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ABSTRACT

With the hope of directing future bottom-up fabrication through bulk external stimuli (such as electric fields) on nanometer-sized transporters,
we sought to study controlled molecular motion on surfaces through the rational design of surface-capable molecular structures called nanocars.
Here we show that the observed movement of the nanocars is a new type of fullerene-based wheel-like rolling motion, not stick −slip or sliding
translation, due to evidence including directional preference in both direct and indirect manipulation and studies of related molecular structure s.

The thrust to design single-molecule-sized nanoscale ma-
chines with controlled mechanical motion has yielded a
variety of molecular machinery resembling macroscopic
motors, switches, shuttles, turnstiles, gears, bearings, gyro-
scopes, and elevators.1-3 In most cases, the nanomachines
have been operated and observed spectroscopically as
ensembles of molecules in the solution phase. In some
instances, however, molecules such as benzene,4 porphyrins,5

fullerene-C60,6 a cyclodextrin necklace,7 molecular landers,8

and altitudinal molecular rotors9 have been treated as
individual molecules on solid surfaces using a scanning
tunneling microscope (STM). Most observed tangential
motion of these latter systems has been attributed to a stick-
slip or sliding movement.10 An exception to this are fullerene
structures (C60 and carbon nanotubes) that are theorized11-13

and have been shown14-19 to exhibit rolling translation and
rotation on various surfaces because of their highly sym-
metric, closed graphene structures. With the hope of directing
future bottom-up fabrication through bulk external stimuli
(such as electric fields) on nanometer-sized transporters, we
sought to study controlled molecular motion on surfaces
through the rational design of surface-capable molecular
structures called nanocars. Here we show that the observed
movement of the nanocars is a new type of fullerene-based
wheel-like rolling motion, not stick-slip or sliding transla-
tion, due to evidence including directional preference in both
direct and indirect manipulation and studies of related
molecular structures.

The design and synthesis of the nanocar molecule was
directed to enable controllable surface transport by means
of the rotation of wheel-like fullerenes (Figure 1).20 Although
mass orchestrated motion is an eventual goal, it was
necessary to examine individual molecules to determine the
functional mode of surface transport. At approximately 3×
4 nm each, these molecules are ideal candidates for individual
study by STM. Several different versions and derivatives
have been synthesized and studied, but the focus here is on
nanocar1, with similar trimer molecules2 and 3 offering
supporting evidence.

The sample preparation and data collection for the STM
study were performed as follows: The nanocars (1) were
suspended in toluene (5µM) and initially spun-cast on Au-
(111) on mica and imaged in an ambient, home-built STM.
Following initial investigations in air, the toluene solution
of 1 was dosed in high vacuum using a fast-actuating, small
orifice solenoid valve22,23onto argon-sputtered and annealed
Au(111) on mica substrates and imaged using an RHK
variable temperature UHV-STM. The dosing technique was
chosen over sublimation in vacuum because it appeared in
thermal decomposition studies using a thermogravimetric
analyzer on related oligo(phenylene ethynylene) (OPE)
alkynyl-fullerenes that the fullerene-based wheels began to
cleave from the alkynyl-axles at ca. 300°C with rapid de-
composition occurring by 350°C. A piece of silicon, placed
directly underneath the gold substrate, was resistively heated
to perform variable temperature studies in the STM. The
sample temperature was measured by a K-type thermocouple
wire placed directly on the gold surface.

The nanocars (1) were distributed randomly across the
Au(111) terraces and monatomic step edges (Figure 2a).
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Initial imaging demonstrated that the nanocars (1) were stable
and stationary on the gold surface at room temperature for
a wide range of tunneling parameters. We attribute their
stability to a relatively strong adhesion force between the

fullerene wheels and the underlying gold. This type of
bonding for fullerenes on metals has been observed previ-
ously and investigated by a wide variety of surface science
techniques.24-26 Because of their rectangular (not square)

Figure 1. Synthesis and structure of nanocar1. The synthesis of nanocar1 involves extensive Pd-catalyzed coupling reactions, and four
fullerene “wheels” were attached in one reaction step.21 Structure was definitively characterized spectroscopically.20 Through the synthesis
and study of several related structures including trimers2 and3, it was clear that the alkyl units were critical for the requisite solubility of
these molecules. Fullerene wheels and chassis parts can rotate because of the alkyne connections, giving the nanocar the ability to roll on
the surface and flexibility orthogonal to the surface plane.

