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Six state molecular revolver mounted on a rigid
platform
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The rotation of entire molecules or large moieties happens at 100 ps time scales and the transition
process itself is experimentally inaccessible to scanning probe techniques. However, the reversible
switching of a molecule between more than two metastable states allows to assign a rotational switching
direction. Rotational switching is a phenomenon that is particularly interesting with regard to possible
applications in molecular motors. In this work, single tetraphenylmethane molecules deposited on a
Au(111) surface were studied in a low temperature scanning tunneling microscope (STM). These molecules
comprise rotational axes mounted on a tripodal sulfur-anchored stand and with the STM tip, we were
able to induce transitions between six rotational states of the molecular motif. We were able to identify
critical parameters for the onset of rotational switching and to characterize the influence of the local
environment. The subtle difference between fcc and hcp stacking and the rotational state of neighboring

rsc.li/nanoscale

1. Introduction

Molecular machines that are driven by chemical or electric
means have been identified in a number of biological systems. At
the nanoscale, thermal energy leads to Brownian motion that is
superimposed to any driving force, which makes the realization
of artificial molecular machines a challenging task. The real-time
observation of molecular dynamics that typically happens on the
timescale of 100 ps is impossible with subnanometer resolution
scanning probe microscopy. One solution is to follow molecular
motion in a stepwise manner. This becomes possible when the
motion is comprised of switching events between more than two
metastable states which have residence times that are sufficiently
long to be resolved by microscopy. In this way, multi-step
rotational switching has been observed for caged 2-D coordi-
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molecules clearly influence the population of the rotational states.

nation networks," chlorophyll molecules,? proton-transfer in por-
phyrins,® double-decker complexes®® and molecular units
mounted on dangling bond dimer® or Ru ball bearings.”

Molecular mechanical devices that can be controlled by an
external trigger are of particular interest. A number of different
switching mechanisms and different stimuli have been found
in single molecules adsorbed on surfaces: mechanical
deformation,®® electric field,"™* light,"**® voltage controlled
change of the charge state’”'® and current'® have been used to
trigger the switching. Whereas most molecules that have been
found to exhibit such a switching behavior are basically two-
dimensional,*® here we present three-dimensional molecules
that possess a higher number of possible conformations and
even when adsorbed on a surface, internal conformation
changes are allowed. In general, those non-planar molecular
platforms allow to effectively decouple a molecular head group
from the metallic substrate.””*® Such molecular structures
might be particularly promising for the implementation of
functional units. Deposition of such complex structures and
imaging them with scanning probe techniques has turned out
to be difficult and only few successful studies have been
published.?**”

2. Results and discussion

Here we present a low-temperature scanning tunneling
microscopy (STM) study of tetraphenylmethane molecules de-
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Fig. 1 (a), (b) Chemical structure of the meta (a) and the para (b) tetra-
phenylmethane molecules and a 3D view of the expected adsorption
configuration. (c) Scheme of the deposition setup used to spray the tet-
raphenylmethane molecules dissolved in dichloromethane (DCM) onto
the Au(111) single crystal surface.

