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Addressing a lattice of rotatable molecular
dipoles with the electric field of an STM tip¥
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Functional molecular groups mounted on specific foot structures are ideal model systems to study
intermolecular interactions, due to the possibility to separate the functionality and the adsorption
mechanism. Here, we report on the rotational switching of a thioacetate group mounted on a tripodal
tetraphenylmethane (TPM) derivative adsorbed in ordered islands on a Au(11l) surface. Using low
temperature scanning tunnelling microscopy, individual freestanding molecular groups of the lattice can
be switched between two bistable orientations. The functional dependence of this rotational switching
on the sample bias and tip—sample distance allows us to model the energy landscape of this molecular
group as an electric dipole in the electric field of the tunnelling junction. As expected for the interaction
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1 Introduction

The concept of tripodal molecular platforms with a specifically
designed head group deposited on a well defined flat solid,
allows the fabrication of a huge variation of functionalized
surfaces with the potential of a defined response to an external
stimulus.’™ On the one hand, such an arrangement of identical
objects can serve as a model system for artificial materials with
switchable properties.” ® On the other hand, addressing individual
molecular entities is crucial for an understanding of the
mechanisms on the nanoscale. Scanning tunnelling micro-
scopy (STM) is an ideally suited surface analysis tool which
permits both to characterise and to manipulate objects on the
molecular and submolecular scale. This technique is especially
appealing in combination with molecular complexes that
expose a specific molecular group mounted on a surface-
anchored platform.®™"" With this approach, influence of the
surface on the functional group'>"® is minimized. The switching
behaviour of single molecules is particularly interesting in the
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of two dipoles, we found states of neighbouring molecules to be correlated.

case of a mechanism which can be clearly related to an external
stimulus. So far, different stimuli have been reported which can
induce molecular switching in the junction of an STM. These
include the sample voltage,'* the tunnelling current,"™>® the
electric field'”"” the mechanical presence of the tip, and
photoresponse of the molecule.””*” In this work, we fabricated
ordered submonolayers of tripodal molecular platforms with a
rotatable acetyl group mounted on top. In the junction of the
STM, we observed a bistable switching of the protruding head
group that can be understood as an in-plane rotation between
two orientational states. Statistical analysis of the corresponding
random telegraph noise allowed to trace the energy levels of the
two states. In a meticulous study of the influence of the voltage
drop in the junction and distance of tip and sample, we were
able to explain the switching by the electric field in the STM
junction interacting with the dipole moment of the molecular
head group. Notably, we confirm that individual molecular
dipoles within the lattice interact, ie., their rotational states
are correlated. In this way, the ordered monolayers present an
ideal model system for artificial dipole lattices, in which the
intermolecular spacing given by the foot structure can easily
be adapted®® in order to vary the molecular dipole-dipole
interaction.

18-20

2 Experimental

Synthesis of the triflate substituted tetraphenylmethane
derivative (Triflate-TPM)

Synthesis of the target molecule Triflate-TPM is outlined in Fig. 1
and starts from the previously published 2-(trimethylsilyl)ethyl
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1 Triflate-TPM

Fig. 1 Synthesis of the target compound Triflate-TPM. (i) AgBF4, AcCl,
CH,Cl,, 0 °C-RT.

protected thiol derivative 1 which was obtained via an already
reported multistep synthesis.”* Transprotection of the thiols in 1
has been successfully performed using AgBF, and acetyl chloride
(AcCl) in dichloromethane to afford the desired thioacetate
Triflate-TPM in 70% yield. The title compound was fully charac-
terized by conventional analytical and spectroscopy methods like
'H and C NMR spectroscopy, mass spectrometry, IR, UV-vis
spectroscopy, and by elemental analysis (see ESIt).

