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ABSTRACT: Bowl-shaped π-conjugated compounds, or buckybowls, are a
novel class of sp2-hybridized nanocarbon materials. In contrast to tubular
carbon nanotubes and ball-shaped fullerenes, the buckybowls feature
structural flexibility. Bowl-to-bowl structural inversion is one of the unique
properties of the buckybowls in solutions. Bowl inversion on a surface
modifies the metal−molecule interactions through bistable switching between
bowl-up and bowl-down states on the surface, which makes surface-adsorbed
buckybowls a relevant model system for elucidation of the mechano-
electronic properties of nanocarbon materials. Here, we report a combination
of scanning tunneling microscopy (STM) measurements and ab initio
atomistic simulations to identify the adlayer structure of the sumanene buckybowl on Au(111) and reveal its unique bowl
inversion behavior. We demonstrate that the bowl inversion can be induced by approaching the STM tip toward the molecule. By
tuning the local metal−molecule interaction using the STM tip, the sumanene buckybowl exhibits structural bistability with a
switching rate that is two orders of magnitude faster than that of the stochastic inversion process.

■ INTRODUCTION

The electronic properties of sp2-hybridized carbon materials can
be altered by tuning the degree of π-extension, shape, size, and
edge geometry.1−3 Bowl-shaped π-conjugated compounds are a
novel class of sp2-hybridized nanocarbon materials in addition to
tubular carbon nanotubes and ball-shaped fullerenes. Bowl-
shaped π-conjugated compounds,4−6 such as corannulene and
sumanene (Figure 1a), are referred to as buckybowls, because
they can be considered as a fragment of a ball-shaped fullerene.
The rich coordination chemistry of buckybowls such as
corannulene and sumanene allows for stable adlayer-formation
on metal surfaces, including Ag(111), Cu(111), and
Cu(110),7−11 which are important model systems for studying
the electronic properties of metal−molecule interfaces relevant
in molecular electronics. Buckybowls on metal surfaces acquire
an additional structural degree of freedomwith their bowl-up and
bowl-down conformations due to inversion of the bowl-shaped
carbon backbone. Bowl-to-bowl inversion is known as a
characteristic behavior in solution. For example, sumanene
exhibits bowl-to-bowl inversion with an inversion barrier of ca.
0.9 eV in solution.12,13 The inversion barrier on Ag(111) has
been predicted to be ca. 0.9 eV, based on a density functional
theory (DFT) simulation;7 however, the dynamic properties of
bowl inversion on a surface remain to be solved.
Here, we demonstrate the facile adlayer preparation of

sumanene buckybowls on Au(111) at room temperature,
which is characterized using scanning probe microscopy
(STM) under ultrahigh vacuum (UHV) conditions. The unique

intrinsic properties of buckybowls on metal surfaces allow for a
densely packed single layer of sumanene to readily self-organize
to form a single adlayer from solution. The intrinsic curvature of
the buckybowl results in bowl-up and bowl-down conformations
on the substrate (Figure 1b), whichmakes it a promising research
target for investigation of the operating principle of molecular
switch or memory in the field of mechano-electronics. A
combination of STM on the single molecule scale and DFT-
based atomistic simulations reveals the unique dynamic bowl
inversion behavior of sumanene on Au(111). The surface-
adsorbed sumanene exhibits dynamic inversion that can be
induced by external stimulus from an STM tip. This study
demonstrates that the molecular self-assembly of buckybowls on
metal surfaces provides a new class of π-systems onmetals, which
enables elucidation of the unique mechano-electronic properties
evident at metal−molecule interfaces.

■ EXPERIMENTAL SECTION
STM experiments were performed with a commercially available STM
(JEOL, JSPM-4500S) operated under ultrahigh vacuum at room
temperature. Au(111) substrates were prepared by thermal evaporation
of Au onto mica at 300 °C. All STM images were acquired in constant-
current mode using mechanically cut Au wire as STM tips. The Au tip is
used as a local electrode for the interaction with the surface-absorbed
molecule at the closest approach in the bowl inversion experiment. Prior
to STM characterization, the Au tips were heat-treated in an STM-
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treatment chamber at 150 °C for 12 h. Sumanene molecules5 were
deposited from a 10 mM solution toluene onto the Au(111) surface at
room temperature for 20 min. DFT simulations of adsorption energies,
equilibrium geometries, and inversion barriers were performed using
CASTEP code14 with/without van der Waals corrections.15 Partial
density of states (PDOSs) were summed for all C atoms and all H atoms.
Inversion barriers were computed using the linear synchronous transit
(LST) method16 (see Supporting Information for further details). STM

simulations were performed within the Tersoff−Haman approxima-
tion17,18 using PWSCF code.19