Figure 2. Nanocar1 on Au(111) surface. (a) STM image (bias voltage [Vb] ) 0.4 V, tunneling current [It] ) 10 pA; image size is 73×
70 nm2) of the nanocars (1) deposited on Au(111) by dosing valve. Bright features are fullerene wheels; intramolecular OPE and alkyl
groups are not visible. (b) High-resolution STM image (Vb ) 0.4 V, It ) 60 pA). The orientation of the molecules can be determined by
the fullerene peak-to-peak distances, with (c) modeled distances at 3.3 nm across the width and 2.1 nm across the length, or the axle and
chassis directions, respectively, as shown in this alkyl-free space-filling model. The red fingers indicate the expected direction of rolling
perpendicular to the axles.
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constitution, determination of the chassis and axle orientation
of the four-lobed molecules was possible through peak-to-
peak length versus width measurements. The fullerene wheels
are brightly imaged and thereby provide a definitive indica-
tion of the molecule and its orientation (Figure 2b and c).
The internal OPE and alkyl structure is not visible under

the imaging conditions tested, a range of 3-300 pA and 2
mV to 2.0 V at either bias polarity. The peculiarity of
transparency of the OPE axles and chassis for the nanocars
(1), and related two-wheeled (see the Supporting Information)

Figure 3. Nanocar1 rolling on Au surface. (a-e). A small section
of a sequence of images taken during annealing at∼200°C (Vb )
-0.95 V,It ) 200 pA; image size is 51× 23 nm2). The orientation
of 1 is determined easily by the fullerene wheel separation, with
motion occurring perpendicular to the axles. The acquisition time
for each image is approximately 1 min, with a-e selected from a
series spanning 10 min, which shows∼80° pivot (a) followed by
translation interrupted by small-angle pivot perturbations (b-e).
See http://tourserver.rice.edu/movies/ for the complete video file
and interstitial images.

Figure 4. Structure and pivot motion of the trimers. (a) Structure
of trimers 2 and 3. A sequence of STM images (b-e) acquired
approximately 1 min apart during annealing at∼225 °C show the
pivoting motion of2 (both circled molecules) and lack of translation
in b-e of any molecules. These images were taken from a much
longer sequence at the same temperature, a part of which can be
found on http://tourserver.rice.edu/movies/ (Vb ) -0.7 V, It ) 200
pA; image size is 34× 27 nm2). Monatomic step edges in these
images are lined with clustered molecules. (f) A summary of the
two methods of motion for the different structures showing that
nanocar1 consecutively pivots and then translates perpendicular
to its axles, whereas trimer2 pivots but does not translate on the
surface. For clarity, both structures are drawn devoid of the alkoxy
units.
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and three-wheeled structures (2 and3), is a consistent trend,
and such phenomena in STM imaging have been discussed
previously.27,28

After imaging at room-temperature, the substrate temper-
ature was slowly increased while still maintaining the tunnel
junction. The nanocars (1) remained effectively stationary
on the surface up to approximately 170°C. As the temper-
ature increased above this point, the molecules began to move
in two dimensions through a combination of both translation
and pivoting, not in the 1D manner initially expected. For
example, at approximately 200°C, the motion of the nano-
cars (1) is, on average, slow enough to be followed through
a series of 1-min images. Pivoting motion can be seen in a
sequence of images (Figure 3a-e). The translational motion
that occurred between pivoting was perpendicular to the
axles, illustrating a directional preference relative to the
molecular orientation. A supplemental movie for this series
of images can be found at our website. (Two STM movies
are available at http://tourserver.rice.edu/movies/. Nanocar
zoom movie: nanocar1 on Au(111) annealed at 200°C
moving perpendicular to axles; trimers movie: 50:50 mixed
trimers2 and3 on Au(111) annealed at 225°C, zoomed.)
The observed 2D motion of the molecules, instead of the
expected 1D motion, can be explained by the ability of the
fullerenes to rotate independently of one another, giving rise
to a pivoting motion of the molecule on the small atomic
corrugation of a Au(111) substrate. Even though the motion
is 2D, imaging at these elevated temperatures shows that
the translational movement of the nanocars (1) occurs in the
direction perpendicular to their axles. Above approximately
225°C, the rapid and erratic motion of the molecules could
not be tracked because of the relatively slow acquisition time
necessary (approximately 1 min for a 90× 90 nm2 scan)
compared to the rate of surface diffusion of the molecules.

