Turning on and off the Rotational
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Molecule by Molecular Charge State
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bserving and controlling rotational

motion of a single molecule are

essential for the development of
nanoscale machines.! Significant progress
has been made in observing rotational mo-
tion of individual molecules driven by
light,>* chemical reactions,*> and electric
current.5 2 However, it still remains a great
challenge to precisely manipulate the
rotation direction,”' speed,"’ and on/off
states'? at the single-molecule level. As a
prospective candidate in building anchored
molecular rotors and motors on a surface,
metal porphine molecules and their deriva-
tives are unique in their symmetric planar
structure with a central metal atom.'* Var-
ious dynamic behaviors in such molecules
have been observed by scanning tunneling
microscopy (STM) at the single-molecule
level."*~'7 On the other hand, special atten-
tion has been focused on the characteriza-
tion and the manipulation of their charge
states."*'® 2% However, the relationship be-
tween the rotational behavior of such mol-
ecules and their charge states has not been
reported so far.

In this article, we report that the molecu-
lar charge state can be employed to turn on
and off the rotational oscillation of a single
magnesium porphine (MgP) molecule on an
ultrathin insulating NaCl bilayer, as investi-
gated with low-temperature STM and den-
sity functional theory (DFT) calculations. The
positively charged molecular state enables
rotational oscillation between two stable
orientations driven by resonant tunneling
electrons, while in the neutral state the
rotational motion is strongly prohibited.
An ultrathin NaCl bilayer is fabricated in
our study to reduce the coupling between
molecules and the metal substrate, so that
the electronic excitation and the charge
state manipulation can be achieved.
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The rotation dynamics of single magnesium porphine molecules on an ultrathin NaCl bilayer is

investigated with low-temperature scanning tunneling microscopy and density functional

theory calculations. It is observed that the rotational oscillation between two stable

orientations can be turned on and off by the molecular charge state, which can

be manipulated with the tunneling electrons. The features of the charge states and the

mechanism of molecular rotational on/off state control are revealed at the atomic scale. The

dependence of molecular orientation switching rate on the tunneling electron energy and

the current density illustrates the underlying resonant tunneling excitation and single-

electron process. The drive and control of molecular motion with tunneling electrons

demonstrated in this study suggests a novel approach toward electronically controlled

molecular rotors and motors.
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RESULTS AND DISCUSSION

Rectangular NaCl bilayer islands and in-
dividual MgP molecules are clearly resolved
in STM images (Figure 1a). Molecules
adsorbed on the bare metal surface appear
as simple protrusions with no internal fea-
ture, as shown in the inset of Figure 1b. For
molecules adsorbed on the NaCl bilayer,
however, two significantly different molec-
ular features were observed in high-resolution
STM images (Figure 1b) by tunneling
through the highest occupied molecular
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Figure 1. Two charge states of MgP molecules. (a) Constant current topographic image of MgP on Au(111) and NaCl islands at
10 K. Theimage size is 48 nm x 48 nm, taken at V,, = —2.0V, /=10 pA. (b) High-resolution topographic image of MgP molecules
on the NaCl bilayer. The image size is 5.8 nm x 5.0 nm, taken at V}, = —1.55 V, | = 1 pA. The inset shows the image of MgP
adsorbed on the Au(111) surface (2.1 nm x 2.1 nm, taken at V,, = —1.25 V, | = 10 pA) and the molecular structure of MgP.
(c) Energy level diagram for neutral (MgP°) and positively charged (MgP ") molecules absorbed onto the NaCl/Au(111) surface.
(d) Simulated images (top) from HOMO orbitals for both cases, as compared with experimentally measured STM images
(bottom); the image size is 2.1 nm x 2.1 nm, taken at V}, = —1.25V, /=1 pA.

orbital (HOMO). These molecules on the NaCl bilayer
can be classified as molecules with eight lobes (M8)
and molecules with four lobes (M4). The population
ratio of M8 to M4 molecules is about four to one,
implying that M8 molecules are statistically more en-
ergy favorable.