■ RESULTS AND DISCUSSION

Adlayer Preparation and STM Characterization of
Sumanene on Au(111). In most studies on the molecular
deposition of nanocarbons onto metal surfaces, vacuum
deposition methods have been successfully employed to prepare

Figure 1. (a) Chemical structure of sumanene. Dihydrogenated carbon sites are marked by red circles. The sp2-hybridized carbon backbone (i.e.,
triphenylene moiety) is indicated by blue bonds. (b) Schematic illustration of the bowl-up and bowl-down states for sumanene on Au(111), where gray,
blue, and yellow balls correspond to C, H, and Au atoms, respectively. (c,d) Typical STM images with (c) honeycomb and (d) hexagonal patterns. Scale
bars are 5 nm. Imaging conditions: (c) tunneling current (It) = 0.2 nA, sample bias voltage (Vs) = +1.0 V; and (d) It = 0.2 nA, Vs =−1.2 V. Exceptionally
bright molecules are marked by circles, which are attributable to a molecule with a bowl-down conformation surrounded by a large number of molecules
with a bowl-up conformation (for a detail, seemain text). (e,f) Cross-sectional profiles along the lines in (c) and (d). The profile in (c) is characterized by
periodic oscillation in heights with two peaks of (1), and (2) and (2′). The intermolecular spacing was measured to be ca. 1.1 nm by averaging 12
intermolecular spacing. (g) Magnified STM image of a hexagonal pattern. Molecules with clear triangular shapes are marked by dotted triangles. The
triangular patterns are muchmore pronounced at a negative bias voltage. A magnified view of a triangular pattern located at the center in the STM image
is shown at the bottom part. (h) STM image of sumanene adlayer on Au(111) imaged with different bias voltages of (i) 1.0 V and (ii) 0.1 V. The scale bar
is 5 nm. The slow scanning direction was from up to down. To obtain the image, the bias voltage was changed while the tunneling current was held
constant (0.1 nA). The bias voltage dependence of the STM patterns is reversible because the contrast reversibly changes from (i) to (ii) and back to (i).
The inset shows magnified images of the areas of (i) and (ii) with dotted lines are overlaid as guides. The STM contrasts in (i) and (ii) are characterized
by honeycomb and hexagonal patterns, respectively. As shown in the schematic illustration, the molecule−STM tip separation changed by 0.25 nm
depending on the bias voltages, which can be seen as the relative change in the z-positions of the STM tip in the STM image.
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well-ordered adlayers on metals. We determined that a simple
solution-based deposition process is a promising method for the
preparation of a well-ordered monolayer of buckybowls. Figure
1c−f shows typical STM images and cross-sectional profiles for a
solution-processed sumanene-adlayer on Au(111) recorded at
two different sample bias voltages of +1.0 and −1.2 V, in which
periodic honeycomb and hexagonal patterns with a molecular
spacing of ca. 1 nm are apparent for high and low bias voltage,
respectively. The formation of a well-ordered monolayer implies
substantial interaction between sumanene and the metal
substrate as well as sufficient interactions among molecules
(see also Figure S1).
In the periodic honeycomb and hexagonal patterns of the

sumanene buckybowl on Au(111), an exceptionally bright spot is
noticeable on a molecule (Figure 1c,d) and is associated with the
structural degree of freedom corresponding to the bowl-up and
bowl-down conformations, which is discussed in detail in later
sections. Figure 1h shows the dependence of the STM-patterns
on the bias voltage during the imaging process (see also Figure
S2). The STM-patterns change reversibly from honeycomb to
hexagonal and back to the honeycomb pattern, which suggests
that the pattern change is purely of electronic origin. Bias voltage
dependence of the STM-patterns revealed that the honeycomb

and hexagonal patterns, respectively, appear at the high positive
voltage (+1.0 V, Figure 1c) and the negative-to-low bias voltage
(from −1.2 to +0.1 V, Figure 1d,g). It should be noted that there
is a molecule at the dark central spot in the honeycomb pattern,
although the molecule is invisible in the STM image, as
demonstrated theoretically in a later section.
The hexagonal pattern (Figure 1d,g) with a molecular spacing

of ca. 1 nm recorded at +0.1 V is similar to that observed for
closely packed C60 on Au(111),20−29 while the honeycomb
pattern7 at +1.0 V (Figure 1c) is a novel class of periodic patterns
unique for the sumanene buckybowl. At negative bias voltage (Vs