posited on a Au(111) surface. Adsorbed on the surface, six
different metastable states were found and we managed to
induce reversible transitions between all six states. An elabor-
ate analysis allows us to give the critical parameters that lead
to rotational switching and to identify the influence of the sub-
strate and the neighboring molecules. Two different tetraphe-
nylmethane molecules presented in Fig. 1a and b were dis-
solved in dichloromethane (DCM) and sprayed through a pulse
valve onto a clean Au(111) placed in a vacuum chamber at
about 107° mbar (see Fig. 1c). With this method any thermal
stress or charging of the molecules can be avoided while the
amount of solvent and contamination of the sample is mini-
mized. Details of the procedure are published in ref. 26 and
28. Due to the different positions of the sulfur atoms at the
phenyl groups, we refer to them as meta and para molecules
respectively. After deposition, samples were transferred into
ultra-high vacuum and were annealed at 150 °C for about
60 min in order to promote deprotection of the thiol anchor-
ing groups and proper adsorption of the molecules.
Additionally, the amount of possible contaminations and
solvent remnants was reduced (see Fig. 2a). All STM experi-
ments presented here were carried out at 5 K. For all depo-
sition parameters, we found a coexistence of ordered islands
and areas of well isolated monomers. While we discussed
these ordered islands in our previous work,>®*°
this work is on the isolated monomers (see Fig. 2a and b). An
influence of the coverage on this ratio could not be identified.
We explain this coexistence by an incomplete deprotection of
the sulfur anchor groups of some molecules which then are
mobile enough to form ordered structures while the fully
deprotected molecules are strongly bound to the surface with
all three sulfur groups. This explains the reduced diffusion
and the different appearance of the monomers. This hypoth-
esis is supported by the identification of remaining acetyl pro-
tection groups on the molecular islands (see ref. 29). The well-
known influence of the Au(111) reconstruction on the local
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Fig. 2 (a) Coexistence of isolated single molecules and ordered islands
of para tetraphenylmethane molecules. The width of the image is
200 nm, recorded at a bias of 2.7 V and a setpoint of 5 pA. (b) Constant
current STM image of isolated para tetraphenylmethane molecules
adsorbed on a Au(111) surface. The width of the image is 30 nm. (c)/(d)
Single para variant (0.8 V, 20 pA)/(0.15 V, 20 pA), (e)/(f) Single meta
variant (0.7 V, 20 pA)/(0.04 V, 20 pA). The width of images (c)—(f) is
2 nm. (g) Schema showing the six existing different orientations with
respect to the high symmetry directions of the Au(11l) surface. (h)
Schema showing the orientation of the molecular motif with respect to
the lattice of the Au(111) surface, STM images to scale.

diffusion of adsorbates®® is only weakly pronounced (see
Fig. 2a and b). In close-up STM images all isolated molecules
show an identical triangular motif with one edge being elev-
ated as can be seen in Fig. 2b—f. We find six orientations of the
molecular motif which differ by a rotation of 60° (see Fig. 2g
and h).

At sufficiently high bias voltage and set point current, it is
possible to induce transitions between the six different con-
figurations. In order to image the rotational switching, we
recorded images at alternating bias voltage: scans at 700 mV
which are likely to induce a switching and read out scans at
120 mV which do not induce switching. An example of such a
series of images of two para molecules is shown in Fig. 3a. The
first image is a read out scan at 120 mV and a setpoint of 20
PA which does not induce any transitions. The second image
is recorded at 700 mV (setpoint of 20 pA) and shows a tran-
sition of the lower molecule from one scan line to the other.
The new configuration is then imaged at 120 mV, followed by
the next scan at 700 mV that induces transitions in both mole-
cules. We omitted the following scans at 700 mV and show the
different orientations in the read out scans. The apparent
rotation angle in successive read out scans at 120 mV is indi-
cated at the arrows. Positive angles indicate clockwise rotation,
negative angles indicate counter-clockwise rotation. We mostly
observe rotations by 120°, rotations by 60° or 180° are observed
only rarely. A similar behavior was found for the meta variant.
A typical series of images showing a pair of molecules is
depicted in Fig. 3b. The upper molecule in Fig. 3b does not
show switching, most likely due to the nearby molecule above

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Pair of para variant imaged at U = 120 mV and | = 20 pA, with a scan at 700 mV in between two images. Two of these scans at 700 mV are

shown exemplarily. The width of the images is 2 nm. Slow scan in x direction. (b) Pair of meta variant imaged at U = 120 mV and | = 20 pA, with a
scan at 700 mV in between two images. The width of the images is 3.37 nm. In (a) and (b) the rotation angle is indicated for consecutive read out
scans. (c) Current trace at fixed tip position above a para variant with the two sets of three different current levels shown in color (recorded at a bias

voltage of 800 mV).

