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Abstract: With a central curved chassis, a four wheels molecule-vehicle was deposited on an
Au(111) surface and imaged at low temperature using a scanning tunneling microscope. The
curved conformation of the chassis and the consequent moderate interactions of the four wheels
with the surface were observed. The dI/dV constant current maps of the tunneling electronic
resonances close to the Au(111) Fermi level were recorded to identify the potential energy entry
port on the molecular skeleton to trigger and control a driving of the molecule. A lateral pushing
mode of molecular manipulation and the consequent recording of the manipulation signals
confirm how the wheels can step by step rotate while passing over the Au(111) surface native
herringbone reconstructions. Switching a phenyl holding a wheel to the chassis was not
observed for triggering a lateral molecular motion inelastically and without any mechanic push
by the tip apex. This points out the necessity to encode the sequence of the required wheels
action on the profile of potential energy surface of the excited states to be able to drive a
molecule-vehicle.



1) Introduction

Single molecule nano-vehicles are a new class of organic molecules generally equipped with
molecular legs, paddles or wheels chemical groups and able to be controllably driven on a
surface with an atomic scale precision [1]. After their first complete design and synthesis with
2 legs & 2 wheels [2, 3] and 4 wheels [4] at the beginning of the century, a large variety of
molecule nano-vehicles have been proposed, synthesized and tested for example with two
Binaphthyl paddles [5], or with a variety of molecular wheels like the four triptycene molecular

group used bellow [6,7,8] or with four switchable legs [9].

Molecule nano-vehicles are expected to cargo an atomic scale load from one to another a
specific location on a surface [10]. Their molecular skeleton is generally made of a central
(rigid) planar molecular structure (called the chassis) where the molecular legs, paddle or
wheels are chemically bound [1,2,4]. This chassis is supposed to be maintained at van der Waals
distances away from the surface to minimize the lateral diffusion potential energy barrier of the
molecule nano-vehicle on its supporting surface (or at least to make this barrier only dependent
on its holders (legs, paddles, wheels)). Those holders must also ensure at least a reproducible
step by step displacement of the nano-vehicle on this surface. For this displacement to be
controllable, the nano-vehicle motive power can be delivered by a molecular motor chemical
group directly embedded in the chemical structure of the chassis (apparent [11] or quantum
[5,12]) or by the holder themselves when they are well synchronized together to achieve a

controllable lateral motion on the surface [9].

We report here the surface deposition, LT-UHV-STM images recording, dI/dV mapping and
single molecule manipulations of a four wheels molecule nano-vehicle equipped with a curved
chassis. By its peculiar intramolecular mechanics, the concept of curved chassis was introduced
by some of us [13] to moderate the interactions between the wheels and the supporting surface.
Certain molecular wheels like Ceo [6] or carborane [14] are known to lead to a very small lateral
diffusion potential energy barrier for example on the Au(111) surface. In this case, the nano-
vehicle lateral motion is very difficult to control unless a more reactive supporting surface is
selected to compensate for this small lateral diffusion barrier [15]. This can be a problem for
nano-vehicles carrying a load because the load itself can be in this case also chemisorbed. In
another context, the “pacman” molecule is a good example of a loadable molecule whose lateral
diffusion barrier becomes so large that the molecule and its atoms cargo were not moving at all

after loading more than 5 atoms [16]. On the contrary, other wheels like triptycenes present a



large lateral diffusion barrier (mounted on a flat chassis [17]). Only STM molecular mechanical
manipulation in a strong repulsive regime of mechanical interactions with the STM tip can
succeed in putting it in motion laterally on the supporting surface, unless a well-adapted chassis

isused to minimize the individual triptycene interactions with this metal surface [18].