Sample preparation

A clean Au(111) surface was obtained by argon sputtering at
1.5 kV and subsequent annealing at 575 °C. The molecules were
deposited on the cleaned gold surface from a dichloromethane
solution by using a spray-technique, which has been described
in more detail before.”® Subsequently, the sample was annealed
in ultra high vacuum (UHV) at about 195 °C to remove solvent
residuals and was transferred in situ to the STM. All measure-
ments were performed with a homebuilt STM at about 5.3 K in
UHV (p ~ 1 x 107" mbar).

3 Results and discussion

After deposition of the Triflate-TPM shown in Fig. 2(a) on the
Au(111) surface, we obtained a submonolayer coverage with the
molecules assembling in ordered islands of about 50 nm in
width (see Fig. 2(b)). These islands consist of several domains.
The domain boundaries are tilted by about £11 ° with respect
to the crystal’s mirror axes, namely the (11-2) directions as
indicated for one island in Fig. 2(c). The stripes of the herringbone
reconstruction seem to avoid the islands, suggesting the recon-
struction might even be lifted below the islands due to the thiol-
Au interaction.®*’ Fig. 2(d) shows a close up image of an island.
Most single elements are dumbbell shaped, similar to our pre-
vious studies on TPM derivatives, where three or all four sub-
stituents were SAc-groups.*® This motif can be reduced to a single
circle of lower apparent height by application of voltage pulses,
similarly as it has been reported for pairs of SAc-groups sticking
out of the molecular film** (see Fig. S3 of the ESIt). Moreover, the
islands exhibit an apparent height of about 0.52 nm (at —1.5 V,
3.5 pA) which is in agreement with the height reported for similar
TPM derivatives with three or four SAc-groups.”® This indicates
that each dumbbell shaped molecular motif corresponds to a
single SAc group sticking out of the islands and that two SAc
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Fig. 2 Deposition of the TPM derivative. (a) Molecular structure of the
TPM derivative which consists of a tetraphenylmethane core whose four
hydrogen atoms in para-position with respect to the central sp® carbon
atom are substituted by three thioacetate groups (sulfur atoms encircled in
yellow) and one triflate group (encircled in red). (b) Large scan of an area of
sub-monolayer coverage. (—1.5V, 3.5 pA, 120 nm x 120 nm). (c) Enlarged
view indicating the mirror axis of the Au(111) substrate (red arrows) and the
orientations of the domains of one island (white arrows) (—1.5 V, 3.5 pA,
45 nm x 45 nm). (d) Zoomed STM image of an island with the unit cell of the
short range order superimposed in white (-=1.3 V, 2 pA, 10 nm x 10 nm).

groups and the triflate group face towards the gold substrate. We
assume that these bottom two SAc groups form S-Au bonds upon
heating to 195 °C. The arrangement has a lattice constant of
a = 2.2 nm (see white solid parallelogram in Fig. 2(d) and dashed
lines) and three dumbbell shaped molecular motifs per unit cell.

Interestingly, at certain tunnelling parameters, the STM tip
can induce a transition between two different orientations of
the protruding SAc group which can be seen as an in-plane
rotation of the dumbbell-shaped molecular motif. It turned out
that this switching is strongly reduced at negative sample bias
but enhanced at positive sample bias (see Fig. 6). This allows us
to study the switching in more detail in a series of scans,
alternating negative (see Fig. 3(a and c-€)) and positive sample
bias (see Fig. 3(b), following scans at positive sample bias are
not shown). Scanning at positive sample bias (Fig. 3(b)) leads to
a rotation of about 60° for the motif marked by a cyan arrow, while
other motifs did not show any rotation (compare Fig. 3(a and c)).
Following another scan at positive sample bias, the motifs marked
by the red, the purple and the bright green arrows switch by about
60°, while the motif marked by a cyan arrow switches back to its
original orientation (see Fig. 3(c and d)). In the next snapshot at
negative bias, the motif marked by the red arrow is in its original
orientation (see Fig. 3(e)). From a series of such scans, the centre
of the apparent rotation can be identified (black and coloured
circles in Fig. 3(a and c-e)) and two different directions of the
individual motifs can be assigned (black and coloured arrows in
Fig. 3(a and c-e)). No molecule showed more than two different

