at its maximum
amplitude at 290 ms (pink solid line). Here, the dimer re-
ceived enough kinetic energy to break the vdW contact
with its neighbor 4-5 (estimated to be ca. 0.3 eV; cf. Fig-
ure 1¢).>° The dimer 6-7 rotated during the translation (cf.
Figure 1b, i vs. iii). Thus, the rightward translation took
place when the CNT was changing its direction of vibra-
tion from a negative to a positive direction, (Figure 3b,
red and blue), and longitudinal rotation also took place.
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(in blue dashed lines) took place within 11-40 ms of the
time of maximum displacement of the CNT vibration
(pink). Thus, two rightward translation events took place
when the CNT was changing its direction of vibration
from a positive to a negative lateral direction (Figure 4c,
and 4e), and one leftward translation event (Figure 4d)
took place upon change from a negative to a positive di-
rection. Because of the irregular shape of the oligomer,
the translation resulted in an expansion of the CNT by as
much as 19% during the 1.8-s observation time (Figure
4b in green), indicating that the kinetic energy given to
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Figure 4. SMART-EM video frames showing the motions of a Co oligomer in a vibrating CNT (80 kV, EDR = 4.3 x 10°
e nm~ s™). (a) Oligomer translation at 298 K. See also the Supporting information for larger images (Figure S8-10) and
the video (Video S3). The time zero is set to be 9 s after the start of the observation. (b) The x, y, and z values are plotted
against time. (c—¢) Expansion of 690, 996, and 1508 ms areas of vibration with quadratic function curve fitting, oligomer
translation (blue dotted), and maximum point of vibration (pink).

Figure 4a provides further evidence on the coupling of
molecular translation and rotation to with vibration of the
CNT. Here, an oligomer on the left, made of at least seven
Ceo molecules, shuttled back and forth three times unidi-
rectionally each time accompanying molecular rotation,
and each of the three translation events was triggered by
a single CNT vibration (compare Figure 3b in blue and
red). Figures 4c, d, and e show that all translation events

the oligomer from the CNT vibration was large enough to
deform the CNT — a work and energy relationship at a
molecular level previously undetected by time-averaged
measurements and microscopy. Note that translation of
the dimer (at 300 ms, Figure 3b) and of the oligomer (at
650 ms, Figure 4b) took place without change of the CNT
diameter z, suggesting the deformation seen at 1025 and



1519 ms in Figure 4b is the result of the translation and
not vice versa.

The experimental data obtained by molecular electron
microscopy provide several implications on the mechan-
ics of the semi-chaotic molecular shuttling. First, the CNT
vibration event seen real time at a ms and sub-A level took
place stochastically, roughly 10 times per second — a fre-
quency suggestive of mechanical motion instead of ther-
mal vibration.” Second, the translation events are syn-
chronized to the CNT vibration, taking place stochasti-
cally a few to several times per minute at both 298 K and
423 K. This temperature insensitivity of the frequency of
the translation stands in sharp contrast to the temperature-
dependence of the reaction rate of the Ceo dimerization
reaction.'® Third, each translation event took place only
when the CNT vibrated at its maximum amplitude, while
many other vibrational events did not cause translation,
indicating that neither direct electron bombardment of the
fullerene molecule nor CNT deformation (see above) is
not the cause of the translation. Fourth, all translation
events accompanied longitudinal molecular rotation (di-
rection of the rotation unknown at this time). Fifth, mo-
lecular translation resulted in deformation of the CNT.
Lastly but most notably, the correlation between the di-
rection of CNT vibration and that of molecular translation,
coupled with rotation poses an intriguing question on how
lateral vibration of CNT can induce the axial translation
and longitudinal rotation of the molecule, where the heli-
cal hexagon array of the graphitic wall may play a role.’!

In summary, we found that the molecule and the CNT
container as a whole behave as a mechanical coupled os-
cillator, where the molecule motion is coupled with the
mechanical motion of the CNT container, providing an
answer to our long standing question why the molecules
attached to a CNT moves so infrequently and stochasti-
cally. A corollary to the present structural analysis is high
spatial precision of molecular distances measured by fast

SMART-EM imaging. From a 100-distance data set on x
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in Figure 3b (after time 300 ms), we obtained x =2.79 nm
with a standard error of 0.003 nm with a confidence level
of 68%, and x = 2.79 = 0.01 nm with a confidence level
of 99%. Furthermore, the average distance d determined
for 30 superimposed images for the vdW contact between
two Ceo molecules at 423 K (cf. Figure 2d) was 1.00 =
0.01 nm with a confidence level of 99%, agreeing with
the X-ray crystallographic data of 1.002 + 0.001 nm at
300 K.32
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