To further explore the hypothesis of fullerene-facilitated
rolling of the nanocars, two three-wheeled structures (2 and
3) (Figure 4a) have been designed and synthesized so that
their axles inhibit concerted translational rolling, as in2, or
any coordinated rolling as in3. When2 and3 were heated
slowly to 225°C (a higher temperature than needed to induce

significant translational motion in the nanocars) only oc-
casional surface diffusion was observed and only a few
nanometers distance over 20-30 min of monitoring. The
majority of motion of these molecules was of2 pivoting in
place around a central pivot point (Figure 4b-e). No
significant translation or pivoting motion of trimer3 was
observed. This behavior was continued up to 300°C (nearing
the onset temperature for decomposition as studied by
thermogravimetric analysis) a temperature at which the four-
wheeled nanocars (1) were moving too quickly to even be
imaged by the STM used. One would expect the energy
barrier for sliding or stick-slip motion for 2 and 3 to be
comparable or even less than that for1 given there is one
less fullerene in2 and3 and thus a weaker overall interaction
between the molecule and the gold surface. However,
because2 and 3 exhibited little to none of the thermally
induced translation over the temperature range investigated,
this further suggests that the motion of nanocars (1) is due
to rolling of the fullerene wheels. The differing motions
between1 and2 are illustrated in Figure 4f.

Additionally, direct manipulation of1 by the STM tip was
performed in order to further explore the hypothesis that the
motion of these molecules is facilitated by rotation of the
fullerenes about the alkynyl axles. An example of direct
manipulation results and parameters are shown in Figure 5a-
c. An immediately noticeable characteristic of the manipula-
tion of these molecules was the fact that for most successful
attempts, the tip was lowered in front of the molecule in the
direction of motion, meaning that the molecule was pulled
by the tip. Pushing attempts never caused nanocar1
movement in the direction of the tip motion; nanocars (1)
were always pushed to the side and/or made to pivot. This
is atypical of STM molecular manipulation where pushing
is almost universally the case with large organic mol-
ecules.29,30 Nanocar1 was pulled in a shallow arc in a
direction perpendicular to its axles (Figure 5a and b), then
an attempt was made to pull the nanocar1 in a direction
parallel to its axles, or at 90° to its former path (Figure 5b).
This unsuccessful attempt was then followed by a short
pulling manipulation again perpendicular to the axles, after

Figure 5. Direct STM manipulation of nanocar1. A single nanocar1 is pulled with the tip perpendicular to its axles (30 pA, 0.1 V
imaging conditions; 3.5 nA, 0.1 V manipulation conditions). The tip was lowered in front of the molecule in the direction of motion and
pulled from image a to b. After b, the same technique failed to move nanocar1 when the tip was lowered to the side and dragged away
at 90° to its previous motion. (c) Nanocar1 was then moved with the same technique further along its initial path before it appeared to
pivot 90° to its original orientation after approaching the other nanocars on the lower right of the image.
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which nanocar1 rotated 90°, perhaps because of its final
proximity to the group of molecules in the lower right-hand
corner (Figure 5c). This sequence of manipulation data
illustrates a strong directional preference favoring motion
perpendicular to the axles, as expected for fullerene-
facilitated rolling.

The studies here underscore the ability to control the
directionality of motion in molecular-sized nanostructures
through precise molecular synthesis. The use of spherical
wheels based on fullerene-C60 and freely rotating axles based
on alkynes permits directed nanoscale rolling of a molecular
structure. Further studies are concentrating on electric field-
induced motion of nanocars and nanotrains and the use of
nanotrucks for assisted small molecule transport across
surfaces.

Acknowledgment. This work was funded by the Welch
Foundation, Zyvex Corporation, and the NSF Penn State
MRSEC. We acknowledge Yu-Hung Chiu, Yuxing Yao,
Hanbiao Yang, and Lionel Saudan for their seminal work in
the synthesis of previous versions of the nanocar, Tomi
Hashizume and Yasuhiko Terada for their expertise in
vacuum deposition with the solenoid pulse valve, and Paul
Weiss for his insight concerning the STM investigation of
these molecules.

Supporting Information Available: STM images of two-
wheeled molecules. This material is available free of charge
via the Internet at http://pubs.acs.org.

References

(1) Balzani, V.; Credi, A.; Venturi, M.Molecular DeVices and Machines:
A Journey into the Nano World; WILEY-VCH, Weinheim, Germany,
2004.

(2) Kottas, G. S.; Clarke, L. I.; Horinek, D.; Michl, J.Chem. ReV. 2005,
105, 1281-1376.
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