The polycyclic aromatic hydrocarbon-based chassis equipped with four triptycene wheels
(PAH-4W) shown in Fig. 1 was synthesized [13] with the goal to test how the curvature of this
molecule favors or not the triptycene wheels rotation when physisorbed on an Au(111) surface.
We present in this paper our experimental conclusions on this chassis curvature effect. In section
2, the flash sublimation, the LT-UHV-STM images and the corresponding dl/dV mapping of
the PAH-4W molecule are presented. In section 3, the LT-UHV-STM molecular mechanical
manipulations are discussed together with our attempt, when one wheel appears to be up on the
Au(111) surface, to drive the PAH-4W by tunneling inelastic effect just at the threshold of
dismounting a wheel from the chassis. In section 4, the LT-UHV-STM manipulation results are
discussed in terms of intramolecular mechanics taking into account the different molecular
conformations observed on the Au(111) surface. The PAH-4W molecule was engaged by the

Toulouse team in the first international 2017 nanocar race [1,19].

2) Sublimation and imaging of the PAH-4W nano-vehicle on Au(111)
An atomically clean Au(111) surface was UHV prepared following a standard sample
preparation method using several cycles of Ar+ ion sputtering and annealing up to 450°C [20].
PAH-4W molecules were available in the form of a green powder material. Since the molecule
is quite heavy witha molar mass of 2325 g.mol™? (CigsHi16), Standard thermal sublimation using
a Joule heated crucible only leads to molecular debris on the Au(111) surface (up to 500°C).
We have therefore built a specific flash evaporator using a small in section tungsten filament.
A solution of the PAH-4W molecules was first prepared selecting with care a low molecular
weight solvent, here dichloromethane. Then, this filament was coated with the solution using a
simple drop casting technique waiting for the droplet to dry before introducing this filament in
the UHV chamber of the STM. While passing a few amperes of current intensity through this
filament during a fraction of seconds, the filament is heated-up instantly. Many of the adsorbed
molecules are destroyed like when using a thermal crucible evaporator but a few of them survive
and are released from the hot filament to the surface [21]. Including the dI/dV mapping, all
STM experiments were performed using one of the four scanning tunneling microscope heads

of our ScientaOmicron low-temperature ultrahigh-vacuum STM instrument (LT-UHV 4-STM)



operating at a base pressure of 10-10 mbar range at 5 K [20]. STM tips for scanning, molecular
manipulations and spectroscopic measurements were prepared by electrochemical etching of a
250 micro-m tungsten wire. The tip apex was re-prepared in-situ on the Au(111) surface away
from the PAH-4W molecules.

A typical constant current LT-UHV-STM image of the Au(111) reconstructed surface just after
the molecules deposition is presented in Fig. 2. Many of the imaged adsorbates on this Au(111)
surface are molecular fragments coming from PAH-4W molecules. However, afew intact PAH-
4W molecules can be found at step edges and rarely on terraces when stabilized by the molecular
fragments. Interestingly, they were found perpendicular and always atop the step with only one
of their ends, with two tert-butyl groups positioned at the border of the step edge. We have
evaluated the molecule density on the Au(111) surface to be of about one PAH-4W molecule
per 50.000 nm?, enough to perform single molecule STS spectroscopy and single molecule
manipulations. Notice that according to Fig. 2, we have succeeded to tune the filament heating
time and the concentration of the initial dichloromethane solution of PAH-4W in such a way
that the Au(111) herringbone reconstruction is largely intact on large terrace, a very important
point for long distance lateral manipulation. In Fig. 2, some of STM imaged debris are clearly
parts of PAH-4W molecules. A detail image of one PAH-4W molecule is presented in Fig. 3a
with its corresponding elastic scattering quantum chemistry (ESQC) calculated dl/dV constant
current image [22]. The four wheels, the chassis and the four tert-butyl chemical groups can be
identified. The triptycene wheels have normally a larger tunnel conductance than the tert-butyl
groups. But as presented in Fig. 3 insert, this is depending on the bias voltage and a relative
contrast reversal between the wheels and the tert-butyls can also be observed while the central
chassis is always showing a lower conductance. The surface conformation of a PAH-4W
molecule adsorbed on Au(111) will be discussed below after detail dI/dV mappings and a few

STM molecular manipulation sequences.