Phys. Chem. Chem. Phys., 2021, 23, 4874—4881 | 4875


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cp06146h

Open Access Article. Published on 11 February 2021. Downloaded on 2/22/2026 6:12:25 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Fig. 3 Switching of the SAc groups. (a—c) Alternating scans recorded at
negative ((@a and c): —1.7 V) and positive bias ((b): 2 V). The orientation of
nine molecular motifs is indicated by arrows with the center of rotation
indicated by a circle. (d and e) Show two more snapshots recorded at
—1.7 V. (f) Side view of the molecular model in the proposed adsorption
configuration. The black arrow indicates the rotational switching of the
acetyl group, the red arrow indicates the hypothesized influence of the
electric field on the triflate group, acting as potential controlled mechan-
ical break for the rotational switching. (g) Enlarged view of the same area
(recorded at —1.7 V) with molecular models superimposed to scale. Sulfur/
oxygen atoms are shown in yellow/red. The proposed adsorption orienta-
tion is based on the two distinct orientations of molecular motif that were
observed throughout the series of scans. Set-point current is 3.5 pA for all
panels, size of the images is 4.2 nm x 4.2 nm.

orientations. Note that the exact shape of the dumbbell shaped
motif depends on the local environment and does not allow to
assign an orientation. The threefold symmetry of the TPM core is
not reflected by the observed switching between only two bistable
states. Instead, we suggest that the two observed orientations of
the dumbbell motif are related to the position of the triflate group
which breaks the threefold symmetry. Then, it seems likely that
the switching is related to a transition between two different
rotational states of the single protruding SAc group, left or right
of the triflate group that is adsorbed on the surface. Fig. 3(f) shows
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a side-view of the proposed adsorption orientation with the triflate
group acting as a barrier for the rotating SAc group. In this
configuration, the oxygen electron lone pairs of the triflate group
would be repelled from the surface by a negative sample bias,
which would further increase the rotational barrier. This
behaviour would intuitively explain the observed stabilising
effect of negative sample bias. Incorporating these considera-
tions, we propose a tentative adsorption configuration as
presented in Fig. 3(g) where both observed orientations of
each molecular motif are indicated by black/coloured arrows
and molecular models are superimposed to scale: The molecules
can be grouped in equilateral triangles (black dashed lines in
Fig. 3(g)) in which each protruding SAc group points along one of
the adjacent sides of the triangle. This hypothesis is in agree-
ment with identical adsorption orientations of molecules at
identical positions of the unit cell (dashed white line in
Fig. 3(g)). The protrusions in the gap between three triangles
(see white dashed circle in Fig. 3(g)) have a clearly different
appearance and might be explained by a molecule adsorbed with
three SAc groups facing the surface or a partly decomposed
molecule.

In a single scan of the ordered islands this order is largely
veiled by the different orientations of the rotating SAc group.
Therefore, we performed another series of scans on the area
shown in Fig. 2(d), alternating negative and positive sample
bias (see also Fig. S4, ESIt). From this series, the orientations
and centres of rotation of 28 molecules were determined (see
Fig. 4). In agreement with the model presented above, all
molecules can be grouped in equilateral triangles. As expected
from the mirror symmetry of the Au(111) surface, triangles
come in two different orientations (see upper right and lower
domains in Fig. 4). In particular, domains clearly end with
complete triangles, which strongly suggests that the interaction
of the three triflate groups closely nestled in the centres of the
triangles play a role in stabilising the overall structure. The
arrangement in equilateral triangles allows to define a clock-
wise (cw) or counterclockwise (ccw) orientation within the
triangle.

