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Monitoring and manipulating single molecule
rotors on the Bi(111) surface by the scanning
tunneling microscopy
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We have investigated rotation and manipulation of manganese phthalocyanine (MnPc) molecules on the
semimetallic Bi(111) surface by low-temperature scanning tunneling microscopy (STM). At liquid-helium
temperature, individual MnPc molecules adsorb flat on the Bi(111) surface but with a slight bend toward the
substrate. The in-plane orientation of the MnPc molecule can be changed by 60° by manipulation with the
STM tip. At liquid-nitrogen temperature, the isolated MnPc molecules rotate around the central Mn ion
because of the weak molecule—semimetal interaction. The MnPc rotor shows a flower-like feature with six
lobes corresponding to the six-fold symmetry of Bi(111) lattice. Most importantly, the MnPc rotors can be
started or stopped by controlling the intermolecular spacing with the STM tip. These results are important
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1 Introduction

In the past few decades, translational or rotational movement of
various molecules on solid surfaces has been intensely investi-
gated because of its important role in nanoscale engineering at
the molecular level."” Significant progress has been made in
developing a wealth of synthetic molecular machines, such as
motors,*” switches,*” gears,® shuttles® and even cogwheels.>**
As a key component of these machines, molecular rotors can be
defined as molecular systems in which a molecule or part of
a molecule rotates against another part of the molecule or
a surface.” The rotational motion can be driven by thermal
energy,"””** photons,* or electrons.” Molecular rotors mounted
on solid surfaces have the advantage of accessibility and they
are easily organized owing to the reduced dimensions.'® For
instance, rotation of porphyrin and sulfide molecules has been
often observed and analyzed."' Thus, investigating the struc-
ture and properties of molecular rotors is necessary for appli-
cations in nanotechnology.

Once mounted on a surface, molecular rotors can be easily
characterized by scanning tunneling microscope (STM), because
it has the ability to not only position the molecular rotors with
atomic scale precision but also track the motion of molecules.”
However, the rotation is too fast to be imaged separately by
conventional STM, because it's an intrinsically slow technique.
To increase the time resolution, an effective approach is to
measure the tunneling current variation versus time with the
feedback loop turned off. This method has been successfully
used to study the dynamics of molecular motion.***” In addition,
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for understanding and controlling the performance of surface-mounted molecular rotors.

the STM tip can be used as a mechanical tool to manipulate
single atoms and molecules on solid surfaces. For example, it has
been reported that the STM tip can help 4-ethylphenyl groups
overcome the potential barrier to rotate,”® and even drive
a specially designed molecular rack and pinion.*®

In the past several years, transition-metal phthalocyanines
(TMPcs) have attracted great interest because of their wide
applications. Because of their relatively simple and robust
structure, TMPcs are considered to be a prototype magnetic
molecule. The magnetic properties of transition-metal atoms
can be detected by controlling the charge states, spin states, and
Kondo effect.**** Intensive efforts have been made to adsorbed
TMPcs on various solid surfaces, and various self-assembled
structures of TMPcs have been formed on solid surfaces.***
However, there have been relatively few studies of the move-
ment or rotation of TMPc on solid surfaces.

In this study, single molecule rotors of MnPc on the Bi(111)
surface have been investigated in detail. At liquid-helium (LHe)
temperature, individual MnPc molecules adsorbed on the
Bi(111) surface have reduced symmetry owing to the bending of
two lobes. The in-plane orientation of MnPc can be rotated by
60° driven by STM tip. At liquid-nitrogen (LN,) temperature, the
isolated MnPc molecules keep rotating around the Mn ion and
show a flower-like pattern. Interestingly, this type of single
molecule rotor can be started or stopped by changing the
intermolecular spacing with the STM tip.

2 Methods

All of the experiments were performed using a Unisoku ultra-
high vacuum LT-STM system with a base pressure of about 2
x 10 "° mbar. 20 monolayers of Bi were deposited on a Si(111)-7
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x 7 surface at room temperature. A very smooth Bi(111) film was
obtained after subsequent annealing at 400 K. After overnight
degassing, MnPc molecules were thermally evaporated onto the
Bi(111) substrate from a tantalum boat heated to ~600 K.
Constant current STM images were obtained at LHe (4.6 K) or
LN, (78 K) temperatures.

