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cience and engineering on the nano-

scale offers novel possibilities for the

design and synthesis of functional
materials. In contrast to the engineering of
macroscopic objects where large pieces of
materials are formed into smaller building
blocks, nanoscale engineering is driven by
a bottom-up materials synthesis. Inspiration
for this approach can be drawn from na-
ture where self-assembly of smaller mol-
ecules into larger networks through often
weak interactions play an important role.
Nanomachines are promising new devices
that are designed to exhibit controlled me-
chanical motions resembling macroscopic
rotors,'* elevators,” shuttles,®~8 ratchets,’
turnstiles,'® scissors,"” and muscles.'? Per-
forming electronic and mechanical opera-
tions with specifically designed molecules
presents the ultimate limit of miniaturiza-
tion and has a profound impact on many di-
verse fields ranging from molecular com-
puting to medicine. Among the most
important tasks for molecular machines is
the directed transport of molecules and
charges. To accomplish molecular directed
motion and transport, molecular machines
that resemble the chassis and wheels of a
car, hence called nanocars, have been
synthesized.'* > The rotation of the nano-
car wheels is thought to induce a directional
rolling of the nanocars on a surface.” Un-
derstanding the mechanisms by which
these molecular machines work under dif-
ferent conditions is crucial for the future de-
sign of even more complex machines and
essential for finding novel ways to control
the forces that are responsible for their me-
chanical nanoscale motion.

Ensemble characterization techniques

often fail to measure the detailed mechani-
cal action of molecular machines as a ran-
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ABSTRACT Nanomachines designed to exhibit controlled mechanical motions on the molecular scale present
new possibilities of building novel functional materials. Single molecule fluorescence imaging of dye-labeled
nanocars on a glass surface at room temperature showed a coupled translational and rotational motion of these
nanoscale machines with an activation energy of 42 = 5 kJ/mol. The 3 nm-long dye-labeled carborane-wheeled
nanocars moved by as much as 2.5 pum with an average speed of 4.1 nm/s. Translation of the nanocars due a
wheel-like rolling mechanism is proposed and this is consistent with the absence of movement for a three-wheeled
nanocar analogue and the stationary behavior of unbound dye molecules. These findings are an important first
step toward the rational design and ultimate control of surface-operational molecular machines.

KEYWORDS: molecular machines - nanocars - single molecule fluorescence
spectroscopy - single molecule dynamics on surfaces - polarization spectroscopy

dom alignment of the individual molecules

can lead to an orientational averaging,

which is particularly problematic for the

two-dimensional motion of a nanocar on a

flat surface. Thermally activated rolling of

individual fullerene-wheeled nanocars has

previously been studied by scanning tun-

neling spectroscopy (STM) on a gold sur-

face.”” While STM is extremely powerful in

resolving atomic scale details of single mol-

ecules,’® the substrate surface must be con-

ductive. As a complementary single mol-

ecule technique, fluorescence imaging'”~'°

is capable of monitoring the motion of

single molecules on nonconductive glass.

Although the resolution of optical single

molecule spectroscopy is limited by diffrac-

tion, localization of individual molecules be-

low 100 nm down to a few nanometers

has become possible for large photon count  xpddress correspondence to

rates'”'? while, at the same time, acquiring  tour@rice.edu;

images that are tens of micrometers large.  Slink@rice.edu.
Here, we report on the translational mo-  Received for review November 25,2008

tion of single dye-labeled carborane- and accepted December 31, 2008.
wheeled nanocars on a glass surface, stud- . .
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fluorescence spectroscopy. Using polariza-

tion sensitive fluorescence detection in © 2009 American Chemical Society
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nanocars were isolated on a glass surface by
spin-casting from a 10~'2 mol/L dimethylfor-
mamide (DMF) solution. Single photobleach-
ing steps in fluorescence-time trajectories con-
firmed the presence of single molecules within
the diffraction limited fluorescence signal.”
The 10 pm X 10 pm fluorescence images
were acquired by scanning the sample over a
focused laser beam in a home-built confocal
microscope setup (Figure 1B). Movement of a
single nanocar is shown in the images in Fig-
ure 1C—F. The images were acquired continu-
ously every 30 s for a total time of 5 min.