At certain tip positions, the tunnelling parameters can be
tuned such that random telegraph noise (RTN) can be
observed: at a fixed tip position, the two rotational states result
in two different current levels. Fig. 5(a and b) show the tip
location with respect to the two states. Fig. 5(c) shows part of
the time trace of the tunnelling current for a fixed tip position
(feedback-loop disabled). Clearly, the current switches back
and forth between two different values that correspond to the
two conformational states. Recording this RTN over an
extended period of time and plotting the respective occupation
times of the two states in a histogram, we find an exponential
decay (see Fig. 5(d)). This experiment results in lifetimes of
Thigh = (1.47 £ 0.11) s and 7j4,, = (0.56 & 0.07) s of the high and
low current state, respectively. We assume that the low tunnelling
currents (of the order of 10 pA) can be neglected in terms of local
heating.”® Therefore, the system is assumed to remain in thermal
equilibrium and the energy difference between the two states can
be determined using Boltzmann statistics. For the very experiment
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Fig. 4 Molecular arrangement. STM image of 10 nm x 10 nm recorded at
—1.4 V and a set-point current of 2 pA covering two domain boundaries
(white dashed lines). Orientations of the molecular motifs in this scan are
derived from a series of scans with alternating sample bias of —1.4 V and
1.3 V. Red arrows indicate the orientation of the molecular motif in this scan,
possible orientations in following scans of the same area are indicated in
white. The molecular motifs can be grouped in triangles (red lines) consisting
of three molecules following the model presented in Fig. 3.
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Fig. 5 Random telegraph noise. (a) and (b) Show the two different possible
orientations of the molecular motif. Centre of rotation is indicated by a black
circle, the tip location at which RTN of the SAc group can be observed is
indicated by a red cross. (c) Excerpt of the time trace of the tunnelling
current. The two states correspond to different current values. (d) For a
measurement of several minutes, the occupation times of the states
between the switching have been plotted in a histogram. The plotted error
for the time corresponds to the bin width, while for the counts N an error of

V/N has been assumed, which has been considered in the fit. The fit yields
Thigh = (1.47 £ 0.11) s and 7o, = (0.56 & 0.07) s for the lifetimes of the high
and low current state, respectively.

shown in Fig. 5(d) one gets AE = Epjgr, — Ejow = —0.46 meV using
the total occupation times for the population ratio.

In general, however, the energy landscape of these confor-
mational states will hold a complicated functional dependence
on both tip position and tunnelling parameters. Under the
assumption that Boltzmann statistics hold, we are able to probe
the energy difference between the two states as a function of
sample bias and tip-sample distance (lateral tip position being
fixed) by recording the corresponding RTN signal.’ Fig. 6(a)
shows RTN recorded during a bias sweep. Clearly, at low
sample bias the low current state was favoured. As the bias
was increased, transitions to the high current state occurred

This journal is © the Owner Societies 2021

View Article Online

PCCP
20
(@)
15
<
3
£ 10},
€
g
E
o
ol
38
1.0 g
(b) [T ]
o 08 K
g 3
c 0.6
K
S g
S04 5
g
© 0.2
2 XX
°83 0.9 1.0 11 12 13 14
(c)
>
o
£
£
=
|
b8 0.9 10 1T 12 i) 14
Voltage in V

Fig. 6 Exploring the bias dependence of the RTN. (a) RTN as a function of
bias voltage at a fixed position of the tip. (b) Occupation ratio determined
for bias intervals of 6 mV, each containing 1000 data points. (c) Energy
difference calculated using Boltzmann statistics and the sample tempera-
ture of 5.3 K. The fit yields a slope of m = (-9.7 + 0.1) x 103 e.

until finally the high current state was favoured. Accordingly,
the mean occupation ratio (see Fig. 6(b)) shows a smooth
transition from the low-current state to the high-current state.
The extrapolated energy difference between the two conforma-
tional states clearly shows a linear dependence on the tunnelling
voltage. This points towards a process driven by the electric field
in the STM junction."®**3° A simple model system that explains
this functional dependence is a molecular dipole in the electric
field of the tunnelling junction, where the energy is given by

L o= U
Edipole =—p-E NPE» (1)

with the molecular dipole moment p and the electric field in the
tunnelling junction E, which can be estimated as the ratio of the
applied sample bias U and the tip-sample distance d.

