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ABSTRACT A supramolecular nanostructure composed of four 4-acetylbiphenyl
molecules and self-assembled on Au (111) was loaded with single Au adatoms and
studied by scanning tunneling microscopy at low temperature. By applying voltage
pulses to the supramolecular structure, the loaded Au atoms can be rotated and
translated in a controlled manner. The manipulation of the gold adatoms is driven
neither by mechanical interaction nor by direct electronic excitation. At the electronic

resonance and driven by the tunneling current intensity, the supramolecular

nanostructure performs a small amount of work of about 8 x 102" J, while
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transporting the single Au atom from one adsorption site to the next. Using the measured average excitation time necessary to induce the movement, we

determine the mechanical motive power of the device, yielding about 3 x 102" W.
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onversion of electrical, chemical, or

thermal energy into mechanical en-

ergy iscommonly observed in nature
and employed in technology in order to
generate mechanical movement. For exam-
ple, macromolecular protein motors' have
been largely studied in vitro, converting
chemical energy into mechanical energy.?
On a surface and 1 order of magnitude
smaller in diameter, single-molecule ma-
chines,? rotors,*"® and translators’ have
been demonstrated. They convert thermal
or electrical energy into mechanical energy.
For example, they can rotate randomly by
picking up thermal energy from a suffi-
ciently warm surface.’ They can be driven
electronically step by step by applying a
voltage pulse to the molecule itself with the
apex of the scanning tunneling microscope
(STM) tip.2~"" In the latter case, the electrical
energy provided by the pulse is much larger
than what is required to rotate or translate a
single molecule on a surface. The major part
of this energy is consumed in the body of
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the STM tip apex and dissipated throughout
the solid surface supporting the molecule.
The driving force for a rotation (translation)
comes in the majority of cases from the
electronic energy provided by the electrons
tunneling through the molecule."*'* While
billions of electrons per second are tunnel-
ing through, the energy of one electron is
typically enough to generate the move-
ment. So far, many such systems have been
demonstrated, but none have shown the
deliberate rotation or translation of an at-
tached load such as an adatom or a mole-
cule. Attempts to move atoms or molecules
with the help of another molecule have
been successful. However, they rely only
on the mechanical interaction with the
STM tip,"*"> or the thermal noise coming
from the surface is used to carry an attached
molecule.'® When the molecule carrying the
load is moved mechanically following a
direct interaction with the STM tip apex,'”
a deformation of its adsorption potential
energy and of its conformation results and

VOL.9 = NO.8 = 8394-8400 = 2015 ACN\JA

* Address correspondence to
francesca.moresco@tu-dresden.de.

Received for review May 24, 2015
and accepted July 9, 2015.

Published online July 09, 2015
10.1021/acsnano.5b03131

©2015 American Chemical Society

W N
WWwWW.acsnano.org

8394



contributes directly to the mechanically induced mo-
tion of the molecule and its load.

Here, we demonstrate that an electronically driven
supramolecular structure can generate work by moving a
load such as a single atom. We have used a windmill-
shaped supramolecular nanostructure composed of
four 4-acetylbiphenyl molecules that self-assemble
on the Au (111) surface."” This supramolecular struc-
ture has been demonstrated by us to convert a bias
voltage pulse in a rotation or a translation step motion
by the virtue of a tunneling resonant process, giving
almost total access to the molecular electronic excited
states' potential energy surface describing the rotation
(translation) process on a Au(111) surface. By mounting
single Au adatoms on one of the molecules compos-
ing the supramolecular nanostructure and applying the
same bias voltage pulse as for an unloaded one, we
demonstrate here that the supramolecular nanostructure
can drive itself and the Au adatom load, thus performing
a small amount of work. It is important to emphasize that
it is the nanostructure itself and neither the tip apex
mechanics'”'® nor the direct electronic excitations of the
loaded adatoms'® that manipulates the Au adatoms.

RESULTS AND DISCUSSION

Formation and Loading of the Supramolecular Structure with
a Single Gold Atom. The supramolecular structure is
formed on-surface by depositing 4-acetylbiphenyl
(ABP) molecules onto the Au (111) surface. Upon ad-
sorption, four of these molecules self-assemble into
windmill-like supramolecular structures (ABP,), ran-
domly distributed on the surface."" For the load we
use single Au atoms, which are obtained by gently
dipping the tip of the STM into the Au (111) surface.
The identity of the Au adatom:s is verified by topographic
and spectroscopic means.2®*' An STM topography im-
age of the supramolecular structure and a nearby ada-
tom is shown in Figure 1a. All four molecules composing
the nanostructure have the same apparent height.

