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Seeding Molecular Rotators on a Passivated Silicon

Surface

Oliver Guillermet,®™ 9 Ather Mahmood,® Jianshu Yang,™ Jorge Echeverria,”
Judicael Jeannoutot,® Sebastien Gauthier,”” Christian Joachim,® Frederic Chérioux,™ and

Frank Palmino*™

Thermally activated rotation of single molecules adsorbed on
a silicon-based surface between 77 and 150 K has been suc-
cessfully achieved. This remarkable phenomenon relies on
a nanoporous supramolecular network, which acts as a tem-

1. Introduction

The formation and control of artificial molecular nanomachines
adsorbed onto a surface are two of the most promising chal-
lenges in nanotechnology. Among the possible constituents
of nanomachines, rotors have attracted particular interest,””
and porphyrin-®! or phtalocyanine-” based molecules have
been widely investigated. These rotors must be coupled to an
external energy source in order to get selective-excited rota-
tion in a controlled manner.” Although several studies have
shown the usage of chemical,’® thermal,?** and light™ stimuli
for producing unidirectional motion or rotation, only a few
studies have reported electrically driven rotating units posi-
tioned on crystal surfaces.**® These rotors are surface-mount-
ed and the excitation and monitoring of such nanomachines is
achieved by scanning tunneling microscopy (STM). STM experi-
ments provide not only the tunneling electrons through the
tip for excitation but also perform a multitude of tasks includ-
ing the assembly, monitoring, engineering, and manipulation
of molecular machinery bound to the surface. Most of the
studies on surface-mounted rotor units by STM have been ach-
ieved on noble metal substrates or on a silica surface.” It is
possible to develop supramolecular assemblies on semicon-
ductor surfaces without molecule-substrate covalent bond-

ing."” However, to date only a single work that investigates ro-
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plate to seed periodic molecule rotors on the surface. Thermal
activation of rotation has been demonstrated by STM experi-
ments and confirmed by theoretical calculations.

tator-on-semiconductor surface, that is, with any covalent
bond between rotator and surface, has been reported." This
is probably due to the enhanced molecule-substrate interac-
tions between the dangling bonds of the semiconductors and
the molecular systems, which could limit the molecular rota-
tion. Nevertheless, from the viewpoint of future hybrid organ-
ic/inorganic molecular devices, while molecular interactions
with metallic substrates are better understood, semiconducting
interfaces are natural choices owing to their wide-range ac-
ceptability by the industry.

In the present study we achieve thermally-activated rotation
of pentaphenylbenzene (PPB) molecules within nanopores
formed in a self-assembled supramolecular network on a sili-
con-based surface. PPB is composed of five phenyl rings at-
tached to a central aromatic core, where the sixth position on
the central ring is vacant. This vacancy works as marker in STM
images for an easy identification of static position, step-by-
step rotation, and continuous rotation. We demonstrated by
STM experiments, performed from 77 to 150 K, and by theoret-
ical calculations that the pore geometry and molecule-surface
interactions are key factors in controlling the symmetrical posi-
tioning and onset of rotational motion. Furthermore, our abili-
ty to control surface temperature allows for the determination
of the necessary activation energy to set in motion either indi-
vidual or groups of these five-lobed rotator structures in the
nanoscopic pores.

2. Results and Discussion

To control and observe the rotation at the molecular scale on
a semiconductor surface, we need to choose the appropriate
molecule/substrate pair. The passivated Si(111)-B surface was
used as substrate for the growth of a supramolecular network
through template effect. This surface possesses the particulari-
ty of showing depopulated silicon dangling bonds due to the
presence of boron atoms underneath the top silicon layer."%™
We chose the PPB molecule as a model of a molecular rotor

ChemPhysChem 2014, 15,271-275 271



PHYS

Figure 1. a) Corey Pauling Koltum (CPK) model of pentaphenylbenzene
(PPB). b) STM image of PPB deposited on the Si(111)-B surface (16x16 nm?,
voltage of sample Vs=—1.6 V, tunnel current /t=10 pA, 100 K), with STM
image of an PPB island as an inset (40x40 nm? Vs=2.0V, /t=10 pA, 100 K).