= −1.2 V), the hexagonal pattern has pronounced spatial
variations in the individual molecular contrast (Figure 1g). Each
molecule in the hexagonal pattern has a triangular shape, which
reflects the spatial distribution of π-electrons in the carbon
backbone (Figure 1a) and thus the molecular rotations.
Closer inspection of the STM height profiles (Figure 1e,f) and

rotational angles of the molecular rows in the hexagonal lattice
against the underlying Au(111) (Figure S3) revealed an
intermolecular distance of 1.1 nm and a rotational angle of
22−23°, respectively. Following the procedure to find the most
probable adlayer structures for spherical adsorbates on the
Au(111) surface,30 we propose a higher-order-commensurate

Figure 2. (a) Proposed adlayer structure of (√43×√43)R7.6° for sumanene on Au(111). Unit cell and vectors for Au(111) and the sumanene adlayer
are represented by green and red lines, respectively. The pink arrow corresponds to the direction of a molecular row. The lattice vector of Au(111) is
defined as a. Sumanene molecules are represented by dotted circles, where blue and pale blue dotted circles, respectively, represent adsorbed on
energetically favorable bridge and hollow sites on Au(111), respectively (see Figure S2). The nearest neighbor intermolecular distance is (√129)a/3 =
1.09 nm. The rotational angle between an Au atomic row and a molecular row is 22.4° (=30° − 7.6°). (b) Simulated STM images at Vs = ± 0.5 V for
bowl-up and bowl-down conformations. For the bowl-up conformation, the simulated images have almost identical patterns at negative and positive bias
voltages. The triangular pattern is noticeable in the image, as is indicated by a dotted triangle. A structural model of the bowl-up conformation is shown
on the left side. (c) Transition state representation of the bowl inversion process for an on-top adsorption model. (d) Dependence of the PDOSs of
sumanene with the bowl-up conformation on the various adsorption sites. (e) Results of the transition state calculations of the bowl inversion process in
the presence of another Au electrode (i.e., the STM-tip-electrode) on top of the molecule. Calculated activation barriers as a function of the molecule−
electrode separation for three models. The molecule−electrode separation is defined as separation between a hydrogen atom at a dihydrogenated site of
sumanene and a surface-Au atom in the top electrode.
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adlayer structure (Figure 2a) by taking into account both the
observed intermolecular distance (1.1 nm) and the rotational
angle (22−23°). In the higher-order-commensurate structure,
molecules are sitting on either bridge or hollow sites of Au(111)
to form a honeycomb pattern in terms of the adsorption sites
(see also Figure S5). At first glance, the higher-order-
commensurate structure looks too complicated to explain the
observed simple hexagonal adlayer structure; however, the higher
order commensurability is required to reproduce the observed
honeycomb pattern with the unconventional bias dependence
(Figure 1h).
Electronic Calculations and Identification of Suma-

nene-Adlayer Structure. As described in the Introduction, the
buckybowls on surface acquire the additional structural degree of
freedom that is the bowl-up and bowl-down conformations due
to the inversion of the bowl-shaped carbon backbone (Figure
1b). To consider structural details for the observed hexagonal
pattern, DFT simulations were performed using sumanene on
Au(111)-slab models. Figure 2b−d and Figure S6 show DFT-
simulated STM images, transition state of the bowl inversion,
partial density of states (PDOSs), and total electronic energy.
The electronic energy calculation revealed that the bowl-up
conformation is energetically more stable than the bowl-down
conformation by 0.1−0.8 eV, depending on the molecular
orientations and adsorption sites (Figure S6). Transition state
calculations confirmed an activation barrier of ca. 0.8 eV between
the bowl-up and bowl-down states (Figure 2c), which acts as a
substantial energy barrier to separate the two states. These results
indicate that the sumanene adlayer consists almost entirely of a
single phase with the energetically favorable bowl-up con-
formation at the ground state (Figure 1c,d,g). The simulated
STM images (Figure 2b) reproduced the observed molecular
contrast in the STM image (Figure 1g) and confirmed that the
triangular-shape in the STM images corresponds to the
molecular orientation.
The dependence of the rotational angles sumanene with bowl-