The loading of the windmill with one Au adatom is
achieved by driving the supramolecular structure with
voltage pulses (see Methods for details) toward the
adatom. Once it is brought sufficiently close, it is
snapped with a final voltage pulse to the adatom.
The resulting AuABP, complex is shown in the experi-
mental STM image of Figure 1b. Here, the protrusion at
the end of one molecular wing appears much larger
than for the other three wings. The height difference is
about 1 A (see line profiles in Figure 1c). The maximum
is located at the outer phenyl ring of the ABP molecule
where the Au atom is located. The attachment of a
single Au atom to the inner phenyl ring is also possible
(see Supporting Information). The calculated STM
images of the pristine ABP, nanostructure and the
loaded AuABP, are shown in Figure 1d,e. They were
used to refine the Au binding location site and the
conformation of the complex adsorbed on the Au (111)
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surface as presented in Figure 1g,h (see Methods for
computational details). The structural refinement and
the geometry optimization reveal that the preferred
location of the Au adatom is slightly off-center with
respect to the corresponding phenyl ring. This phenyl
ring is not parallel to the surface anymore, but twisted
with an angle of about 35°. Slight height differences
between the molecular wings of the ABP, nanostruc-
ture after manipulation have been observed and can
be attributed to different adsorption positions of the
nanostructure with respect to the herringbone recon-
struction of the Au (111) surface (see Supporting
Information). The electronic properties of the three
molecular wings with no adatom are not modified by
the interaction of the adatom with the fourth wing.
This is demonstrated by scanning tunneling spectra
taken on the molecular wings without adatom, which
reveal no difference compared to the pristine nano-
structure.'” This result is rationalized by the rather
weak coupling (hydrogen bonding) between the
wings, leaving the electronic properties of the windmill
unchanged on the three wings free of Au.

Driving the Loaded Supramolecular Structure. After
mounting the Au adatom on the supramolecular struc-
ture, we have studied its movement on the Au (111)
surface. By applying a voltage pulse (at the same
conditions as for the movement observed without the
adatom'") on the AUABP, complex, not only the supra-
molecular structure but also the adatom moves in a
concerted manner. Both rotational and translational
movements can be achieved in this way. The movement
of the structure is made possible by the resonant
electronic excitation of the nanostructure that activates
a specific movement.'"?>?* The manipulation process
is highly reproducible and in good agreement with
the previous work done by us on the unloaded ABP,
structures.'' In Figure 2a and b, an example of rotational
motion is shown. For a better visualization of the rota-
tion, the difference of the images before and after the
voltage pulse is shown in Figure 2c. The recorded height
profile during the voltage pulse is presented in Figure 2a
(bottom), showing a sudden change, at which point
the movement happens. The time until the jump
occurs is the excitation time, which will be explained
in detail later on. The experiment shows that the
adatom can be moved by the supramolecular nano-
structure without any mechanical interaction of the
tip apex. At each voltage pulse, the complex and thus
the adatom are rotated by either 15° or 30°. Rotations
were observed clockwise as well as anticlockwise. A
preferential direction cannot be assigned but is not
excluded.®"" Similar to the movement of the pristine
supramolecular nanostructure, translational move-
ments can be observed as presented in Figure 2d—f.
At each voltage pulse, the adatom is moved by the
nanostructure by about 3 & 1 A. Such traveling length
is typically on the order of one surface lattice
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Figure 1. Characterization of the supramolecular structure before and after the loading with a Au adatom. (a) STM
topography image of four 4-acetylbiphenyl molecules building ABP, and an isolated Au adatom on Au (111). (b) STM
topography image of the same area after the attachment of the adatom to the nanostructure. (c) Experimental height profile
taken at the positions marked with dashed lines in (b). (d) Calculated STM images (ESQC) corresponding to (a). (e) Calculated
STMimage (ESQC) corresponding to (b). (f) Calculated height profiles along the lines imprinted in (e). (g) Calculated optimized
geometry of the transporter without load. (h) Calculated optimized geometry of the windmill with a Au adatom attached.
(i) Height profile of the Au adatom shown in (a) (experimental data points) and calculated profile (solid line). Image sizes:
(aand b) 65 x 65 A?, (d and e) 36 x 36 A2. The color code displayed in (b) applies to all images.

Rotation Translation
b

Figure 2. Rotation and translation of a single Au adatom with the electronically driven supramolecular structure. (a) STM
topography image of the supramolecular structure loaded with a Au adatom. A voltage pulse is applied at the position of the
green cross. The graph (bottom) reflects the time trace of the height change of the tip during the voltage pulse. (b) STM image
taken after the rotation occurred. The green dot indicates the position of the voltage pulse. (c) Difference of images (a) and (b).
(d—f) Same as (a)—(c), except that here a translation occurred after the voltage pulse was applied, transporting the single Au
adatom in a linear movement from one adsorption site to the next. The color scale in (f) applies also to (c) and ranges from
—1.3to 1.3 A.Image size 75 x 60 A% The curved lines in (a)—(d) are a guide to the eye and show the position of one of the ABP
molecules before the manipulation occurs.
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constant. Which type of movement is obtained is
largely determined by the polarity of the bias voltage,
as outlined in detail in ref 11. For the pulse-induced
manipulation of the nanostructure, the Au (111) sur-
face reconstruction had no noticeable effect.

