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echanically interlocked mol-

ecules, such as bistable cat-

enanes and rotaxanes having ad-
dressable rings,' 7 have potential applica-
tions in areas ranging from molecular-scale
electronics® to display technologies® to na-
noelectromechanical devices.'®"" Func-
tional components of these molecular ma-
chines can be triggered by external stimuli,
such as redox reactions,'? light,'> metal ion
complexation,’ and pH." Solution-phase
measurements have been used to charac-
terize the structures and functions® of these
molecular switches. However, to realize the
full potential of these functional molecules
at the nanoscale, it is imperative to under-
stand their operation at the single-molecule
level under environments relevant to ac-
tual device operation.®®'! Recently,
progress has been made in measuring col-
lections of molecules in condensed mono-
layers and polymer gel matrices.'®!” Few ex-
amples illustrate scanning tunneling
microscope (STM) tip manipulation of rotax-
ane molecules on substrates.'®'® However,
serial manipulation of switchable molecules
does not correlate directly with the struc-
tural changes of single molecules under
parallel electrochemical, optical, and chemi-
cal control, which are more prevalent in
nanoscale devices under development.'®

Thus far, most rotaxane molecules are in-

herently flexible and have poorly defined
conformations and orientations when at-
tached to surfaces, rendering them difficult
to resolve individually with scanning probe
microscopes. Because of the limited knowl-
edge of the molecular geometries and con-
formations of such single molecules on sub-
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ABSTRACT We have directly observed electrochemically driven single-molecule station changes within

bistable rotaxane molecules anchored laterally on gold surfaces. These observations were achieved by employing

molecular designs that significantly reduced the mobility and enhanced the assembly of molecules in orientations

conducive to direct measurement using scanning tunneling microscopy. The results reveal molecular-level details

of the station changes of surface-bound bistable rotaxane molecules, correlated with their different redox states.

The mechanical motions within these mechanically interlocked molecules are influenced by their interactions

with the surface and with neighboring molecules, as well as by the conformations of the dumbbell component.

KEYWORDS: bistable rotaxanes - electrochemistry - scanning tunneling
microscopy - single-molecule motion - mechanically interlocked molecules

strates, the effects of the nanoscale
environments on the station changes re-
main unaddressed. In this work, we have
developed molecular designs that reduce
the mobilities of the molecules significantly.
We were able to assemble bistable rotax-
ane molecules in orientations conducive to
direct STM measurements of their station
changes. Electrochemical scanning tunnel-
ing microscopy (ECSTM) has been em-
ployed to observe molecular motion in
situ,2%*' and we observed that single-
molecule station changes correlate with
the redox states of bistable rotaxanes.> We
found that the mechanical motions of these
mechanically interlocked molecules are in-
fluenced by their interactions with the sur-
face and with neighboring molecules, as
well as by the conformations of the dumb-
bell components.
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The rotaxane molecule (R**), with disul-
fide groups attached to the stoppers on

the dumbbell termini (Figure 1A), has been

designed to bind at each end to Au{111}.
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Figure 1. Structure and motion of a bistable rotaxane molecule, adsorbed on Au{111} investigated using electrochemical
scanning tunneling microscopy. (A) The tetracationic cyclobis(paraquat-p-phenylene) ring (CBPQT**, blue) is known to move
along the thread between two recognition sites (tetrathiafulvalene, TTF, green and 1,5-dioxynaphthalene, DNP, red sta-
tions) depending on the redox state of the TTF unit. (B) The protrusions are assigned as CBPQT*" rings. (C) In its reduced
state at +0.12 V, the CBPQT** ring prefers to encircle the TTF station. (D) Upon oxidation (+0.12 to +0.53 V) of the TTF sta-
tion into a radical cation, electrostatic repulsion propels the ring to the DNP station (blue arrow). (E) Upon reduction (+0.53
to +0.12 V) of the TTF station to neutrality, the metastable state of the bistable rotaxane relaxes back to its thermodynami-
cally favorable state, wherein the CBPQT** ring occupies the TTF station (red arrow). Image conditions: Vy,s = 0.3 V; hunneling

= 2 pA. The Faradaic current was typically less than 10 pA.