(Figure 1a). The PPB molecule adopts a propeller shape due to
steric hindrance between each lateral phenyl rings, leading to
a tilt along the phenyl-phenyl o-bond axes. This tilt angle lifts
the molecule from the surface, reducing the molecule-sub-
strate interaction. This property has been used with similar
molecules (hexaphenylbenzene, hexa-tert-butylpyrimidopenta-
phenylbenzene) to achieve the formation of supramolecular
self-assemblies™ or molecular machines on copper surfaces.*?

The deposition of PPB molecules on a Si(111)-B surface leads
to the formation of a compact large-scale non-periodic net-
work (Figure 1b) and no single molecule is observed on the
surface. The molecules are interlocked in the network, maxi-
mizing their attractive intermolecular van der Waals interac-
tions. However, this supramolecular arrangement prohibits mo-
lecular rotation. In order to circumvent this interlocking, we
propose to seclude PPB molecules by using a nanoporous
supramolecular network.”? Recently, we have demonstrated
that an open network can be obtained by the deposition of
1,3,5-tri(4"-bromo-4,4'-biphenyl)benzene molecules (BPB) on
a Si(111)-B surface (see Figure S1 in the Supporting Informa-
tion)."® Therefore, BPB/Si(111)-B was used as a template to se-
clude PPB molecules and to investigate PPB molecular rotation
inside the nanopores.

PPB molecules were deposited at 300 K onto the BPB/
Si(111)-B network and observed by STM at 77 K. The PPB mole-
cules are adsorbed in hexagonal (highlighted by a black circle)

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and triangular nanopores (black-dashed circle), as shown in
the large-scale STM image of Figure 2a. The PPB five-lobed
structure is clearly distinguishable in the triangular nanopores
with two of the five lobes appearing slightly darker (Fig-
ure 2b). The PPB molecules are randomly adsorbed with three
preferential orientations, which could be identified owing to
the lacking sixth phenyl ring of the PPB molecules. A bright
protrusion appears on the STM image, corresponding to one
of the closest arms of the BPB molecules surrounding the PPB
molecule (highlighted by a dashed ellipse in Figure 2b). This
bright protrusion is rotated by 120° in the three different cases
indicating its relation to the molecule orientation inside the tri-
angle nanopore (Figure 2b).

In the case of hexagonal nanopores (Figure 2c), the PPB
molecules five-lobed structure is still recognizable, one lobe
being darker than the other four, and it appears to be centered
in the hexagonal pores. There are six possible PPB molecule
orientations, which are all observed in the large-scale STM
images (see Figure S2).

From our previous work concerning the formation of large-
scale supramolecular network by BPB molecules deposition on
a Si(111)-B surface,"9 and from the high-resolution STM
images (Figure 2) the adsorption sites of the PPB molecules in
the triangles and hexagons can be determined.

In each triangle nanopore there are three silicon adatoms
and consequently, three possible orientations rotated by 120°
relative to each other. Two of the five lateral phenyl rings are
located above the other two silicon adatoms of the triangle
(Figure 3).

The other three lateral phenyl rings point towards two sur-
rounding BPB molecules. One of these phenyl groups is closer
to the arms of the neighboring molecule than the other. This
effect could be the origin of the brightest protrusions ob-
served in the STM image (see dashed ellipse in Figure 2b).
A bromophenyl group of a third BPB molecule is interdigitated
with the PPB molecule due to the vacancy on the sixth posi-
tion on the central ring. The stability of the PPB/BPB/Si(111)-B
interface below 107 K is explained by both molecule-molecule
and molecule-substrate interactions.

For PPB molecules adsorbed in hexagons, the adsorption
site is also defined by the analysis of high resolution STM
images. By tracing lines joining two protrusions attributed to
opposite bromophenyl groups of the BPB molecule (see Fig-
ure S3), it can be seen that 1) the center of the PPB molecule is
placed exactly at the center of the hexagon, with its central
phenyl ring on top of the central Si atom and that 2) the PPB
molecules are rotated by 12° with respect to the network BPB/
Si(111)-B. Due to the sixfold symmetry of hexagonal nanopores,
there is a single adsorption site for the PPB molecules in these
nanopores, but with six possible orientations that can be ob-
tained by rotations of 60° relative to each other. In this adsorp-
tion model, each lateral phenyl group of the PPB molecule is
located between two silicon adatoms (Figure 3).