Theoretical calculations were performed based on density
functional theory (DFT). The Vienna ab initio simulation
package (VASP)***” code was used with the Perdew-Burke-Ern-
zerhof (PBE) generalized gradient approximation (GGA) for
exchange-correlation energy,®® with the projector augmented
waves (PAW) method.**** One MnPc molecule was placed on
a Bi(111) slab simulated by four layers of a 6 x 6 unit cell. The
cutoff energy for the plane waves was 400 eV with only I'-point
sampling. All of the atoms except for the bottom two bismuth
layers were fully relaxed until the net force on every atom was
less than 0.04 eV A~'. Self-consistent spin orbit coupling was
considered, and van der Waals correction (DFT-D2 method of
Grimme*') was taken into account to compare with previous
work. The simulated STM image was obtained by the Tersoff-
Hamann approximation.**

3 Results

First, a small amount of MnPc molecules was deposited on the
Bi(111) surface. Individual MnPc molecules adsorbed flat on the
substrate. Two opposed lobes aligned along the base vector

Fig. 1

Individual MnPc molecules adsorbed on Bi(111) surface at LHe temperature. (a
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directions and the other two lobes pointed in the /3 direction
of Bi(111) surface [Fig. 1(b)]. From the high-resolution STM
image in Fig. 1(c), the MnPc molecule appears as a cross shape
with a protrusion at the center, which is consistent with its
chemical structure in Fig. 1(a). However, the two vertical lobes
of MnPc split into two branches while the horizontal two lobes
show no splitting. As a result, the C, symmetry of the free MnPc
molecule is reduced to C, in the STM image. A similar reduction
of symmetry has been observed for SnPc on Ag(111).*

To investigate the origin of the symmetry reduction, we
performed the DFT calculations of optimized geometries of
MnPc on Bi(111). The results show that the central Mn ion
anchors to the top site of the Bi(111) surface in the minimum
energy configuration. Two of the opposing lobes slightly bend
toward the substrate, while the other two lobes remain flat, as
shown in Fig. 1(d). The simulated STM image is shown in
Fig. 1(e), where the two flat lobes split but the two bent lobes
show no splitting. The reduction of symmetry is consistent with
the STM observation in Fig. 1(c). Moreover, the minimum
adsorption energy is —2.7 eV, which is much greater than
—5.9 eV for MnPc on Cu(001).* The weak interaction indicates
that the MnPc molecules on Bi(111) can be easily manipulated
by a STM tip, as shown in Fig. 1(f). The in-plane orientation of
the MnPc molecule changes by 60° relative to the orientation in
Fig. 1(c), when reducing the scanning bias.

With increasing coverage, individual MnPc molecules
assemble into one-dimensional molecular chains and two-
dimensional domains. Fig. 2(a) shows a STM image of several

1nm

a) Schematic structure model of the MnPc molecule; (b) STM

image of isolated MnPc molecules on Bi(111), 18.0 nm x 18.0 nm, U= 0.2V, | = 60 pA. The insert shows the atomic-resolution image of Bi(111)
surface, where the dashed lines represent the directions of surface base vectors; (c) close-up view of a single MnPc on Bi(111), 5.0 nm x 5.0 nm,
U=0.3V, /=50 pA. (d) Top view (upper) and side view (lower) of the optimized adsorption configuration of a MnPc on Bi(111). (e) Simulated STM
image of a single MnPc on Bi(111) at 0.3 V. (f) Rotation of the MnPc molecule in (c) by 60° driven by low-bias scanning, 5.0 nm x 5.0 nm, U =
0.88V, I =50 pA.
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Fig.2 (a) Coexistence of single molecular rotors and a self-assembled
domain of MnPc molecules at 78 K, 15.0 nm x 150 nm, U=10V, | =
30 pA; (b) /-t spectra acquired at bias of 0.5 V with the STM tip posi-
tioned at the white spot and over the bare Bi(111).

MnPc chains and two isolated molecules at 78 K. The MnPc
molecules in the chains have a similar appearance to the
molecule in Fig. 1(c). In contrast, the upper two molecules show
a flower-like feature with one central protruding ball and six
surrounding lobes. Such flower-like molecules are absent at
LHe temperature. We propose that the flower-like feature is
because of rapid rotation of the MnPc molecule.

To verify the rotation of the molecule on Bi(111), we
measured /-t spectra by positioning the STM tip above the MnPc
molecule with the feedback loop turned off. Fig. 2(b) shows
a typical I-t spectrum of the flower-like molecule with a time
interval of 5 s. The frequent changes in the tunneling current
are associated with the rotation rate.'®*® The I-¢t spectrum
recorded over the bare Bi(111) surface does not show any
distinct changes in the current, which excludes the possibility of
impurities. Thus, the flower-like feature is caused by molecular
rotation.