After this flash evaporation, the few PAH-4W molecules observed on the surface were
systematically located on 500 nm x 500 nm portions of the Au(111) surface using the mono-
atomic steps configuration to record the position of each molecule on its surface portion. Here,
we have taken advantage of the stability of our LT-UHV 4-STM to record their location with a
sub-nanometer precision in the x and y directions on the Au(111) surface [20]. We have
accumulated a stock of PAH-4W molecules coordinates sufficient to perform single molecule

manipulation and STS tunnelling spectroscopy measurements. Fig. 2 is presenting a simple



STM lateral manipulation of a single PAH-4W molecule out of its native step edge location to
demonstrate that this PAH-4W molecule is intact and can be pushed away from this native
physisorption site.

To identify the location of tunnelling conductance maxima along the PAH-4W molecular
skeleton, STM dI/dV spectroscopic measurements were performed. At low bias voltage, this
procedure is now a standard to identify the energy position of the molecular electronic states of
the molecule close to the Fermi level when adsorbed for example on a metal surface. This
procedure is also compulsory to identify the energy entry port for manipulating the molecule
without any mechanical interaction between the STM tip apex and the molecule itself [5, 12,
23]. Fig. 3(a) is presenting a typical dl/dV spectrum where two tunnelling resonances at -1.65
V and -2.15 V and a third one at +2.10 V above the bulk gold Fermi level (Es, i.e., V =0) can
be observed. They were recorded at slightly different locations on the same PAH-4W molecule
depending on the maxima and minima of differential conductance along this molecule. Very
detailed dI/dV STM maps were also recorded at these tunnelling resonance energies to visualize
the spatial variation of the electron probability density distribution along a PAH-4W molecule

via the tunnelling differential conductance variations along the STM scans.

According to the interpretation of previously recorded dI/dV maps, for example on polyacene
molecules like pentacene [24], the main molecular orbitals (MO) of the PAH-4W molecule
contributing to the first electronic tunnel resonances at-1.65V and +2.10 V are the HOMO and
the LUMO respectively. Indeed, the central conjugated board of this molecule is not long
enough to find for example molecular radical states contaminating the PAH-4W electronic

ground state [30].

For comparison, the HOMO and LUMO electronic probability density of a free (not adsorbed)
PAH-4W molecule in its Fig. 1 minimum energy conformation (Fig. 1, structure i) were
calculated using a semi-empirical method (MOPAC [25]) and are presented in Fig. 3c. Because
of the molecular design with its four wheels and also its tert-butyl-groups bound to the central
curved chassis via sigma-bonds, the electronic states near the HOMO-LUMO gap are well
separated in energy between the wheels and the tert-butyl mono-electronic states. The HOMO
and LUMO of a free PAH-4W molecule are mainly the chassis MO characterized by extended

central = molecular orbitals on the chassis. According also to those calculations, the next set of

PAH-4W MO and after the chassis ones, can be attributed to the wheels T MOs.



Following the experimental recorded dl/dV maps, the reverse is observed on the surface for the
ground state tunnelling resonance (and below) i.e. the Fig. 3b dI/dV maps recorded at the -1.65
V and -2.15 V electronic resonances are showing a large four wheels MO contribution to the

tunnel differential conductance as compared to the chassis. As expected, the first tunnelling
resonance above Ef (LUMO) is still located on the chassis. For the ground state resonance