the scan frame. Bias and setpoint current in the experiments
presented in Fig. 3a and b were chosen such that mainly single
switching events occur during the high bias scans. Due to the
statistical distribution of the time span between two switching
events, this means that the tip often does not induce a switch-
ing during the high bias scan, that is we observe the molecule
to be in the same state in two consecutive read out scans (see
Fig. 3a). Intuitively, the bright edge of the triangle is identified
with the protruding molecular head group that is oriented at
an angle of approximately 80° with respect to the plane of the
three sulfur atoms.”® Then, rotational steps of 120° can be
related to the rotation of the inclined molecular head group,
with the three metastable states corresponding to the threefold
symmetric foot structure. Rarely, rotations of 60° or 180° can
be observed, which correspond to a transition between “even”
and “odd” orientations according to the numbering given in
Fig. 2g and h. In other words, these rotations of 60° or 180°
switch between two sets of three states with higher switching
frequency.

Typically, rotational motion of single molecules observed in
STM is related to the relative rotation of the entire molecule
with respect to the substrate. In stark contrast to most previous
work on rotational switching, here, we discuss a rotatable axis

This journal is © The Royal Society of Chemistry 2019

mounted on a tripod which is in turn fixed on the substrate. A
rotation around the center would require breaking of all three
S-Au bonds followed by formation of new bonds in the rotated
state. If this breaking of S-Au bonds is possible, however, also
linear diffusion is expected. For both variants, the observed
rotations never go along with a displacement of the molecule
with respect to the surface in the sense of classical diffusion.
Thus, we can rule out a rotation of the entire molecule around
its center. A rotation around one of the S-Au bonds would
require breaking of only two S-Au bonds. This lower barrier
mechanism is thus expected to happen more often. However,
such a rotation around one of the S-Au bonds would also
involve a displacement of the molecular triangle for each
rotation, which has never been observed in our STM experi-
ments (see e.g. Fig. 3a and b). Thus, mechanisms that are
based on a relative rotation of the entire molecule with respect
to the substrate can safely be excluded. Instead, the observed
transitions between the two sets of three states (rotation by 60°
or 180°) must be based on internal reconfigurations of the
molecular foot structure.

We suggest that the tetraphenylmethane scaffold adsorbed
on the surface takes a propeller-like conformation (see Fig. 1a
and b) which can have two different chiralities, which may

Nanoscale, 2019, 11, 9015-9022 | 9017
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explain two different internal configurations. As the protruding
head group fully dominates the local density of states probed
by the STM tip, the precise position of the sulfur atoms of the
foot structure cannot be inferred from the images.

The striking similarity of the para and the meta variant lead
us to perform various test experiments. We deposited a
number of similar tetraphenylmethane-based molecules with
slightly different head groups and we routinely deposited
solvent without any molecules.”®*® However, the here
described molecular triangles were only and always found
when the molecules depicted in Fig. 1a and b were deposited.
Thus, contamination of the deposition apparatus or the
solvent can be excluded as the origin of the here described
phenomena. Finally, we cannot exclude that the catalytic effect
of the Au(111) surface induces a chemical modification of the
molecules. Even though we lack a full explanation of the
switching mechanism, we were able to characterize the switch-
ing behavior in more detail and thus to draw conclusions
regarding intrinsic properties of the adsorbed molecules.

This switching can be induced by scanning above the mole-
cule and also with the STM tip held at a fixed position. A
typical time trace of the tunneling current, as shown in Fig. 3c
above a para molecule, exhibits six different plateaus which
represent the six different configurations of the molecule. It
can be clearly seen that the threefold switching due to the
rotation of the molecular head group occurs more frequently
than the switching between the two sets of three states due to
the internal reconfiguration of the molecule.