In the subsequent part of this manuscript, the temperature
effect is only investigated for PPB adsorbed in hexagonal nano-
pores. At 130 K, the PPB molecule can be adsorbed in a hexag-
onal pore in one of the six possible orientations (Figure 4a).

ChemPhysChem 2014, 15,271-275 272
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Figure 2. a) Large-scale STM image of PPB on a BPB supramolecular network
on a Si(111)-B surface (60x60 nm?, Vs=—2.1V, [t=10 pA, 77 K). Examples of
PPB molecules adsorbed in a triangle and in a hexagon are highlighted by

a dashed black circle and by a dark circle, respectively. b) STM image of
three PPB molecules adsorbed in three triangular nanopores of BPB/Si(111)-
B, rotated by 120° one from each other (5.5x5.5 nm? Vs=—2.0V, t=10 pA,
107 K). The dashed ellipse highlights a bright protrusion corresponding to
the BPB molecule closest to a PPB molecule. c) STM image showing two PPB
molecules adsorbed in hexagonal nanopores of BPB/Si(111)-B representing
two of the six possible orientations in the hexagons (6x6 nm? Vs=—2.1V,
It=3 pA, 77 K).

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Adsorption model of a PPB molecule in a triangle nanopore (left)
and in a hexagon nanopore (right) of the BPB/Si(111)-B network. Si adatoms
are shown as light blue balls and Si bulk atoms are shown as dark blue
balls.

After 130's, the PPB molecule looks the same but it is clock-
wise rotated by 60° (Figure 4b). With a delay of further 130 s,
this very PPB molecule is again rotated by 60° in clockwise di-
rection (Figure 4c). The rotation direction is only apparent be-
cause a study of a large number of STM images shows that
the molecules rotate both in clockwise and counterclockwise
direction without any preference.

At 150 K, the image of the PPB molecules that are trapped
in the hexagonal pores changes markedly, as displayed in
Figure 5.

They now appear blurred, because they often move in
a time interval of 0.512 s separating two horizontal scan lines.
Note that the BPB network and the molecules trapped in the
triangular pores do not move during this time. The abrupt
jumps that appear between consecutive scan lines are strictly
located in the hexagonal cavities. Note that the molecule that
is visible in the top right of Figure 5 appears to have six lobes.
This effect, which has already been observed in a fivefold sym-
metric molecule stems from the fact that the image com-
bines several partial images of the immobile molecule. These
six-lobe molecules were repeatedly observed at 150K (see
Figure S4).

This analysis suggests that the PPB molecules rotate around
an axis defined by the central Si atom of the hexagonal pores.
This rotation is completely frozen below 77 K (Figure 2), while
single rotation events are imaged on the time scale of a full
image at 130 K (Figure 4). At 150 K, the rotation events are
more frequent; they happen on a time scale given by the fast
scanning direction period (Figure 5). A thermally activated rota-
tional process is expected to follow the Arrhenius law shown
in Equation (1):

Frot = Aexp(_Erot/kT) (1)

where I, is the rotation rate, A the prefactor, and E,, the rota-
tional energy barrier.”’ A rough estimation of the energy barri-
er can be deduced from our measurements. Considering that
the mean time of residence of a PPB molecule in one orienta-
tion is of the order of 100 s at 130 K (Figure 4) and 1 s at 150 K
(Figure 5), Equation (1) leads to an activation barrier E., =
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a)

b)

Figure 4. STM images of the same area of a PPB/BPB/Si(111)-B network at 130 K (2.8x2.8 nm? Vs=—2V,

It=10 pA). a) The PPB molecule is adsorbed in a hexagon nanopore and appears as a five-lobe structure. b) After
130 s, the same PPB molecule appears still as a five-lobe structure but rotated clockwise by 60°. c) STM image re-
corded after 5 min. The PPB molecule is again rotated clockwise by 60° with respect to the previous STM image

shown in (b).