(HOMO), this reversal between the dI/dV resonances (identified using the dI/dV maps) and the
Fig. 3c MO electron probability density maps is coming from the PAH-4W molecule
conformation on the Au(111) surface with its chassis to surface distance certainly much larger
than the triptycene wheel low phenyls distance to the surface. As a consequence, the wheels
electronic states contributing to the PAH-4W electronic states move up in energy towards the
,chassis electronic state energy position because of their electronic interaction with the Au(111)
surface. This was already observed on a molecule with a central axle terminated by a triptycene
wheel at each extremity [18]. As a result, the first resonance recorded at -1.65 V can be
attributed to electronic contributions coming both from the chassis and wheels electronic states
lying after molecular adsorption in the same energy window. Furthermore, since the height of
the chassis relative to the surface is certainly much larger than the triptycene wheel down
phenyls distance to this surface (See Fig.7), the wheels electronic states are contributing more
than the chassis ones to the dI/dV map recorded at -1.65 V. The resonance observed at
V =-2.15V also originates from the wheels, as confirmed by ESQC calculated constant current
STM image.

This dI/dV interpretation indicates that the stable conformation of a PAH-4W molecule on
Au(111) brings the four wheels down and the four tert-butyl chemical groups up relativeto the
surface because of the same STM contrast of those tert-butyl groups (See the Fig. 3a ESQC
calculated image for the surface conformation with the wheels down and the tert-butyl groups
up as in Fig. 7a). This will be discussed further below. More important is also the fact that the
resonances at -1.65V and -2.15 V are mainly located on the wheels. On the PAH-4W molecular
skeleton, it indicates the locations where to pulse the bias voltage to bring some inelastic energy
inside the molecule for a possible step by step STM manipulation along the surface without any

mechanical contact of the PAH-4W molecule with the tip apex.

3) Single molecule manipulations



Two modes of STM single molecule manipulation were explored, first by pulsing the STM bias
voltage for a few seconds at a specific location on the PAH-4W molecule and second by pushing
this molecule using the tip apex.

3.1) Voltage pulsing mode

For the pulsing mode, the tip apex was positioned on a wheel and the bias voltage pulsed down
to -2.0V and up to +3.2 V. A -2.0 V pulse was high enough to access the first oxidation state
of a wheel (See Fig. 3). In contrast, with a +3.2 V, the wheels first virtual reduced states are
very difficult to reach since pulsing with a bias voltage just above +3.2 V led the targeted wheel

to break and detach from the chassis.

Incidentally and among the different conformations of the PAH-4W molecule identified in Fig.1,
conformer (ii) was also observed from time to time on the surface. Figure 4 is presenting an
example of such a conformer where the bottom-left tert-butyl is up according to Fig. 1(ii). But
on the surface this bottom-left wheel will remain almost at the same height as compared to the
three others due to the interaction with the surface. This PAH-4W conformation can be
considered at first as a good candidate for monitoring the response of a wheel to the voltage
pulse. When the bias voltage is applied with the tip apex positioned on the edge of this up-
wheel, it starts to fluctuate randomly in orientation relative to its rotation axle as observed in
the current intensity time dependent signal presented in Figure 4(b). The current intensity is
switching between 10 pA and 85 pA, corresponding alternatively and randomly to two
molecular conformations of the triptycene wheel: respectively one phenyl pointing down
towards the surface and one phenyl pointing up towards the tip apex. This indicates that a curved
chassis can lead to an up-wheel conformation according to Fig. 1(ii). Furthermore, the switching
from a down (Fig. 1 i) to an up-wheel (Fig. 1 ii) conformation requires to pass over a large
energy barrier in the PAH-4W electronic ground state. Unfortunately, it cannot be performed
on the wheels sitting down corresponding to the main PAH-4W conformation on the surface
(Figure 7a). This comes from the fact that the consequent vibrational energy increase will
mainly remain on the chassis. Here, the corresponding Fig. 3b dI/dV maps are indicating four
very local conductance maxima at the centre of the chassis with no extension towards the
wheels. This indicates that contrary to what was observed in the case of a chassis equipped with
four switchable legs [9] and even with a curved chassis, the four wheels cannot be switched at

the same time away from the surface and this will be incompatible with the possible accessible



conformation of the chassis (Fig. 1(iii)) even on the surface. Furthermore, we do not have
identified yet the tip apex position on the chassis (or on a given wheel) to trigger the
corresponding two up-wheel chassis conformation change in the PAH-4W excited states

accessible by a bias voltage pulse.