The probability to find a para molecule in one of the six
different states depends on the domain it is adsorbed on. On
the fcc areas of the reconstructed Au(111) surface®™*> the even
orientations 2,4,6 (see Fig. 2g and h) are more likely than the
odd orientations 1,3,5 (see Fig. 2g and h): (N(2,4,6)/N(1,3,5) =
172/42 = 4.1). On the hcp domains the odd configurations are
found more often: N(2,4,6)/N(1,3,5) = 30/68 = 0.44. In this case,
we can assume that the population of the different states that
have different energies is determined by the Boltzmann
distribution corresponding to the temperature at which the
switching stops after cooling down from room temperature.
Boltzmann statistics can then relate the observed population
of the different states to their energy levels (kg7 = 0.42 meV
at 5 K):

AE = kgT X ln<w).
N(1,3,5)

With this, we get a lower bound for the energy differences

of ABgee = Egy” — Ege® = 0.11 t0 0.68 meV and AEyep = By’ —
Epg® = —0.22 to —0.48 meV. In this way, the switching statistics

of the molecules is a sensitive indicator of the stacking order
of the underlying substrate. Also the switching statistics of
individual para molecules, in particular the population of the
odd and even states, are clearly different between the mole-
cules adsorbed on fcc domains and those adsorbed on hcp
domains as is depicted in Fig. 4a (Please note that the image
in Fig. 4a is rotated by 60° compared to Fig. 2). Besides, it can
be seen that molecules adsorbed on elbow sites of the herring-
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bone reconstruction do not show any transitions (see red
circles in Fig. 4a). This is in agreement with the statistics of
the initial adsorption configuration mentioned above and indi-
cates that the STM tip does not significantly influence the
population of the different states. Therefore, we assume that
the STM tip only enables the transitions by either lowering the
energy barriers or by exciting the molecules over the barrier
without a preferred direction. The latter would be in agree-
ment with microscopic reversibility. Interestingly, the popu-
lation of even (2,4,6 in Fig. 2g and h) and odd states (1,3,5 in
Fig. 2g and h) of a para molecule also depends on the state of
the neighboring molecule. After analyzing a series of about
2000 scans of the two para molecules presented in Fig. 3a, we
found a negative correlation. The one molecule is more often
in an even state when the other molecule is in an odd state: we
find a population ratio of the second molecule M2¢yen : M2,qq =
86 :14 when the first molecule M1 is in an odd state. A ratio
of M2cyen : M204q = 80:20 is found when the first molecule is
in an even state. We verified this effect for two different ensem-
bles of five molecules adsorbed on fcc domains and analyzed
the correlations of odd and even states of neighboring mole-
cules. Correlations are significant for the first ensemble that
stretches over about 7 nm (distance between the leftmost mole-
cule M1 and the rightmost molecule M5 in Fig. 4b) The table
below the image gives the corresponding Pearson correlation
coefficients®® which are defined as covariance of the two vari-
ables (here: molecule A being in an odd/even state, molecule B
being in an odd/even state) normalized by the standard devi-
ations of the two variables. A positive (negative) correlation is
indicated by a positive (negative) number (0 < |7| < 1) and no
correlation is indicated by a value close to zero. We found both
positive and negative correlations. For example, M1 and M2
show a negative correlation: M1eyen : M1ogq = 20 : 80 when M2
is in an even state and M1gyen: M1ogq = 78:22 when M2 is in
an odd state. A positive correlation is found for M4 and M5:
M4een: Mdogq = 99:1 when M5 is in an even state, and
M4eyen : M4oqq = 13 : 86 when M5 is in an odd state. This inter-
molecular coupling also affects the population of the possible
states of the whole ensemble. Fig. 4b shows the most likely
configuration of the molecular states (M13;M24;M3;M4,;M54)
that is observed in 25/1370 scans (an equal population of all
6° = 7776 possible configurations would lead to an average of
0.18/1370). When only the difference between even and odd
states is considered, the most probable configuration (M1,qq;
M2even;M3odd;M4even;M5even) is found in 572/1370 scans and
its inverse (M1even;M20dd;M3even;M40dd;M504a), Which equally
follows the preferred intermolecular coupling in another 132
scans. This means that in more than 50% of the scans, the
configuration of the foot structure of all five molecules agrees
with the sign of the correlations given in the table. In the case
of M1 and M3, odd states are even more likely than even
states, which is in contrast to the population statistics of all
isolated para molecules adsorbed on fcc areas. Apparently,
here the intermolecular coupling is stronger than the influ-
ence of the surface stacking. The presence of both positive and
negative correlations excludes a simple dipolar interaction as