The sample is prepared with the desired coverage of
—6 molecules/1000 A? for STM imaging. The thread
section of the dumbbell is assumed to assemble paral-
lel to the surface.!’ The distance between the two sta-
tions (tetrathiafulalene, TTF, and 1,5-dioxynaphthalene,
DNP) in the fully stretched dumbbell would be 36 A. In
situ STM images of the bistable rotaxane molecules at-
tached to Au{111} showed (Figure 1B) apparent protru-
sions ~3 A high and 10—12 A laterally. No protrusions

Figure 2. A STM image of R** adsorbed on Au{111} under 0.1 M HCIO,
solution. The three images with potentials +0.12, +0.53, and +0.12 V are
superimposed and the protrusions on all three images have been
marked. The trajectories of a large number of motions of CBPQT** rings
after potential steps from +0.12 to +0.53 V and back to +0.12 V are
marked with blue and red lines, respectively, as in Figure 1C—E (320 A
x 320 A).
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were observed when a bare gold surface and a control
molecule, that is, the dumbbell compound without the
tetracationic cyclobis(paraquat-p-phenylene) (CBPQT*")
ring, were treated and imaged under identical condi-
tions as for the bistable rotaxane (Supporting Informa-
tion, Figure 2). The dumbbell component was appar-
ently not sufficiently conductive to be resolved by STM.
However, the CBPQT*" rings, having higher electrical
conductivity and greater height relative to the dumb-
bell, appear as protrusions in STM images.?? The protru-
sions are therefore assigned to be the CBPQT** rings
(Figure 1B), consistent with prior STM studies."

To study the station changes in R**, we imaged the
same surface region repeatedly and tracked the posi-
tions of protrusions using image processing routines,
developed previously.?>~?” The images were corrected
for lateral drift and the coordinates were identified by
calculating the centroids of the protrusions. Trajectories
were determined by minimizing sums of the squares
of the displacements. We imaged the molecules at two
different electrode potentials, +0.12 and +0.53 V, for
which the TTF station is in the reduced (neutral) state,
and in its oxidized (cationic) state, respectively (Sup-
porting Information). Significant displacements were
observed when the potential was stepped from +0.12
to +0.53 V (vs Ag/AgCl) and when the potential was re-
turned to +0.12 V. Figure 1C,D shows the displace-
ment trajectory (blue arrow) of one such ring. The cor-
relations between the potential change and the
CBPQT** ring’s motion suggest that when the TTF sta-
tion becomes positively charged, it repels the CBPQT**
ring. Subsequently, the potential was stepped down
from +0.53 to +0.12 V, and the protrusions underwent
further displacements (Figure 1D,E; red arrow) suggest-
ing that the CBPQT** ring returns to its thermodynami-
cally more favored positions encircling the neutral TTF
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Figure 3. Histogram of measured displacements of protrusions over 10 min at different potentials: (A) the surface
was equilibrated at +0.12 V; (B) the surface was equilibrated at +0.53 V; (C) the potential was stepped from +0.12
to +0.53 V and displacements were measured by comparing images acquired before and after the potential step; (D)
the potential was stepped back from +0.53 to +0.12 V and again the displacements were measured.

station."" In this example (Figure 1C—E), shuttling of
the ring between the two positions was ~30 A, which
corresponds to the approximate distance between the
two stations in R**. We observed many such motions,
but the displacements varied, as described below.
Displacements of all the protrusions arising from
the molecules in larger areas (320 X 320 A?) of the
sample were tracked as station changing was in-
duced by potential steps from +0.12 to +0.53 V and
back (Figure 2, separated images are shown in Sup-
porting Information, Figure S4). The images were su-
perimposed and the protrusion centroids were fil-
tered and correlated with the motions of each
CBPQT** ring. The blue and red arrows represent dis-
placements induced by these potential steps (as in
Figure 1TC—E). Figure 2 shows a wide range of dis-
placements and angles between the trajectories dur-
ing first (oxidation) and second (reduction) steps.
To understand the motions of CBPQT** rings of R**
at different potentials, the displacements of a large
number of protrusions were plotted in histograms (Fig-
ure 3). At each potential, the sample was equilibrated
for 10 min. The root-mean-square (rms) displacements
observed at +0.12 and +0.53 V were 5.5 and 6.2 A (Fig-
ure 3A,B), respectively. Most of the protrusions re-
mained at the same positions, within the measure-
ment error (3—5 A), when monitored in successive
images under constant potential. A few protrusions
(<10) appeared or disappeared between frames, de-
spite appearing in the majority of images; we attribute
this observation as most likely the result of conforma-
tional changes that reduce the conductance path
through the rings to the substrate.>?” Here, the rms dis-
placements of more than 90% of molecules are equal
to or less than the distance between the two stations in
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the fully stretched model of R**, and thus could be ac-
counted for and attributed to the station changes.