3.2) Mechanical manipulation mode

For the pushing mode and in a now standard mechanical molecular manipulation procedure
[26], a PAH-4W molecule can be step by step manipulated on the Au(111) surface. A typical
constant current manipulation signal is presented in Fig. 5 together with the tip trajectory. It
was recorded during the manipulation sequence indicated also on the STM images before and
after the manipulation. To record this Fig. 5 molecular manipulation signal, the molecule was
initially found in its native as deposited step edge conformation and the tip apex was initially
positioned on the centre of its chassis. The first 2 nm of the manipulation sequence corresponds
to the detaching of the PAH-4W molecule from its step edge (Fig. 5(i)). It is generally a quite
erratic sequence because the molecular mechanics of this detachment is dependent on the tip
apex end atomic structure and because a step edge is not a very regular support for the molecule
itself especially for a four wheels molecule. Then, from 2.0 nm to 3.4 nm and from 3.7 nm to
5.2 nm (Fig. 5, (ii) and (iv)), the constant current manipulation signal in this pushing mode is
quite regular. In the Fig. 5 reported manipulation sequence, it is coming from the bottom-left
wheel with respect to the direction of movement. Such types of constant current manipulation
signals are resulting from the through molecule tunnel current intensity variation as a function
of the detail of the mechanical deformation of the molecule during its manipulation. It had
already been used to determine detailed intramolecular conformation changes in particular with
a molecule equipped with four legs [27] and with a molecule equipped with two triptycene
wheels [18].

The manipulation signal reported in Fig. 5 between 2.0 nm and 3.4 nm and between 3.7 nm and
5.2 nm is very similar to the one recorded in this last case when the wheels were not rotating
[18]. This also indicates that after the first manipulation sequence (where the molecule had been
detached from its step edge) the tip apex slides along the chassis to reach inthis case the bottom-
left wheel. The interruption of the regularity of the pushing mode manipulation signal between
3.4 nm and 3.7 nm is coming from the herringbone ridge. In this case, wheel after wheel, the
molecule had to pass over this Au(111) surface reconstruction which is known to be quite

difficult to pass over with a moderate mechanical push [28]. The oscillation period of the



manipulation signal during the regular parts is about 0.28 nm i.e. close to the 0.288 nearest
neighbour interatomic distance on the Au(111) surface. Notice that at the end of this Fig. 5
manipulation sequence, one of the four wheels attached to its triple bond axle was always found
under the final tip position. This confirms that the largest mechanical interaction between the
tip and the molecule is located in this part of the molecule and that the lateral motion of the tip
during a constant current manipulation sequence leads the tip apex to reach this specific

intramolecular location.

Fig. 6 is presenting another example of a PAH-4W molecule manipulation sequence performed
in five steps continuously and without any STM imaging during this sequence. Characteristic
behaviours appear along this sequence at 3 nm and at 8 nm tip apex positions starting from the
presented initial tip apex position on the chassis. At these tip locations, the manipulation signal
suddenly jumps up, remains up for about 2 nm with a typical manipulation signature (see Fig.
6 inserts) and then drops down to its previous relative Az tip height value. We interpret this
manipulation signature as a rotation of the wheels while passing over the herringbone
reconstruction as it was observed recently by pushing on a “dimer of triptycene wheels”
molecule [18]. It also indicates that before the start of Fig. 6 manipulation sequence, two phenyl
rings out of the three on each triptycene wheel were in interaction with the Au(111) surface. It
was the minimum energy conformation of the PAH-4W molecule before the Fig. 6 sequence
(see the discussion section below). The wheel axle height variation during a wheel rotation is
about 220 pm (Fig.6) and the recorded manipulation signal jump up at 3 nm and 8 nm is about
120 pm. A third jump in the manipulation signal seems to have occurred at 13 nm but has been
obscured. This can be due to either a tip apex condition change or a wrong tip positioning for
such a wheel rotation sequence, because of a wrong orientation of the PAH-4W molecule
relative to the underneath herringbone reconstruction orientation. This results in a fast drop of

the manipulation signal at the beginning of fourth manipulation step.