In order to proof this hypothesis, we performed a series of
bias sweeps similar to Fig. 6 at various z-positions, that is at
various distances d. The results are shown in Fig. 7. Clearly, the
transition from low current to high current state shifts to lower
sample bias as the tip approaches the sample. To quantitatively
investigate this behaviour, a critical voltage for the transition of
each sweep has been determined according to

Ucrit = Umax - AU'nhigha (2)

where Up,, is the maximum voltage of the sweep, AU is the
sweep interval and nyg, is the fraction of measurement points
in the high current state. This critical voltage is plotted as
function of the z-position in Fig. 7(d). The resulting linear
dependence is in agreement with the proposed model for the
energy landscape of eqn (1). The resulting slope has the
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Fig. 7 Electric field dependence. (a—c) A series of bias sweeps for different
tip—sample distances is shown. The initial z-position of the first spectrum has
been arbitrarily set to zero. As the tip is approaching the sample, the
transition from the low to the high current state shifts towards smaller
voltages. (d) The voltage of the transition according to egn (2) is plotted as
function of relative z-position. The linear fit yields a critical electric field of
Ecit = (9.7 £ 05) x 10°Vm™*

dimension of an electric field and corresponds to the field
strength at which the two states are energetically degenerate.
While the model of an electric-field induced torque on the
molecular dipole is in accordance with the experiments presented
above, switching mechanisms that require a particular energy of
the tunnelling electrons (inelastic excitations or tunnelling to
specific orbitals’*) do not agree with our observation of a critical
bias voltage for the transition that varies with the distance (see
Fig. 7). In order to facilitate comparison to previous work where
tunnelling-current induced inelastic excitations play a significant
role,> ™ we measured the RTN as a function of the distance
between tip and sample. As depicted in Fig. 8, the switching
behaviour drastically changes upon variation of the distance by
100 pm (see Fig. 8(a)). At larger distances (see Fig. 8(b)), the low-
current state is clearly favoured and after occasional transitions to
the high-current state, the molecule quickly switches back. At
intermediate distances (see Fig. 8(c)), both states are occupied
with similar probability, ie. have similar lifetimes. At smaller
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Fig. 8 Exploring the z dependence of the RTN. (a) RTN as a function of
the distance between tip and sample recorded at a constant voltage of
1.2 V. Negative z values indicate smaller distance between tip and sample.
(b—d) Enlarged views of three different switching regimes at large (b),
intermediate (c) and small (d) distance between tip and sample.

distances (see Fig. 8(d)), the high-current state is clearly favoured
and after occasional transitions to the low-current state, the
molecule quickly switches back. We do not see an increase of the
overall switching rate with decreasing tip-sample distance/increas-
ing tunnelling current which we would expect for an inelastic
excitation.*® In particular, when looking at the high-current state
of the molecule, upon approaching the tip, ie. increasing the
current, the probability to switch to the low-current state declines
which is at odds with the assumption of a mechanism based on
inelastic excitations. Note that the variation of the tunnelling
current for each state is smaller than the difference in the current
between the two states so that an experiment with a closed feed-
back loop (i.e. at constant current) would obscure this behaviour.

Finally, we cannot fully exclude thermal switching following
an Arrhenius-law, where the barrier height is a function of both,
bias and z-position.>® Remarkably, this switching has only been
observed for this very TPM derivative and not for similar ones
that absorb in a similar way with SAc groups exposed to the
STM tip*>* which underlines the influence of the foot structure
on the molecular arrangement within the islands and thus the
behaviour of the head group.
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Note that, when the tip is approached even further towards
the sample (>130 pA), the low current state is favoured again
(see Fig. S5, ESIt). A simple figurative explanation is given by
the steric interaction or even deformation of the molecule at
very low distances between tip and sample.