Single nanocar trajectories were obtained
by an automated routine that first identified
individual molecules on the basis of the inten-
sity and size (e.g., number of pixels) of the fluo-
rescent spot in the starting image for a time
series of frames. If a molecule is found at the
same position or within a search area in the
subsequent frame, the molecule is associated
with the corresponding one in the previous
image. This procedure is repeated for all mol-
ecules and every frame. Large displacements
within the relatively long image acquisition
time of 30 s, photoblinking of the dye, and
high single molecule coverage could lead to
an incorrect association. Photoblinking was
addressed by searching in subsequent frames
for molecules that blink on again. However, if
an unambiguous assignment could not be

Figure 1. (A) Dye-labeled four-wheeled nanocar. The vertices in the carborane
wheels correspond to B—H units while the black dots correspond to C and C—H
units, ipso and para, respectively. The nanocar is ~2 X 2 nm and the dye “trailer”
is ~1 X 1 nm. (B) Fluorescence image (10 pm X 10 pum, 128 X 128 pixels, 1 ms/
pixel, Aexe. = 532 nm, 1 kW/cm?) of single nanocars. (C—F) Time-lapse images (2.3
pm X 2.3 um) for the nanocar circled in (B) demonstrating movement of the nano-
car at room temperature. The red cross hair provides a stationary reference point.

made the corresponding molecules were ex-
cluded from further analysis. In addition, the
dimensions of the search area and the concen-
tration of nanocars were carefully adjusted to
minimize intersecting search regions. A typical

combination with a comparative analysis that em-
ployed three-wheeled nanocars and the dye tag only,
we were able to investigate possible mechanisms for
the movement of carborane-wheeled nanocars. Our re-
sults are consistent with a wheel-like rolling of the
nanocars.

RESULTS AND DISCUSSION

Fluorescence visualization of the nanocars with 532
nm excitation light was achieved by first attaching an
appropriate dye label (tetramethylrhodamine isothiocy-
anate, TRITC) to the end of the nanocar chassis (Figure
1A). TRITC tagging of the nanocars was accomplished
through an aniline-bearing nanocar reacting with the
isothiocyanate residue on the fluorophore (Supporting
Information). At room temperature without thermal ac-
tivation, the dye-labeled carborane-wheeled nanocars
showed significant displacement in successively
scanned fluorescence images directly confirming move-
ment of the nanocars on a glass surface. Individual

search radius was 600 nm for images with cov-

erages of 10— 15 molecules per 100 pm?. Figure 2A
shows the first analyzed frame of a time series of fluo-
rescence images for carborane-wheeled nanocars to-
gether with superimposed trajectories obtained from
the following images demonstrating that the displace-
ments of individual nanocars can be as large as 500 nm
between frames.

A nonspecific movement of individual molecules
on glass can be excluded here because fluorescence im-
aging of the dye only showed no measurable displace-
ments outside our experimental error. We repeated the
same single molecule experiments and analysis for indi-
vidual TRITC molecules isolated on a glass surface (Fig-
ure 2B). The TRITC by itself showed no translational mo-
tion, which can be seen from the comparison of two
typical trajectories obtained for the nanocar and TRITC
(Figure 2C). The magnified nanocar trajectory in Figure
2C includes the error bars calculated from fitting each
fluorescence spot to the microscope point spread func-
tion, which was approximated as a two-dimensional
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Gaussian.'®' For TRITC, the displacements are compa-
rable or even smaller than the error bars verifying that
the TRITC molecules remained stationary. On the other
hand, the movement of the nanocars is much larger
than our spatial resolution of 100 nm. The resolution is
mainly limited by photon shotnoise and photoblinking
of the dye as well as a pixel size of 78 nm.'® Despite a
longer image acquisition time and reduced spatial reso-
lution, the main advantage of our confocal sample scan-
ning setup over wide-field imaging is that a noncon-
stant laser illumination of all molecules allowed us to
extend the total acquisition time and to obtain trajecto-
ries spanning several minutes.

It is interesting to note from Figure 2A that not all
molecules that were identified actually moved. In fact,
about 25% of the nanocars (46 out of 191 molecules)
showed translational motion, which further illustrates
the power and need for single molecule measurement
techniques. A main factor contributing to the large frac-
tion of nonmoving nanocars is most likely the surface
roughness of the glass surface as it is not atomically flat;
it is merely a glass coverslip (Fisher Scientific, 12-545-F)
and the nanocars could become lodged at lattice de-
fects. AFM measurements of a glass coverslip confirmed
both smooth areas and surface height modulations of
several nanometers exceeding the dimensions of the
nanocars. Second, a fluorescent spot only indicates the
presence of TRITC, which by itself did not move (Figure
2B), and the presence of some nonlinked TRITC mol-
ecules due to decomposition cannot be excluded. In
the following, we will concentrate only on the nano-
cars that showed a displacement which exceeded the
error bar in at least 2 image frames. These moving
nanocars are colored red in Figure 2A. However, the
nonmoving nanocars colored yellow in Figure 2A
served the important role of an internal marker against
overall sample drift. We found that sample drift (inset in
Figure 2D) was 11 nm during the experiment shown in
Figures 1 and 2, which is much smaller than the
micrometer-scale movement of the nanocars as well as
our spatial resolution of 100 nm.