The PAH-4W can also be manipulated over very long distances in a pushing mode with the tip
apex remaining in between the four wheels. We have succeeded in runs of about 25 nm. The
difficulty in such long pushing manipulation sequences is the successive passage over a large
number of herringbone reconstructions since already passing a succession of three
reconstructions is delicate as presented inFig. 6. Notice that without success, we have also tried
to observe in the manipulation signal the rotation of the wheels during a passage over an

Au(111) mono-atomic step in the constant current manipulation. Here, it was found difficult



with a clear signature in the variation of the tunnel current to record a regular and classical
mechanical motion of the PAH-4W molecule passing wheel after wheel over an Au(111) step
edge 0.22 nm in height. The PAH-4W molecule is not a rigid object with rigid rotating wheels
and its classical mechanical motion is difficult to define [29]. All the deformed parts of the
molecule during its collision with the step edge are contributing to the tunneling current

variations.

4) Discussions

On a surface, a long range single molecule nanocar run is dependent on the accessible
conformations of the molecule while adsorbed on its supporting surface. Those conformations
are determined by the multi-dimensional electronic ground state potential energy surface (PES)
of this molecule completed for a controlled drive on this surface by the manifold topology of
the low lying electronic excited states PES. The surface ground state conformations of molecule
nano-vehicles equipped with lateral holders are also very dependent on the competition between
the chassis and the holder’s interactions with the supporting surface. The curved chassis of the
PAH-4W molecule studied here was designed to master this competition as compared to a
planar chassis [8]. On the supporting Au(111) surface, the PAH-4W chassis is constrained to
curve up at its extremities letting the four triptycene wheels to be less interacting with the
surface than in the case of a planar chassis. Experimental constant current STM images and
molecular mechanics optimization on surface are confirming how the chassis effectively curves
up at its two ends in its minimal energy conformation as presented in Fig 7a. As a consequence,
the STM contrast delivered by the four tert-butyl end groups is smaller than the STM contrast
given by the four triptycene wheels (See Fig. 3). This curved conformation is still preserving
enough the interactions between the wheels and the surface for them to be able to turn while
passing over the Au(111) herringbone reconstructions as observed experimentally in Fig. 6. In
the other possible and stable conformation calculated for the PAH-4W molecule on the Au(111)
surface, the four tert-butyl groups are down to the surface and the centre of the chassis is curved
up (see Fig. 7b). In this conformation, the four triptycenes are too far away from the surface to
be stabilized and will rotate freely with no interaction with this surface. The formal Fig. 7a
conformation is confirmed by ESQC STM constant current image calculations performed
exactly with this conformation. The latter Fig. 7b conformation was not observed on the
Au(111) surface.



In the Fig. 7a minimal energy surface conformation, the activation of a lateral motion of the
PAH-4W molecule using a bias voltage pulse was not observed. This activation would require
to switch up the conformation of each phenyl holding the triptycene wheel axle in such a way
to make free the rotation of each wheel relative to the surface, but with the wheels (and not the
four tert-butyls) still holding the chassis on the surface. Such switching event was not observed.
With a positive voltage pulse larger than + 3.2 V, it was possible to break one wheel out of the
chassis. The switching up of one (or more) phenyl holding a wheel imposes too much a
constraint to the chassis. Furthermore, and as observed, such a conformation is not accessible
energetically on the low lying excited states PES of the PAH-4W molecule adsorbed on the
Au(111) surface. A bias voltage pulse applied at the center of the chassis may have been an
answer to activate this switching because of the peculiar localization on the chassis of the
+2.1 V dI/dV resonance. Unfortunately, the provided energy is not large enough to trigger the
simultaneous switching of the four phenyl groups holding the wheels. Even if the reactive path
on the corresponding excited states PES was existing, the sequence of switching events in time
for the PAH-4W molecule to move classicallyin one direction would have to be encoded in

those potential energy surface.