up and bowl-down conformations on the electronic energy
(Figure S6a) reveals that the total energy differs by less than 0.4
eV, which suggests that there is no preferential molecular
rotational angle at room temperature. This is in good agreement
with the experimental observation that the trianglar shape in a
bowl-up molecule is oriented in several directions on Au(111)
(Figure 1g). The PDOSs projected onto atomic orbitals of the
molecule (Figure S6b) are weakly dependent on the molecular
rotational angles, which appear in the cross-sectional STM
profiles as small variations in heights (Figure 1f). Such variations
in the STM profile height are strongly reminiscent of the C60-
adlayer structure on Au(111).28,29 In a similar manner, the
observation of randomly mixed bright and dim sumanene
molecules (Figure 1f) is due to a difference in the molecular
rotations. The PDOSs projected onto atomic orbitals of the
molecules indicate a smaller DOS around the Fermi energy for
the bowl-up conformation than for the bowl-down conformation
(Figure S6c), which is a result of larger electronic stabilization
due to a larger interaction between the molecular π-plane and the
substrate for the bowl-up conformation.
In contrast to the molecular rotations, differences in molecular

adsorption sites cause significant changes in the electronic
structures of sumanene on Au(111) as shown in Figure S6c and
Figure 2d. The total energy calculations (Figure S6c) reveal that
molecular adsorption on the bridge and hollow sites is more
energetically favorable than that on the on-top sites. The PDOSs
for unoccupied states exhibit a strong dependence on the

molecular adsorption sites (Figure 2d), in which the PDOSs
disappear at the positive energies above ca. 0.15 V only for the
hollow adsorption model. Therefore, at higher bias voltages,
molecules on the hollow sites can be imaged as darker spots,
while molecules on the bridge sites appear as brighter spots in an
STM image. Consequently, the molecules on the energetically
favorable hollow and bridge sites in the adlayer model (Figure
2a) are, respectively, imaged as darker and brighter in an STM
image to form the honeycomb pattern at the higher bias voltage
(Figure 1c; +1.0 V). In contrast, molecules on both of these
adsorption sites (the hollow and bridge sites) are almost equally
imaged as bright spots at the lower STM-bias voltage (Figure
1d,g; −1.2 and +0.1 V). The adsorption model presented in
Figure 2a explains the unconventional STM-bias voltage
dependence of the honeycomb pattern, in addition to the
observed intermolecular distance and molecular orientation.
A very small fraction of molecules was determined to have

pronounced heights in the observed STM images (see molecules
marked by circles in Figure 1c,d). Molecules with an exception-
ally large STM-height variation up to 100 pm (Figure S4)
corresponded well with the enhanced local DOS (LDOSs) for
the bowl-down conformation (Figure S6b). The combination of
STM characterization and ab initio atomistic simulations
revealed that the sumanene adlayer forms the higher-order-
commensurate hexagonal lattice, in which the majority of the
molecules are adapted to the bowl-up conformation with
different molecular rotations with respect to the Au(111) lattice.