In contrast to the pristine supramolecular structure,
we observed additional types of movements, suggest-
ing that the adatoms can also act as pinning centers,
locally increasing the adsorbate—substrate interaction.

Work Done by the Supramolecular Structure. The interac-
tion of the ABP, supramolecular structure with a single
Au adsorbate to form AuABP, modifies the ground-
state potential energy surface (PES) of the Au adatom
on the Au (111) surface (see Figure 3a—c). A potential
energy “trap” is introduced by the ABP, nanostructure
for the Au (as presented in Figure 3¢) that moves along
with the windmill, explaining how it can carry the Au
along (see Supporting Information). When inelastically
excited by the tunneling electrons during the voltage
pulse and starting from one stable position on the
Au (111) surface, AuABP, is undergoing its rotational
motion. The fast dynamics of the rotation process
occurs on the AuABP, PES first excited states. Those

excited states appear in the energy range targeted
by the voltage pulses. On the excited states' PES, this
dynamics favors the probability of reaching another
nearby minimum of the ground-state PES, avoiding the
ground-state potential energy barrier by this reaction
trajectory. Remarkably, the trajectory on the excited-
state PES favors a rotation of the complex instead of its
decomposition. This is because the trapping of the Au
adatom by ABP, is quite strong (topology A, about
0.25 eV according to Figure 3c). As a consequence, the
rotation of the complex is quite stable, as presented in
Figure 3d (blue trajectory of adatom). Other possible
binding sites for Au on the windmill are less stable,
leading to a noncircular trajectory and to the decom-
position of the complex (red in Figure 3d).

The diffusion barrier height of an isolated Au ada-
tom on the Au (111) surface is calculated to be 247 meV
(see Figure 3c and also ref 24). When the Au is loaded
on the ABP, nanostructure, its diffusion barrier height
in the windmill trap is substantially decreased to
50 meV (see Figure 3c). To overcome this barrier, the
nanostructure driven by the tunneling current thus
needs to develop work of at least Wjoag = 8.0 x 1072 J.
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Figure 3. Simulation results of the AuABP, complex and the adatom transport. (a) Relative position of the Au adatom after
geometry optimization for topologies A and B. (b) Lateral view of the windmill and the adatom with topology A on Au (111).
The phenyl ring bonded to the adatom is tilted by 35° with respect to the surface. (c) Ground-state potential energy curve of a
Au adatom displaced along the Au (111) surface. The dashed gray line represents the adatom displaced alone on the surface,
whereas the black line results when the windmill is also present. In the center, the deep energy well is due to the complex
formation between the Au adatom and the end phenyl ring of the windmill wing. The small 50 meV potential energy barrier is
for the Au adatom to move from one adsorption site to the other inside this well. (d) Relative position of the Au adatom on the
surface along the rotation process for topology A (blue line) and B (red line) around a rotation axis located at (0,0).
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If not, there will be no motion of the complex because
its load will induce a too strong opposing mechanical
force, indicating that the load here is defined by the
potential barrier height in its ground state and not
by weight."?

Evaluation of the Mechanical Power. We have evaluated
the mechanical power of the electron-driven supramo-
lecular structure by dividing W,,q by the average
tunneling excitation time. The latter is obtained by
averaging the measured time needed to excite a one-
step rotation event, i.e., the time interval between the
start of the voltage pulse until a jump occurs in the
recorded tip height indicating a one-step movement.
We measured an average excitation time of to,. =2.3s,
which leads to a mechanical power of the supramole-
cular structure of Prmecy, = 3.5 x 1072" W. The overall
electrical power delivered to the STM junction during
the pulse is the product of the used tunnel current (1 nA)
and the voltage pulse (2.4 V), leading to Pgjec = 24 %
107% W. The supramolecular structure is able to per-
form work W,q.q because the electrical power delivered
by this pulse is orders of magnitude larger. During the
pulse, a major part of the electrical power dissipates in
the body of the STM tip and in the bulk of the Au sample