5) Conclusions

A four wheels molecule nano-vehicle with a curve central molecular chassis was deposited on
an Au(111) surface and imaged at low temperature using a scanning tunneling microscope. The
consequent moderate interactions of those four wheels with the Au(111) surface was confirmed.
Along the molecular chassis, constant current dl/dV maps were recorded to locate the possible
energy entry port for a controlled manipulation of the molecule. The switching of the phenyl
holding a wheel to the chassis was not observed to trigger a lateral molecular motion by inelastic
tunneling effect through the molecule when the STM tip apex is located on this phenyl. A
standard STM tip mechanical manipulation of the molecule was used to confirm how the wheels
can step by step rotate while passing over an Au(111) surface native herringbone reconstruction.
This rotation was time-dependent recorded by following in real time the variation of the
tunneling current intensity during such a manipulation. New molecules must now be designed
in such a way that the sequence of wheel rotations be defined on the profile of potential energy
surface of the excited states to be able to drive a molecule-vehicle by an inelastic tunneling
effects starting from the ground electronic states of the molecule nano-vehicle.
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Figure 1: The chemical skeleton (left) and three possible optimized conformations of the free
PAH-4W molecule using the MOPAC package [27]. The central molecular chassis is in blue
and the 4 triptycene molecular wheels in red (the chemical group marked with a“2”’). Optimized
structure i is showing how the 4 triptycene wheels are pushed down the chassis through a steric
saddle shape chassis structure, with 4 wheels down and 4 tert-butyls groups up, due to
deformation induced by the presence of two five-membered rings on the central part of the
chassis. In the case of other optimized structure ii (or iii, not found experimentally), the
deformation occurs in 3 wheels and 1 tert-butyl group (2 wheels and 2 tert-butyls groups
respectively) up and 1 wheel and 3 tert-butyls groups (2 wheels and 2 tert-butyls groups) down.