We observed no biased movement of the nanocars
on this amorphous surface. A histogram of angles ob-
tained from the single molecule trajectories for all mov-
ing nanocars showed an equal distribution of all angles
between 0 and 180 degrees (Figure S1). Polarization an-
isotropy analysis of the fluorescence images further-
more revealed that the nanocars, when they changed
directions, underwent the change rapidly and within
the time it took to scan the molecule over the laser
beam (~500 ms, Figure 3A). The polarization anisot-
ropy distribution of the nanocars is peaked at zero indi-
cating depolarization due to rotational movement. A ro-
tation of the TRITC on the nanocar can be excluded as
the major depolarization mechanism because an analy-
sis of only the center pixel showed a broader polariza-
tion distribution (Figure S2). This is consistent with rota-
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Figure 2. Analyzed images of nanocar (A) and TRITC (B). Molecules
were identified on the basis of intensity and size within the region
marked by the red box. The positions of the molecules for a time
series of images are shown superimposed on the first frame; 25%
of the nanocars showed displacements greater than the error of
100 nm in at least two image frames and are color coded in red as
“moving” nanocars. (C) Single molecule trajectory of the nanocar
indicated by the red circle in panel A. Displacements as large as 500
nm between frames far exceed the changes in position recorded
for the representative TRITC molecule labeled with the green circle
in panel B (upper left-hand corner in panel C; note the scale bar).
(D) Squared displacements SD (r?) calculated from the single nano-
car trajectory in (C) vs time. A linear fit according to SD = 4dt yields
a squared displacement rate d of 6.7 X 10~ m?/s. The inset shows
a scatter plot of the linear displacements between images for each
of the five “nonmoving” molecules in (A). The 11 nm shift be-
tween the blue and red points, corresponding to the origin and
the mean position, confirms a negligible sample drift.

tional dynamics on the 1—100 ms time scale and is
much slower than a bond rotation. In contrast, only
TRITC did not rotate as the polarization anisotropy val-
ues for TRITC (Figure 3B) ranged from —1 to 1 consis-
tent with a random and stationary distribution of mo-
lecular orientations.?°2! The fact that the molecules
rotate is not surprising, considering that previous STM
results'® showed a combined pivot and translation mo-
tion of fullerene-wheeled nanocars on the nanometer
length scale due to an independent wheel movement.
The roughness of the glass surface is likely to further en-
hance pivoting of the nanocars.

Given the lack of long-range directionality, we ana-
lyzed the single nanocar trajectories to obtain displace-
ment rates in analogy to two-dimensional surface diffu-
sion.? Figure 2D shows the squared displacement SD
of a single nanocar versus time as obtained from the tra-
jectory in Figure 2C. A linear fit according to SD = 4dt
yields a squared displacement rate d of 6.7 X 107'®
m?2/s. A histogram of single molecule diffusion con-
stants is shown in the inset of Figure 3C. The average
single molecule squared displacement rate of 2.2 X
107 m?/s agrees well with the diffusion constant D of
2.7 X 107" m?/s calculated from a mean squared dis-
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Figure 3. (A) Polarization anisotropy distribution of moving
four-wheeled nanocars (red bars). The polarization anisotropy
values are peaked at zero, indicating rotation of the nanocars
during the image acquisition time. Rotation much faster than the
acquisition time would result in the distribution given by the
green line for shotnoise limited polarization detection. The black
points and line are a simulation of the polarization anisotropy
distribution for random hopping with a minimum rate of 10
hops per second, assuming an equal weight for all hopping di-
rections. Please note that the polarization distribution is also
consistent with a rolling and continuous pivoting motion. (B) Po-
larization anisotropy distribution of TRITC confirming the ab-
sence of rotational motion during the image acquisition time.
(C) Mean squared displacement MSD ({r?) — (r)?) versus time for
all moving nanocars. A linear fit according to MSD = 4Dt yields a
two-dimensional diffusion constant D of 2.7 x 107'® + 0.4 m?/s.
The inset shows a histogram of single molecule squared dis-
placements rates d calculated from individual trajectories such
as the one shown in Figure 2D. (D) Distribution of speeds of in-
dividual moving nanocars. The average speed of the nanocars is
4.1 nm/s or two nanocar lengths per second.