Similar to the case of BuSMe molecules on Cu(111),° the six
lobes suggest there are energetically favorable positions for the
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Fig. 3 Adiabatic PES plotted with spline interpolation. The points
correspond to the result of DFT calculations. Geometries at azimuthal
angles of 0°, —30°, 30° are shown at the bottom.
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molecule on the Bi(111) surface. Accordingly, we calculated the
adiabatic potential-energy surface (PES) of the MnPc molecule
as a function of the azimuthal rotation angle (6).>* Fig. 3 shows
the PES plotted with spline interpolation. The three most stable
orientations are § = 0°, —30°, and 30°. The position at
0° corresponds to the minimum energy configuration in
Fig. 1(d). After rotation of +14.5°, two maxima occur in the PES.
From the three discrete configurations shown at the bottom of
Fig. 3, it is clear that there are three equivalent adsorption
orientations for MnPc on the Bi(111) surface. Thus, the flower-
like feature is related to the symmetry of the MnPc molecule and
hexagonal Bi(111) surface.

A potential barrier about 120 meV needs to be overcome to
rotate the MnPc molecule. Because the flower-like feature does
not appear at 4.6 K, it is clear that thermal energy plays a crucial
role in rotating the MnPc molecule. Additionally, tunneling
electrons also have the ability to drive or control molecular
motions.”"” We believe that the energy from tunneling electrons
is considerable in this case. The experimental and theoretical
results suggest that the flower-like feature is a low-frequency
image of high-frequency molecular rotation, a MnPc molecule
rotates with respect to Bi(111) surface.

We also achieved the starting and stopping of MnPc rotors.
As shown in Fig. 4(a), the MnPc molecule is stationary when
attaching to a tetramer chain. We used the STM tip to isolate the
MnPc molecule from the tetramer. As soon as it detached, the
single MnPc molecule started to freely rotate on the substrate
[Fig. 4(b)]. This manipulation confirms that the flower-like
feature is because of rotation of the MnPc molecule on the
Bi(111) surface.

Another interesting manipulation is stopping the MnPc
rotors. As shown in the upper left of Fig. 5(a), two MnPc mole-
cules initially rotated at close range. After a lateral shift, which
caused by the manipulation of STM tip, the lower MnPc attached
to the upper one. As soon as they were in contact, two MnPc
molecules stopped to remain stationary [Fig. 5(b)]. In particular,
three MnPc molecules (indicated by arrows) initially rotated on
the Bi(111) surface in Fig. 5(c). A MnPc molecule with a sup-
pressed center (marked by a circle) attached to the molecular
chains. The suppression may be caused by modification of the

Fig.4 A MnPc molecule rotating on the Bi(111) surface after detaching
from a tetramer chain. (a) The MnPc molecule attached to a tetramer
chain. 8.0 nm x 8.0 nm, U = 0.6V, | = 28 pA; (b) the MnPc molecule
rotating on the substrate after detaching from the tetramer chain.
8.0 nNm x 80nm,U=05V,=28pA.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Simultaneous stopping three MnPc rotors by inserting another
molecule. (a) Two MnPc molecules rotating at close range. 12.0 nm x
120 nm, U = 05V, | = 30 pA; (b) stopping rotation of the two
molecules by manipulating with STM tip. 12.0 nm x 12.0 nm, U =
0.5V, | = 30 pA. (c) Three MnPc molecules rotating when not in
contact. 20.0 nm x 20.0 nm, U =1.0V, | = 31 pA; (d) stopping rotation
of the three molecules by inserting a modified MnPc molecule.
20.0 nm x 20.0 nm, U =10V, | = 30 pA.

central Mn ion.**** By manipulating the modified molecule with
the STM tip, we shifted the molecule and inserted it into the
interspace between two MnPc rotors. The three MnPc rotors
simultaneously stopped when they formed a tetramer chain with
the modified molecule [Fig. 5(d)]. These manipulations were
performed by controlling the intermolecular spacing.

4 Conclusions

We have investigated single molecule rotors of MnPc on the
Bi(111) surface by STM and first-principle calculations. The
STM images show that individual MnPc molecules adsorb flat
on the surface at 4.6 K. Geometry optimization reveals that two
benzene rings bend, reducing the symmetry. Furthermore,
a flower-like molecule is observed at 78 K. Experimental I-¢
spectra and theoretical adiabatic PES were determined. The
combined study reveals that the flower-like feature is caused by
rapid rotation of the MnPc molecule. By controlling the inter-
molecular spacing with a STM tip, rotation of the single mole-
cule rotors can be started and stopped.
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