Histograms of displacement correlated with oxida-
tion steps (Figure 3C) showed a wide range of values
(0—55 A). The rms displacement was 20 A, smaller than
the distance between two recognition sites (36 A) in a
fully extended bistable rotaxane. Several factors influ-
ence the observed displacements. The wide distribution
of values suggests the flexible nature of the dumbbell,
along which the ring moves. The segment between the
two stations (Figure 1A) is flexible because of the pres-
ence of the di(ethyleneglycol) chains, and thus, it is
likely to deviate from a linear conformation. As a result
of possible bending of the center segment between the
TTF and DNP stations, the average displacement of the
ring is expected to be smaller than 36 A. In addition,
conformational changes in the dumbbell and tethers
would change the apparent ring displacement. A fully
extended side segment is 20 A long (Figure 1A), and a
wagging of this segment around the thiolate tethers
can shift the stations by up to 20 A. Therefore, we an-
ticipate the ring displacements to be 0—56 A, consis-
tent with the observed range. Conformational changes
in the dumbbell component could be induced by the
interplay of forces in which the electrochemically driven
station changing competes with the m-electron interac-
tions of one of the bipyridinium units in the CBPQT**
with the substrate. The result of these forces could lead
to conformational changes in the dumbbell and/or dis-
placement of the thread section of the dumbbell. (If
the dumbbell were fully stretched or was rigid by de-
sign, such conformational flexibility would not be pos-
sible.)

Displacements are relatively smaller where the mol-
ecules are clustered. Previously, ensemble studies
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showed that the speed of switching was reduced dra-
matically when bistable rotaxanes were placed in con-
densed monolayers or gel matrices,'® or on nanoparti-
cles.”® Nonetheless, adsorbed rotaxane molecules can
block ion adsorption, and, in changing state, can lead to
coordinated mechanical strain'? as well as significant
changes in optical properties if deliberately assembled
on appropriate substrates.?

By stepping back the potential to +0.12 V (reduc-
tion step), a wide range of displacements was once
again observed. The rms displacement of 16 A is within
the measurement error of the 20 A displacement ob-
served during the oxidation step. To understand the
correlations between the two sets of motions, we calcu-
lated the angles between the trajectories during the
first (oxidation) and second (reduction) steps. The
angles of the second trajectories were measured, and
it was found that 75% of the angles are between 90°
and 270° (Supporting Information, Figure 3). By con-
trast, random walks would not display such anticorre-
lated directions. By controlling the oxidation state of
the TTF units, the CBPQT** rings on individual mol-
ecules can be driven back and forth between the sta-
tions. Although STM has not directly visualized the sta-
tions on the dumbbells, the reversibility provides

MATERIALS AND METHODS

Synthesis of Rotaxane Molecule and Control Molecule. The rotaxane
molecule (R**), with disulfide groups attached to the stop-
pers on the dumbbell termini (Figure 1A), has been designed
to bind at each end to Au{111}. Details of the synthesis of
R** and control molecule 8 have been provided in the Sup-
porting Information.

Preparation of Rotaxane Monolayer on Substrate. After cleaning a
Au{111} single crystal disk with piranha solution (3:1 mix-
ture of H,SO4 and H,0,) (Note: Dangerous! Acidic and highly
corrosive), the Au{111} disk was hydrogen flame annealed
and cooled under argon before being immersed in the
R 4PF¢ solution
(~10 wM). Only a 10—20 s immersion was done to achieve
the desired coverage (5—6 molecules/1000 A?) for STM imag-
ing. The sample was rinsed with acetonitrile, nitrogen dried,
and then transferred to the STM electrochemical cell with 0.1
M HCIO, solution.

Electrochemical Scanning Tunneling Microscopy. A PicoSPM micro-
scope (Molecular Imaging, AZ) controlled by an RHK STM-100
controller (RHK Technology, Troy, Ml) and electrochemically
etched tungsten tips insulated with paraffin wax were used to
image the samples. The electrode potentials given are in refer-
ence to a Ag/AgCl electrode, although a platinum wire was used
as a quasi-reference electrode.
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evidence that electrochemical input is driving the mo-
tion of the rings between stations. Because of the flex-
ibility of the dumbbells, one does not expect most of
the CBPQT** rings to move back and forth between
fixed positions.

CONCLUSIONS AND OUTLOOK

Using ECSTM, we observed electrochemically
controlled station changes of individual bistable ro-
taxane molecules in situ. Motions of the CBPQT**
rings were correlated with redox states of the TTF
station and displayed partial reversibility. The trajec-
tories of the rings suggest that once a bistable rotax-
ane molecule is adsorbed on a surface, the motion
of the CBPQT*" ring relative to the dumbbell is af-
fected by its local environment and the flexibility of
the molecule. Bistable rotaxane molecules with rigid
dumbbells should enable consistent and fully revers-
ible motions, as well as direct visualization of the
rings and the shafts of the molecules. The molecu-
lar design and synthesis of such systems are under-
way. Consistent and complete reversibility of switch-
ing in these bistable molecules will be required for
efficient actuation of nanoelectromechanical de-
vices'? and for reliable nanoelectronic device appli-
cations.®

is discussed. This material is available free of charge via the Inter-
net at http://pubs.acs.org.
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