As the experiments above clearly hint towards an electric-
field induced torque acting on the dipole moment of the
protruding molecular group, we also expect the orientations
of the molecular head groups to reflect an inter-molecular
dipole-dipole coupling. We modelled the molecular arrangement
by a regular dipole lattice with the dipoles placed at the centres of
rotation of the molecular motifs, that is at the edges of equilateral
triangles. In analogy with the observation, the two possible
orientations of each dipole were aligned with two sites of the
triangle (see Fig. 3). For a dipole moment p; in the field of a
second dipole p, at a distance of ; — 75, the interaction energy is
given by:

PP —3-(pr i) (pa- 1y
|7 ="

Ep; =

)
Fl—r
and r = 1, the dipolar energy for the eight possible configurations
then amounts to 3 or 4.25 (in arbitrary units), for all dipoles
orientated cw (ccw) or 2 ecw and 1 cew (2 cew and 1 cw),
respectively. This suggests that an orientation of all molecular
dipoles in either cw or ccw direction within their respective
triangle is preferred. We further calculated the total dipolar
energy for the eight triangles of the domain on the lower part
of Fig. 4 with the positions of the triangles inferred from the
experiment, also considering the interaction across neighbouring
triangles. Again, the configuration where all molecules are
oriented cw (ccw) within their respective triangle is energetically
slightly preferred (corresponding to configuration number 0 in
Fig. 9(a)). Extraction of the experimentally observed configurations
and calculation of the corresponding interaction energy in the
same framework suggests that, in the experiment, configurations
with higher energy, ie., less preferable dipole orientations, were
observed far more often (see Fig. 9(b)). As depicted in Fig. 9(c),
pure cw/cew configurations on the level of individual triangles are
statistically underrepresented (less than 2 out of 8 possible con-
figurations) and mixed configurations appear to be preferred.
Clearly, the suggested model is too simple to reproduce the
experiment for the whole scan area. Please note that in this
system, the ground state is neighboured by many other states of
similar energy and relaxation is expected to be extremely slow. The
time for cool down from room temperature to 5.3 K is about 2
hours, which might not be sufficiently slow to bring the system
into the ground state. All following 152 samples of the dipole
configuration were not obtained by annealing and subsequent
cool down, but by scanning the same area at a positive sample
bias. Thus, the switching of the molecular head groups might not
be isotropic but influenced by the movement of the electric field
induced by the STM tip which prevents the system from taking the
ground state. A detailed analysis of the underlying physics, how-
ever, is beyond the scope of this paper.

with 77, = . With this, for a single equilateral triangle, |p| =1
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units) of a lattice of electric dipoles positioned at the experimentally
observed positions of eight triangles of the lower domain shown in (c) for
all possible 283 configurations (the second half of possible combinations is
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lowest in energy (configuration 0) with an energy of 2.96 per triplet.
(b) Dipolar energy of the simulated lattice calculated for the experimentally
observed orientations. (c) Occurrence of the four different configurations
within a series of 153 scans indicated for each triangle by the coloured bar
graph.

Complicating factors include the presence of additional
molecules or molecular fragments in the spaces between the
equilateral triangles and the presence of the moving tip which
does not interact equally with different orientations of the
molecules. It has been shown in similar systems recently
that charged molecular fragments significantly influence the
switching of nearby molecules.” In addition, individual molecules
that did not switch at all during the series of 153 scans obviously
obscure the statistics and more measurements would be necessary
for a conclusive analysis.