Figure 5. STM image of the PPB/BPB/Si(111)-B interface at 150 K showing
PPB molecules adsorbed in hexagonal pores at 150 K (11 x 11 nm?,
Vs=—2,1V, It=5 pA). The fast scanning period (horizontal direction) is
0.512s.

0.37 eV with a prefactor A=10"s"". These values are very
close to those of Barth et al. in the case of organic molecules
trapped in a supramolecular network on a Ag(111) surface.??!
In recent years, theoretical calculations have proved to be
a very useful tool for the study of rotary molecular motors.""
To confirm the barrier height, molecular mechanics and dy-
namics calculations were performed using the ASED+ semi-
empirical technique™ considering orbital and van der Waals

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

c)

interactions between the ad-
sorbed molecules and the sur-
face. First, the Si(111)-B surface
was optimized with six BPB mol-
ecules forming a hexagonal
nanopore. Then, a PPB molecule
was placed at the center of this
nanopore and its geometry opti-
mized. In the resulting confor-
mation, the central Si adatom
can act as a rotation axis for the
PPB molecule by holding its cen-
tral benzene ring (See Figure S5).
By forcing the PPB molecule to
rotate in steps of one degree,
the minimal energy path of the
rotation process was deter-
mined. One could also calculate
the complex potential energy
surface of this rotation process;
however, there are too many de-
grees of freedom for this molec-
ular system, which render the
representation of the complete
rotational potential energy sur-
face as a function of all confor-
mation angles involved infeasi-
ble. At a very low surface temperatures (i.e. 1K) and on the
simplified potential energy surface, calculating a minimal
energy path for a given rotation trajectory leads to six large
maxima per PPB turn on the rotational potential energy profile
(Figure 6).

This sequence of six maxima corresponds to the 60° switch-
ing observed in the experiments due to the sixfold symmetry
of the substrate surface. The calculated energy barrier has
a height between 0.4 and 0.6 eV, in fair agreement with the
rough experimental evaluation discussed previously. This barri-
er height is mainly due to the molecule-surface interaction, as
the five phenyl arms of the PPB molecule interact strongly
with the six Si adatoms present in the hexagonal pore, but
they do it to a lesser extent with the surrounding BPB mole-
cules. On the contrary, the small peaks observed on the rota-
tional potential energy curve (Figure 6) are due to the lateral
re-orientations of the five phenyl rings of PPB when they are
located in between two Si adatoms (see video in the Support-
ing Information).

The calculated rotational energy curve has the characteristics
of a ratchet-like mechanical machinery with strong asymmetry.
This asymmetry is not intrinsic, it was introduced by imposing
a pre-determined rotation trajectory of the PPB molecule while
searching for the minimal energy path. In the ASED + calcula-
tions, increasing the surface temperature has the effect of
starting a random PPB rotation when kT is large enough to
overcome the calculated energy barrier. Of course, it is howev-
er not possible to control the PPB direction of rotation with
only such thermal noise, not even with the asymmetric poten-
tial shown in Figure 6.1

ChemPhysChem 2014, 15,271-275 274
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Figure 6. Rotational potential energy curve of a PPB located in a hexagonal
pore of a Si(111)-B surface decorated with a BPB supramolecular network.
This energy profile results from a step-by-step energy minimization of the
complete molecular system at 1 K while imposing a rotation of the PPB mol-
ecule around the central atop Si atom.

3. Conclusions

We have observed thermal activation of rotation of single mol-
ecule-rotators at 130K on a silicon-based surface by using
a passivated semiconductor and a nanoporous supramolecular
network acting as a template to stabilize and isolate one mole-
cule-rotor from the other on the surface. The rotational energy
barrier of molecular rotators is mainly due to the molecule-sur-
face interaction. We think that this study opens new avenues
for studying the controlled dynamics of molecular machines
fabricated on semiconducting surfaces.

Experimental Section

Additional STM images, experimental procedures and calculations
are fully described in the Supporting Information.
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