placement (MSD) analysis (MSD = 4Dt, Figure 3C). We
also calculated the average minimum speed of the four-
wheeled nanocars at room temperature and found a
value of 4.1 nm/s (Figure 3D). On the basis of a diam-
eter of 0.8 nm for a carborane wheel and assuming here
that the translation was purely due to a rolling mecha-
nism, a minimum wheel rotation frequency of 2 rota-
tions per second was calculated. In contrast, fullerene-
wheeled nanocars on a gold surface only moved after
increasing the temperature to 500 K. The difference is
due to the much larger surface interaction energy of
200—250 kJ/mol per fullerence wheel on gold.?*?*
Instead of a wheel-like rolling motion, the nanocars
could also translate by hopping as has been observed
for a large organic molecule such as hexa-tert-
butyldecacyclene (HtBDC, CgoHge), on Cu (110) by STM
imaging.?> We evaluated this scenario using the mea-
sured diffusion constant and estimating a minimum
hopping rate based on the polarization anisotropy dis-
tribution of the nanocars. A simulation of the polariza-
tion anisotropy distribution (Figure 3A), assuming ran-
dom hopping with an equal weight for all directions,
gives a minimum hopping rate h of 10 hops per sec-
ond. According to D = 1/4 \*h,%® a maximum hop
length A of 10 nm is calculated, which is several times
the size of the nanocar. If the nanocars are unable to ro-
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tate freely while hopping, the hopping rate increases
and the step size decreases, which eventually will be-
come indistinguishable from a sliding or rolling motion.

Using a simple model, we can estimate the contribu-
tions due to rolling and hopping of the nanocars based
on the activation energy for translational motion, which
can be estimated from the measured diffusion con-
stant D according to D = D, exp(—E/kT).2%?” Here, T is
the temperature and k the Boltzmann constant. D is
the two-dimensional diffusion constant of the nanocar
in air given by the Stokes—Einstein diffusion equation
Do = kT/4wma where m is the viscosity of air and a is the
radius of the nanocar. If the motion of the nanocar mol-
ecule on the surface were free it would have a diffu-
sion constant D,. However, because of interactions with
the surface the diffusion is significantly smaller. This
model yields an activation energy E of 42 = 5 kJ/mol
at room temperature. For a carborane wheel to sit on
a surface, three hydrogen atoms are necessary to bond
to the substrate, which is illustrated in Figure 4A to-
gether with a suggested rolling mechanism. The bond
strength between a carborane hydrogen and an oxygen
atom on the glass surface is estimated to be 4.8 kJ/
mol.?® For the nanocar to roll it has to break one hydro-
gen bond per wheel and overcome a rotational energy
barrier of 4.2 kJ/mol per bond connecting the wheel to
the chassis,?® which equals a total energy of 36 kJ/mol
for a total of four wheels per car, in good agreement
with the measured activation energy. On the other
hand, if the nanocars were hopping, 12 hydrogen
bonds have to be broken yielding an activation energy
of 57 kJ/mol. This exceeds the experimentally measured
value making hopping the less likely mechanism.

To further test this assignment, we measured single
molecule trajectories and polarization anisotropy distri-
butions for a TRITC-labeled three-wheeled nanocar,
(Figure 4B). Compared to the four-wheeled car, the tri-
mer nanocar is expected to have only 75% of the inter-
action energy with the glass surface and would there-
fore be more likely to hop assuming that the interaction
of the dye label with the surface is comparable. How-
ever, we found no movement of the trimer nanocars as
the trajectories were similar to those measured for
TRITC only or the nonmoving four-wheeled nanocars.
In addition to the absence of any translational move-
ment in the trimer nanocars, we also did not observe ro-
tational motion as confirmed by the polarization anisot-
ropy distribution obtained from the fluorescence
images (Figure S3) and the absence of a change of po-
larization anisotropy between image frames (Figure 4C).
Although the trimer nanocar is expected to rotate, an
important difference between the two nanocars is that
TRITC is attached directly to the wheel of the trimer
nanocar (Figures 1A and 4B) and could hinder a free
wheel rotation. To test this hypothesis and to examine
a possible role of the dye label on the nanocar move-
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Figure 4. (A) Schematic comparison of a carborane wheel rolling (top) vs hopping (bot-
tom). A wheel on the glass surface forms three hydrogen bonds with the oxygen atoms
(not shown for clarity) of the SiO,. For rolling only one of the three hydrogen bonds
has to break while for hopping the whole wheel has to detach from the surface. (B) Dye
labeled three-wheeled nanocar. (C) Three representative polarization anisotropy time
trajectories for trimer nanocars showing that rotational motion is absent on a time scale
of several minutes. Similar results were also obtained for polarization measurements

of nonmoving four-wheeled nanocars and TRITC only.

ment, we plan to also study nonlabeled nanocars in
the future.