On a local level, an electric dipole-dipole interaction would
also be reflected in the correlation of individual pairs of
molecules. We therefore analysed the series of 680 individual
scans for each polarity, some of which are shown exemplarily in
Fig. 3. The switching of each molecule throughout the series
can be presented as a time trace as function of the file number
as is shown in the upper panels of Fig. 10 for the molecules
marked by coloured arrows in Fig. 3. As a measure of the
possible correlation between switching behaviour of two individual
molecules we measured the Jaccard index*® of the corresponding
time traces. The Jaccard index is obtained by calculating the
intersection of the two signals normalised by the union of the
two. A value of 100% corresponds to maximal correlation and a
value of 0% corresponds to no correlation. In order to further
exclude coincidental high values, the Jaccard index is plotted as a
function of the shift between the two time traces (see lower panels
in Fig. 10(a—d)). The molecules represented by bright green and
cyan arrows in Fig. 3 indeed show a maximum at 0 shift between
the two time traces which clearly indicates a correlation between
the orientation of the corresponding molecular head groups (see
Fig. 10(a)). A weaker but still significant correlation is found for the
cyan and the red molecular head groups in Fig. 3 as presented in
Fig. 10(b). In other words, these molecules prefer to be in the
cw/cew state when the neighbouring molecule also is in cw/cew
state in full agreement with the modelled dipole-dipole interaction
energies discussed above. We tried to study the molecule-molecule
interaction on isolated dipoles by selective removal of acetyl groups
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Fig. 10 Correlation of the orientations of molecular dipoles. The upper
panels of (a—d) show the time traces of the orientations of five molecules
extracted from a series of 680 scans (see Fig. 3). A cw orientation is
represented by the upper value, a ccw orientation is represented by the
lower value. Lower panels of (a—d) show the corresponding Jaccard index
as function of the relative shift in file number.

(see Fig. S3, ESIT) and on the rims of smaller islands (see Fig. S8,
ESIT). The single isolated dipole group shown in Fig. S3 (ESIt) did
not show bi-stable behaviour, but on the rim of an island a pair of
isolated molecular head groups did indeed show the behaviour
expected for interacting dipoles (see Fig. S8, ESI).

Assuming thermal equilibrium, we can use Boltzmann
statistics and estimate how the energy difference between cw
and ccw states changes for one molecule depending on the
state of the neighbouring one. We obtain the following numbers
for the populations p, of the cyan molecule:

3. . ..
M = —— if the bright green molecule is in the ccw state,
Do (cew) 578
50 . . .
M = — if the bright green molecule is in the cw state.
pe (cew) 34

This corresponds to a change in the energy difference between
cw and ccw states of the cyan molecule of

AE = kgT - ln(g—g) — kgT - ln(s%) = 2.4 meV
depending on the state of the bright green molecule. While the
series of scans of the area shown in Fig. 4 provides two more
examples of correlated cw/ccw orientation of two pairs of molecules
(see Fig. S6, ESIT), one pair of molecules has been found to show a
weak anti-correlation (see Fig. 10(c)). Other pairs of molecules
showed weaker or no significant correlation (see e.g. Fig. 10(d)),
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also because of too low numbers of transitions within the series of
680 and 153 scans. We do not have conclusive data on a possibly
different behaviour for molecules within a domain and at the
domain boundary: while Fig. S6 (ESIt) shows that correlated
switching also occurs at domain boundaries, molecules located
right at the domain boundaries seem to be less likely to switch at
all under the conditions we applied (see Fig. 9(c), Fig. S7 and S8,
ESIt). While we cannot fully rule out a simple steric interaction,
the distance between neighbouring head groups speaks against
this. In previous work, the molecular dipole-dipole interaction
has been found to be reflected in the (static) pattern formed
during the deposition process.®” Here, we believe that indeed the
electric dipole-dipole interaction drives the correlation between
the molecular groups manipulated by the STM tip.

4 Conclusions

In summary, we have presented the synthesis, adsorption and
switching behaviour of a TPM derivative on Au(111), which is
decorated with three SAc groups and one triflate group and
adsorbs such that single SAc groups point out of the molecular
film. The STM tip induces a characteristic switching between
different metastable conformational states, which appears as a
rotation between two discrete orientations of the protruding
SAc group. This switching unveils the underlying structure and
it is found that the molecules are grouped in triplets arranged
in equilateral triangles. The triflate groups adsorbed on the
substrate are tightly nestled which suggests that they contribute
to the cluster formation. The analysis of the corresponding RTN
as a function of sample bias and tip-sample distance yields an
electric field dependence of the energy landscape of the two
conformational states. Interestingly, we found a correlation of
neighbouring molecular head groups within the lattice which
can be explained by electric dipole-dipole interaction.
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