Effect of Local Interaction between the STM Tip and
Sumanene on the Bowl Inversion Behavior. Following
identification of the adlayer structure, we investigated the
dynamic bowl inversion properties of the surface-adsorbed
sumanene. The unique bowl-shaped structure of sumanene
enables it to switch between two discrete states of bowl-up and
bowl-down conformations (Figure 2c). To investigate the
capability to induce the bowl inversion events by local interaction
between a molecule and an Au-STM tip, transition state
calculations of the bowl inversion process were performed in
the presence of another Au electrode (i.e., an Au-electrode of the
STM tip), which is placed on top of sumanene on Au(111)
(Figure 2e). The activation barrier of the bowl inversion process
was reduced along with approaching another Au-electrode (i.e.,
the Au-STM tip) to the surface-adsorbed sumanene molecule. At
the closest approach on the atomic scale, the activation barrier is
reduced drastically, which indicates that the local interaction
between the STM-tip and sumanene can trigger the bowl
inversion process by reducing the activation barrier. Using the
calculated activation barriers of ca. 0.1 and 0.8 eV at the smallest
and largest molecule−electrode separations, respectively, a
reaction rate at the smallest separation is calculated to be ca.
3000 (i.e., exp(0.8/0.1)) times faster than that at the largest
separation. The sumanene molecule at the transition state can be
hybridized with the two Au electrodes at the small molecule−
electrode separations (see inset in Figure 2e), which leads to
reduction of the activation barrier through the interaction with
the two Au electrodes and resulting energetic stabilization of the
transition state. Besides the local interaction, tunneling-current
could induce the bowl inversion event. For the electronic
excitation of a surface adsorbed molecule, the existence of DOSs
of an adsorbate near the Fermi energy is essential.31,32 In the
present sumanene/Au(111) system, the electronic excitation is
less likely because the molecular PDOSs are sufficiently small
(see Figure S7).
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A closer look at STM observations revealed that sumanene
exhibited reversible bowl inversion process from up-to-down and
down-to-up (Figure 3), which confirms the bistability of these
two discrete states and suggests that the observed brighter spots
are not due to contaminants from the surface and/or the tip but
the molecule with the structural bistability. At a larger tip−
molecule separation under the higher bias voltages (Vs = +1.0 V
and −1.2 V), a small fraction of sumanene with the initial the
bowl-up conformation exhibits bowl inversion behavior. At a
large tip−molecule separation at Vs = +1.0 V (see Figure 1h), the
stochastic inversion rate is estimated to be as high as 0.005 Hz
(200 s), based on the lifetime of the bowl-up conformation in the
sequence of the STM images (Figure 3a−d). It should be noted
that the bowl inversion event was rarely observed andmost of the
molecules stayed intact in the bowl-up state with an inversion
rate of almost zero under the high bias voltages at the large tip−
molecule separation. At a small tip−molecule separation, a
significant change in the bowl inversion behavior was observed,
where sumanene begins to be subject to dynamic inversion
between the bowl-up and bowl-down conformations (see also
Supporting Information S8). The dependence of the bowl
inversion behavior on the tip−molecule separations is in
agreement with the results of the transition state calculations
(Figure 2e). Figure 4a shows a higher resolution STM image
recorded at a small tip−molecule separation (Vs = +0.1 V), in
which sumanene with the bowl-up and bowl-down conforma-
tions is imaged as darker and brighter triangles, respectively. For
the bowl-down conformation, a bright protrusion appears at the
molecular center. These STM shapes and heights are in good
agreement with DFT-simulated STM images (inset in Figure

4a). The dynamic inversion appears in the STM image as sudden
changes in the STM-molecular height during the surface-
scanning. Most of the observed bright spots (i.e., molecules
with bowl-down conformation) exhibit the sudden changes in
STM height, which is observed as scratches on the molecules
during STM imaging. It should be noted that the scratches in the
STM image can be due to scan line noises (instabilities) that
come from a change in the STM-tip structure, unavoidable
vibrational noise from the environment, and electronic noise
from our instrument. Such instability-induced scratches can be
distinguishable from the scratches due to the molecular
bistability (i.e., the bowl inversion). The STM-induced bowl
inversion appears as a scratch on a molecule, which is followed by
the switch between bright and dark STM contrasts. In contrast,
the instability-induced scratches can stochastically appear
without the switch between bright and dark STM contrasts on
a molecule; however, this was not the case in Figure 4a (see also
Supporting Information S9).
Because the STM tip was raster-scanned above the molecules,

the STM tip can locally interact with each molecule placed just
below the STM tip during the scanning. Sumanene with the
bowl-down conformation is characterized by a brighter
protrusion at the molecular center (Figure 4b), while high
frequency bowl inversion events between down and up
conformations lead to bright and dark STM heights within the
molecule (Figure 4c). The high frequency inversions are easily
observed in the height profiles (Figure 4d). The STM height of
the bowl-down state transits to the bowl-up state on the way of
the STM-scanning and then switches back to the bowl-down
state. It should be noted here that the transition was initiated

Figure 3. Reversible bowl inversions for sumanene on Au(111) at higher STM-bias voltages of (a) Vs = +1.0 V, (b) Vs =−1.2 V, with It = 0.2 nA for both
(a) and (b). Imaging areas are 20× 20 nm2. Amolecule subject to inversion events is marked by dotted circles. Schematic illustrations of the bowl-up and
bowl-down conformations are shown at the right corners in the images. (c,d)Magnified images of sumanene with the bowl inversion events shown in (a)
and (b), respectively.
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Figure 4. (a) High-resolution STM image recorded at a small tip−molecule separation under a low STM-bias voltage. The scale bar is 4 nm. Imaging
conditions: Vs = +0.1 V, It = 0.9 nA. Red and blue circles correspond to molecules with the bowl-up and bowl-down conformations. The upper insets
show DFT-simulated STM images for the bowl-up and bowl-down conformations at an STM-bias voltage of +0.5 V. The lower inset shows the
molecular orientation used for the simulations. (b)Magnified images of molecules with the bowl-down conformation in (a). (c)Magnified images of the
molecules with dynamic bowl inversion event during the imaging in (a). The initial bowl-down state switches to the bowl-up state, and then back to the
bowl-down state. For details, see the main text. (d) Cross-sectional profiles measured on the lines indicated by (i) and (ii) in (b) and (c). For further
details, see Supporting Information S9.