Au dimer
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supporting the windmill. At the STM tip apex end, the
power available to the loaded windmill is only a minute
portion of Pge.. First, the bias voltage for the pulse was
chosen to be 2.4V to access the first excited states of the
complex and to trigger the inelastic tunneling effects
and not to deliver this amount of electrical power to the
windmill."® Below this electronic resonance, there are no
inelastic effects and therefore no possible energy trans-
fer to the windmill.?> Second, the tunneling current is a
measure of the number of electrons per second tunnel-
ing through the “STM tip—loaded nanostructure—
Au(111) substrate” tunnel junction during a given vol-
tage pulse. Most of the electrons are tunneling elasti-
cally without triggering any inelastic transition.”> On the
basis of the average excitation time, we calculate a
quantum yield of about 7 x 107"". The quantum yield
is the probability that an event per electron occurs and
corresponds to Y = e/lt, where e is the elementary
charge, | the current, and 7 the average time of excita-
tion. The electrical power for a one-electron process'' is
obtained by multiplying Peec by the quantum yield,
resulting in a power of 16.8 x 1072° W. This is still
above the mechanical power required for the ABP,
nanostructure to transport its Au load and indicates

Molecule

10 15 20
Dlstance (A)

Rotation

Translation

Figure 4. Rotation and translation of ABP, transporting a Au dimer and a molecule. Left panel: (a) STM topography image of
the supramolecular structure and a Au dimer. (b) Line profile across the Au dimer (see white dashed line in (a)). Black squares
are data points. The red line is a Gaussian fit composed of two Gaussians (orange) corresponding to each atom of the Au
dimer. (cand d) STM images before and (e) after translation and (f) after rotation of the complex, respectively. Right panel: (g)
STM topography image of ABP, and an additional molecular adsorbate. (h) Height profile across the molecule. (i and j) STM
images before and (k and I) after electronically excited manipulation. Image sizes: 81 x 81 A% The curved lines are a guide to
the eye and show the position of one of the ABP molecules before the manipulation occurs.
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the electrical power actually accessible to the nano-
structure.

Transport of Larger Loads and Utilization for Chemical
Purposes. In further experiments, an attached dimer
(Auy) was also moved using the motive power of
ABP, (see Figure 4). Notably, in the case of a loaded
molecule (an ABP molecule or its derivative), longer
travel distances were observed as compared with the
AuABP, complex. This can be attributed to a lower
adsorbate—substrate interaction. The three examples—
adatom, dimer, and molecule—show that the ABP,
nanostructure can be loaded with different species,
demonstrating its general applicability.

CONCLUSIONS

In conclusion, we have presented a nanoscale supra-
molecular structure that performs work. By applying

METHODS

The gold single-crystal surface was cleaned by repeated
cycles of Ne ion sputtering and subsequent annealing at 720 K.
4-Acetylbiphenyl molecules were evaporated from a Knudsen
cell at a temperature of 27 °Con a clean Au (111) surface kept at
T = 50 °C. The measurements were carried out with a low-
temperature scanning tunneling microscope (T = 5 K) under
ultra-high-vacuum conditions (<10~'° mbar). After the deposi-
tion the sample was cooled to cryogenic temperatures and
transferred to the STM without breaking the vacuum. For
topographic imaging, either low voltages or low currents were
used to ensure that no manipulation happens during scanning.
Typical imaging parameters are V=0.1 Vand / = 0.1 nA. The Au
adatoms were produced by gently dipping the STM tip into the
gold surface.

For manipulation, the STM tip was precisely positioned on the
molecules of ABP, and a voltage pulse between the tip and
sample was applied. During the pulse, the feedback loop was
kept closed and the tip height was recorded. Typical values for
the voltage pulses are a bias voltage of 2.4V, a current of 1 nA,
and a time of 10 s per pulse.

The optimal molecular geometry of four ABP molecules and
one Au atom on the Au(111) surface was calculated using the
ASED+ semiempirical molecular mechanics technique, which is
suitable for large supramolecular adsorbates.”® STM constant-
current images were calculated using ESQC (electron-scattering
quantum chemistry).?”
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voltage pulses on the nanostructure, single atoms and
other species can be loaded and moved in a deliberate
manner. By calculating the ground-state potential
energy surface of the nanostructure with and without
Au adatom load, we could determine the work needed
by the molecular structure to move an atom. We con-
clude that a windmill structure driven by a tunneling
current performs work of at least Wioaq =8.0 x 102" Jto
move a gold atom on the Au(111) surface. Considering
the experimentally measured average excitation time
necessary to induce the movement, this work corre-
sponds to a mechanical power of Prech = 3.5 x 102" W.

On the basis of the principles shown here, other
molecular electromechanical systems can be envi-
sioned allowing future applications in the construction
and integration of molecular motors and other molec-
ular machines into more complex devices.

thus re-forming a bond. Finally, the optimized atomistic struc-
ture of AuABP, on Au(111) is discussed. The Supporting Infor-
mation is available free of charge on the ACS Publications
website at DOI: 10.1021/acsnano.5b03131.
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