Figure 2: Typical STM images just after the molecule sublimation process. Since intact PAH-
4W molecules are mainly stabilized at the step edges, the probability of finding molecules
decreases inversely to the terrace width. Only one intact molecule was found in top STM image
area (1 molecule per 5000 nm?) by comparison with two intact molecules in bottom left image
(1 molecule per 1800 nm?). Bottom right image series shows a sequence of 3 lateral
manipulations to detach the molecule from its initial step edge. First image of the series is
corresponding to the dotted area of the large bottom left STM image. All images were taken
with tunnel current I = 10 pA and bias voltage V = 200 mV. Lateral mechanical manipulation
condition for the right series: I = 10-20 nA with V =50 mV.
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Figure 3: (a) Typical scanning tunneling dI/dV spectra recorded at slightly different tip
locations on the molecule chassis but near the wheel. The corresponding low voltage
experimental image is presented also in (a) with the location of the tip during spectroscopic
measurements indicated as blue and red spots (corresponding to the blue and red curves,
respectively). The corresponding dl/dV ESQC calculated image is presented in (a). Three
distinct peaks, one at positive as first virtual reduced state and two at negative bias voltage as
first and second virtual oxidation states, are observed and identified by vertical dotted lines. (b)
The experimental differential conductance (dI/dV) maps recorded at the bias voltage identified
in (a) (they realize a projection of the PAH-4W electronic probability density of these molecular
electronic states on a two dimensional plane). In order to determine which mono-electronic
molecular states are composing the experimentally observed electronic probability density maps,
molecular orbitals of the free PAH-4W are represented at the bottom row (c) and were
calculated using the semi-empirical PM7-MOPAC package [27]. Notice that the electron
density of not only HOMO and LUMO but also up to HOMO-7 crowds into the chassis. The
first mono-electronic state located on a wheel is arising at HOMO-8. The 4 wheel states are
electronically separated from each other and can be found between HOMO-8 to HOMO-11.
Only one was represented in (c). Images sizes are 4 nm x 4 nm for topographic image and 5 nm
x 5 nm for dI/dV maps.
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Figure 4: (a) An STM image of the PAH-4W having the conformation presented in Fig. 1(ii).
Here the bottom-left tert-butyl group shows a relatively smaller lobe than the other three tert-
butyls because it is down sideways and is related to the lift up of the neighboring bottom-left
wheel. No significant difference in contrast between this wheel and the other three in the
constant current image. (b) A real time recording of the tunneling current at vV = 3.2 V measured
for the tip located on the lifted up wheel edge indicated by the red dot in (a). The current is
fluctuating between 10 pA and 85 pA because of the random oscillations of this wheel.
(Constant current image (a): I = 10 pA and bias voltage V =200 mV).
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Figure 5: Typical tip height variations during an STM constant current lateral mechanical
molecule manipulation with tip trajectory indicated on the images before (left) and after (right)
manipulation. The manipulation signal can be separated in four sequences; (sequence i, blue
background) 0.0 — 2.0 nm, the molecule was pulled apart from step edge leading to the highest
mechanical interaction location of the tip apex with the molecule. This is the location of the
corresponding wheel shaft, on the bottom-left wheel in this case. (Sequence ii, green) 2.0 — 3.4
nm, the molecule was manipulated by normal mechanical pushing mode characterized by a 0.28
nm period signal, which coincides approximately with the nearest neighbour interatomic
distance on the Au(111) surface. (Sequence iii, pink) 3.4 — 3.7 nm, the wheel is interacting
with the herringbone ridge and is responsible for the main manipulation signal jump. (Sequence
iv, green) 3.7 — 5.2 nm, the molecule was manipulated the same way as compared to sequence
ii (Constant current images: 1= 10 pA and bias voltage V =200 mV).



0.0 5.0 10.0 15.0 20.0 25.0
distance (nm)

Figure 6: Another example of a PAH-4W mechanical molecule manipulation. Here the
manipulations were performed five times in a row without any STM imaging during this
manipulation sequence. The first 2 nm of the manipulation signal are essentially identical to the
first example, that is, a complete PAH-4W molecule was detached from a stable adsorption site
created with a broken molecule. From 2.0 nm to 24.5 nm, the molecule was pushed by the tip
apex ina normal manipulation mode except five discontinuous points at 3, 5, 8, 10, and 13 nm.
The first and third jumps up of the manipulation signal (at 3 and 8 nm, respectively) are the
same event and are corresponding to a wheel rotation as illustrated in the left-half of the bottom-
left diagram, here the wheel axis height changes during rotation. The second and fourth jumps
up of this manipulation signal (at5 and 10 nm, respectively) are also similar events as the first
(third) one. In this case, the wheel rotates like with a decrease of the wheel axis height as
illustrated in the second half of the diagram. The last one is obscured by either a tip apex
condition change or a wrong tip positioning (Constant current images: I = 10 pA and bias
voltage V =200 mV).



Figure 7: The two different PAH-4W surface main minimum energy molecular conformations
(a) and (b) calculated using the ASED+ [32] semi-empirical molecular mechanics approach on
the fcc Au(111) surface. The central curved down chassis conformation (a) with its
characteristics up ter-butyls (a2) is the minimum energy conformation. It was used for the dI/dV
constant current ESQC STM image calculation (see Fig. 3). In this conformation, the four
triptycene wheels are gently deformed from 120° in the gas phase to 134° as exemplified in
(a2). The curved up chassis conformation (b) detailed in (b2) was never observed
experimentally. Here the 4 wheels are maintained far away from the surface by the chassis (b3).
According to ASED+, the energy difference between (a) and (b) is 0.138 eV.