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) The population of the six different states of 17 individual para molecules is analyzed in a series of 420 scans at / = 50 pA and U = 120 mV

(imaging) alternating with 700 mV (switching), similar to Fig. 3a and b. The population of the six states is represented by polar graphs (white polygons
on fcc areas and green polygons on hcp areas) right at the corresponding molecule with the definition of the different states defined in the inset.
Three molecules located on the ridges of the reconstruction did not show any switching (red circles). The image is rotated by 60° compared to
Fig. 2. (b), (c) Population in two different ensembles of five molecules with the corresponding Pearson correlation coefficient r given in the table
below. (b) 1370 scans at U = 200 mV and / = 13 pA with scans at 800 mV in between two images. The width of the image is 12 nm. (c) 1000 scans at
U =200 mVand /=50 pA, scans at 800 mV in between two images. The width of the image is 20 nm.

the driving force. Furthermore, the surprisingly large change
is unlikely to be carried by steric effects as the molecular
centers are separated by more than 1.5 nm and the para mole-
cules radially extend less than 0.5 nm. A coupling with oscil-
latory behavior induced by the surface state of noble metals
has been observed for adatoms and small molecules.’**> Also
the n-systems of larger molecules were found to interact with
the surface state electrons.’® In our STM images, the switching
between even and odd states of the molecules appears as a
rotation of the triangular foot structure by 60°. Therefore, it is

This journal is © The Royal Society of Chemistry 2019

fair to assume that this switching also affects the surface state
that then mediates the interaction between neighboring mole-
cules. While we cannot infer the chirality of a specific mole-
cule from our STM images, we suppose that the intramolecular
transition from odd to even states goes along with a change in
chirality. This is particularly interesting against the back-
ground of the presence of a spin-orbit split surface state on
the Au(111) surface®” that we propose as a potential mediator
of chiral interaction, in contrast to short range forces that
drive chiral recognition at close distance.®® A surface-state

Nanoscale, 2019, 11, 9015-9022 | 9019
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mediated interaction would oscillate with a periodicity of half
the Fermi wavelength (ir = 3.76/3.27 nm)*° and would decay
with the distance as 1/7” (see ref. 34). Indeed, correlations are
much smaller in the second ensemble that stretches over
about 15 nm (see Fig. 4c). A quantitative analysis of this inter-
action would require a simulation of the scattering patterns of
even and odd states and a much larger number of molecular
ensembles, which is beyond the scope of this work.

These experiments show that the populations of rotational
states of the foot structures of neighboring molecules are
coupled and underline the influence of the local environment

View Article Online
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of a molecule on its switching behavior.*® Furthermore, these
results strengthen our hypothesis of a thermal population of
the different states, because a tip-induced switching direction
would not lead to correlated behavior of neighboring
molecules.