Figure 5. (a) Current versus distance curve during the manipulation process where the STM tip approaches a target molecule. The initial tip position is
indicated by the red spot. A change is observed in the slope of the current versus distance curve. (b,c) STM images before and after the manipulation
process. Imaging conditions:Vs = +1.0 V. It = 0.9 nA, imaging area = 15× 15 nm2. Themanipulation process was performed on the center position of the
image in (b). After the manipulation, the molecule with the bowl-up state transitioned to the bowl-down state, which appears as a bright protrusion (see
dotted circle in (c)).
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when the Au-STM tip scans across the molecule. This result
indicates that the STM tip-induced local interaction on the
molecule triggers the bowl inversions. The STM tip was found to
approach the sumanene molecules at a distance of 250 pm (see
the relative change in the z-positions of the STM tip with respect
to the high (Vs = +1.0 V) and low (Vs = +0.1 V) bias voltages
(Figure 1h)). At the closest approach of the Au-STM tip with the
low bias voltage, sumanene can adsorb to either the surfaces of
the Au-tip or the Au-substrate surface with the reduced activation
barrier (Figure 2e) to form the energetically stable bowl-up state.
By tuning the local metal−molecule interaction using the STM
tip, the dynamic bowl inversion properties of sumanene can be
modulated on the molecular scale. On the basis of the time
required to transit from the bowl-down to the bowl-up states, and
vice versa, during STM imaging (Figure 4), the inversion rate is
calculated to be 0.3 and 0.5 Hz for down-to-up and up-to-down
transitions, respectively. These rates are at least 2 orders of
magnitude faster than the stochastic inversion rate of 0.005 Hz.
Finally, we demonstrate the manipulation of a bowl inversion

event on a single molecule level using point contacts between an
STM tip and a sumanene molecule. The STM tip is intentionally
moved toward a target molecule on Au(111) at a fixed bias
voltage (Vs = +1.0 V) to modulate the molecule−tip interaction
that induces bowl inversion. During the manipulation process,
where the STM tip is gradually moved toward the target
molecule, the STM-feedback loop is opened and the tunneling
currents are monitored. The current initially increased
exponentially as a function of the tip−molecule distance (z-
position) (Figure 5a), and the slope of the current versus
distance curve suddenly changed at z = +0.15 nm. This change in
slope can be interpreted as the effective contact of the tip with the
top of the molecule, as reported previously.33 The change in the
slope suggests that a non-negligible local tip−molecule
interaction occurs, which triggers the local bowl inversion
event on the single molecule level. Figure 5b,c shows STM
images before and after the manipulation process, respectively.
Initially, all of the molecules are adsorbed on Au(111) with the
bowl-up state (Figure 5b), while the STM height of the target
molecule changes from a darker spot to a bright protrusion (see
the dotted circle in Figure 5c) upon mechanical stimulus. Thus,
the intentional introduction of a local mechanical perturbation
enables the manipulation of a molecule from the bowl-up state to
the bowl-down state (see also Supporting Information S10 and
S11). The structural switch of the surface adsorbed sumanene
provides new insight into the operating principle of mechano-
electronic switch and memory in energy-saving electronic
devices.

■ CONCLUSION
We have demonstrated the facile preparation of a sumanene
buckybowl adlayer on Au(111) at room temperature. A
combination of characterization using UHV-STM and ab initio
electronic calculations has revealed that sumanene with the bowl-
up conformation forms a well-ordered closely packed monolayer
on Au(111), that is, (√43 × √43)R7.6°. The dynamic bowl
inversion properties can be modulated by tuning the local
metal−molecule interaction using the STM tip. Under a weak
tip−molecule interaction at a larger tip−molecule distance,
sumanene exhibits stochastic inversion with a considerably slow
rate of <0.005 Hz. In contrast, under a large tip−molecule
interaction regime, sumanene exhibits structural bistability and
dynamic switching between the bowl-up and bowl-down states
that is 2 orders of magnitude faster. The molecular self-assembly

of buckybowls provides a new class of π-systems onmetals, which
has enabled elucidation of their unique mechano-electronic
properties at metal−molecule interfaces.
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