CONCLUSION

Using single molecule fluorescence imaging, we
have observed micrometer movement of dye-labeled
carborane nanocars on a glass surface at room temper-
ature. Polarization-sensitive measurements showed
that translation is coupled with rotational motion. By
comparing the four-wheeled nanocars to a three-

METHODS

Single molecule fluorescence imaging was performed on a
home-built sample scanning confocal microscope consisting of
a frequency doubled diode-pumped laser (Coherent, Verdi), an
inverted microscope (Zeiss, Axiovert 200), and avalanche photo-
diode (APD) detectors. Samples were excited by circularly polar-
ized 532 nm laser light with an average power of 500 nW focused
to a diffraction limited spot size of 250—300 nm. To visualize
the nanocars, a dye label (tetramethylrhodamine isothiocyan-
ate, TRITC) was attached to the end of the nanocar chassis (Fig-
ure TA). TRITC tagging of the nanocars was accomplished
through an aniline-bearing nanocar reacting with the isothiocy-
anate residue on the fluorophore (see Supporting Information
for synthesis and characterization). We confirmed that the pho-
tophysical properties of TRITC labeled nanocars are similar to
those of TRITC. TRITC and TRITC-labeled nanocars were spin-
casted (3500 rpm for 90 s) on plasma cleaned coverslips (Fisher
Scientific, 12-545-F) from DMF solution with concentrations of
107'°—10""2 mol/L. Prior to spin-casting and plasma cleaning,
the coverslips were sonicated in acetone for 15 min. Samples
were mounted on a xyz piezo scanning stage (Physik Instru-
mente, P-517.3CL) connected to a surface probe microscope
controller (RHK Technology, SPM 1000). Emitted fluorescence
from individual molecules was collected by a 100X oil-
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wheeled nanocar analogue
and the unbound dye mol-
ecules, we conclude that the
translation of the nanocars is
consistent with a wheel-like
rolling mechanism. While
atomic resolution as with STM
is not possible using single
molecule fluorescence imag-
ing, the results presented here
demonstrate that our ap-
proach yields complementary
data and gives useful insights
into the micrometer-scale mo-
tion of molecular machines.

It is interesting to specu-
late how a truly unidirectional
motion of nanocars can be
achieved. Our results suggest
that the speed of the nanocars
is dictated by the strength of
the interactions between the
nanocar wheels and the sur-
face. Changing the surface
should therefore have a large
impact on the mobility of the
nanocars. However, even more important for a con-
trolled directional motion seems to be the reduction
of pivoting, which was found to occur with a minimum
frequency of 10 turns per second for the carborane-
wheeled nanocars on glass. An extended nanocar chas-
sis with an increased even number of wheels should
be less susceptible to random pivot motion caused by
an independent wheel movement, but at the expense
of a reduced speed due to a stronger surface attraction
and increased entropy for synchronized bond rotations.

immersion objective with a numerical aperture of 1.3 (Zeiss,
Fluar) and filtered by a dichroic mirror and a notch filter to re-
duce scattered laser light. Fluorescence images were constructed
by scanning the sample across the excitation laser. Typical im-
ages had dimensions of 10 X 10 wm and consisted of 128 X 128
pixels with an integration time of 1 ms/pixel (Figure 1B). Matlab
software was written to automatically identify the position of
each molecule in every image frame. For polarization sensitive
detection, the fluorescence was separated into orthogonally po-
larized components /, and /, using a polarizing beamsplitter and
detected by two APDs. After integrating the intensities over an
area of 5 X 5 pixels corresponding to size of a single molecule,
the polarization anisotropy was calculated according to P = (I, —
1)/(l, + 1,). For all of the samples studied we have measured
about 200 molecules in order to extract statistically meaningful
values.
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Supporting Information Available: Synthesis and characteriza-

tion of dye-labeled nanocars including '"H NMR spectra and
single molecule analysis of the nanocar directionality (Figure
S1), polarization distribution of the “moving” nanocars (Figure
S2), and polarization distribution of trimer nanocars (Figure S3).
This material is available free of charge via the Internet at http://
pubs.acs.org.
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