In the following, we further analyze the switching process.
The residence times of the molecule in each of the states are
plotted in Fig. 5a and show an exponential distribution which
characterizes independent events that happen at a constant
average rate. From the fit, the mean lifetime of a state and its
inverse, the transition rate, can be determined. This transition
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(a) Distribution of the measured residence times of the six states of a para molecule during the statistic switching at a voltage of 380 mV and

a set point current of 40 pA. (b) Statistic switching as a function of the setpoint current at a voltage of 400 mV. (c) Current time trace as a function of
the applied bias voltage at fixed z position. (d) Switching rate as a function of the applied voltage. (e) Tracking curve of the STM tip following the

molecular head group.
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rate was then determined in a new experiment as a function of
the tunneling current with the bias voltage set at 0.4 V. This
dependency is shown in Fig. 5b in a semi logarithmic plot.
The transition rate increases with the increasing current. A fit
to a power law would give a surprisingly low exponent of 0.25.
An inelastic single electron process, however, would be charac-
terized by an exponent close to 1 and higher order processes
like excitation of higher vibrational modes (heating) would
show an even higher exponent (see ref. 41 and 42). Therefore,
we exclude an inelastic excitation as the mechanism. The
increasing transition rate with the current, that is with decreas-
ing distance between tip and sample, is instead in agreement
with a mechanism related to the electric field in the junction.
The voltage dependence of the transition rate is shown in
Fig. 5c as a single current time trace. Obviously, at low voltages
no switching takes place and higher voltages of both positive
and negative polarity lead to higher transition rates. This
voltage dependence of the switching rate is further studied at
different currents (see Fig. 5d). We chose a logistic growth
function multiplied by a linear term to reproduce the observed
onset of the switching rate and the further increase for even
higher voltages. In summary, although the exact mechanism
remains elusive, our data speaks against a current induced
switching process, but agrees better with an electric-field
induced switching. In order to study a possible directionality
in the switching direction, we recorded the sense of rotation of
the switching by making use of a built-in function of the
Nanonis scanning electronics named atom tracking. In doing
so, the tip oscillates laterally above the molecule following the
position of maximum apparent height, which allows to track
the rotational-like switching of a single molecule over several
days. Fig. 5e shows the smoothed position of the tip following
the switching of a single molecule over several days. Obviously
the tip lags behind the molecule. The obvious chirality of this
curve is purely due to the tracking mechanism and is not
related to the molecule itself. We believe that this oscillatory
behavior of the tip in the atom tracking mode is responsible
for the slightly preferred direction of rotation which we found
in switching series of more than 10000 events, because
the preferred direction was identical for different molecules
and different polarities of the applied bias. As the here
described molecules are not chiral before adsorption on the
surface, both chiralities, which could impose a preferred sense
of rotation for a specific molecule, must be equally present
and thus both rotation directions must be found. If the
preferred direction of rotation was related to the tunneling
electrons, we would expect a reversed direction of the
tunneling current to result in a reversed directionality of the
rotational switching.

3. Conclusion

In summary, we have shown that tetraphenylmethane-based
molecules are potential candidates for carrier platforms
because they adsorb in a well-defined configuration with three

This journal is © The Royal Society of Chemistry 2019
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sulfur groups that are strongly bonded to the Au(111) surface.
We found that in the well-isolated single molecules six meta-
stable conformational isomers exist in the adsorbed state.
With the STM tip, we were able to induce a reversible switch-
ing between six rotational states, which allows to assign a
rotation direction to the switching. These two characteristics
of a molecular revolver are prerequisites for further
functionalization as molecular motors. The population of the
different states, which we relate to their energies via
Boltzmann statistics, was found to depend on the atomic con-
figuration of the substrate and the configuration of the neigh-
boring molecules, even at distances clearly larger than the
molecules diameter. This emphasizes the crucial role that is
played by the local chemical and physical environment of a
single molecule adsorbed on a surface. With this, our work
shows that in order to fully exploit the advantages of the pre-
cision in chemical synthesis, the coupling to the contacting
electrodes has to be defined with the same precision.

4. Methods

STM measurements were carried out in a home-built STM in
UHV at a temperature of 5.2 K. The STM tip was prepared by
chemical etching of a tungsten wire and by repeated dipping
into the gold surface. The Au(111) single-crystal surface was
cleaned by several cycles of Ar' sputtering and annealing to
700 K. The voltage is applied to the sample.
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