The observed M4 and M8 configurations are two
different charge states of the molecule, as revealed by
first-principles calculations. Figure 1c presents a schematic
diagram of the calculated electronic structure of a neutral
and a positively charged MgP molecule adsorbed on the
NaCl bilayer. For neutral molecules, the spin-degenerate
HOMO and HOMO—1 orbitals are close in energy (orbital
energy difference ~0.25 €V), and two degenerate lowest
unoccupied molecular orbitals (LUMO) are located ~3 eV
above?'?? For positively charged molecules, the original
HOMO state splits into a singly unoccupied molecular
orbital (SUMO) and a singly occupied molecular orbital
(SOMO), due to onsite Coulomb repulsion. The splitting is
so significant that the SOMO state is lower than the
original HOMO—1 state, resulting in a swap of HOMO
and HOMO—1. Simulated STM images of neutral MgP°
and positively charged MgP™ molecules resemble very
well the M8 and M4 configurations observed in the
experiment (Figure 1d). Thus, the combined STM images
and first-principles calculations safely assign the M8 con-
figuration to a neutral MgP® molecule and M4 to a
positively charged MgP™* molecule.

The rotational behavior of the molecule differs sig-
nificantly in neutral and positively charged states.
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Excited by tunneling electrons, positively charged
MgP™ molecules oscillate between two stable orienta-
tions, while neutral MgP® molecules remain stable in
the fixed orientation. The rotational oscillation of an
MgP™* molecule can be monitored through the tunnel-
ing current with the feedback turned off (Figure 2a).
The low and high current levels represent two different
orientations of the molecule. Figure 2b shows the STM
images of a positively charged molecule in both ori-
entations, in which the STM tip position is marked with
star symbols. The rotational motion of the positively
charged molecule can even be observed during STM
scanning (see Figure S1 of the Supporting Information).
In striking contrast, neutral molecules are stable in
orientation and lateral displacements are usually in-
duced at high enough current before observation of
any rotational motion.

To understand the nature of tunneling electron
induced rotational oscillation in positively charged
molecules, we measured the orientation switching rate
as a function of the STM sample bias. The switching
rate is obtained with a standard exponential fit (see
Figure S2 of the Supporting Information). Figure 2c
shows a typical curve measured at the current set point
of 10 pA, where the local density of states of the
positively charged molecule is also presented for
comparison (see Figure S3 of the Supporting
Information). When the sample bias is set in the gap
state region, the switching rate is almost zero, and it
dramatically increases as the sample bias approaches
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Figure 2. Rotational oscillation of a positively charged
molecule. (a) Tunneling current versus time recorded.
(b) STM images for a positively charged porphine molecule
before and after rotation. The star marks the position of the
STM tip for data collection. The image size is 2.4 nm X
2.4 nm, taken at V, = —1.7 V, | = 10 pA. (c) Orientation
switching rate as a function of sample bias when tunneling
current is fixed at 10 pA.

the HOMO energy. The correlation between the thresh-
old energy and the onset of the HOMO state illustrates
that the observed molecular rotational motion is a
resonant electronic excitation process.2 We also find that
the measured current switching rate rises linearly with
the tunneling current set point, in the range between 1
and 10 pA, which is consistent with a statistically inde-
pendent one-electron-induced molecular motion.”

The rotational behavior of the molecule can be
determined by the charge state of the molecule, which
can be manipulated with the tunneling electrons.
Figure 3a shows a typical current versus time curve,
which demonstrates the transition of a single molecule
from oscillating state to stationary state. Under the
tunneling electron excitation, the positively charged
molecule first actively oscillates between two stable
orientations, as revealed by the fluctuating current
level in the initial two seconds. The molecule then
switches into the neutral state with no current fluctua-
tion, and the transition was captured as a big current
pulse, which is indicated by the black arrow in
Figure 3a. Manipulation from neutral state to positively
charged state is also possible, but the yield is much
lower than that for the opposite transition, probably
due to the higher energy in the positively charged
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Figure 3. Controlling the rotational oscillation by molecular
charge state and manipulation of molecular charge state.
(a) Tunneling current versus time recorded during manipula-
tion from the positively charged state to the neutral state.
The transition is characterized by the big current pulse at
t = 2.5 s and is confirmed by the scan thereafter. The arrow
indicates the transition moment. (b) Sequence of STM
images show molecular charge state transitions induced
by the scanning tip. Arrows indicate the transitions during
the scanning. The image size is 3.8 nm x 3.6 nm, taken at
Vb =—1.25V, /=1 pA.The slow scan direction is from left to
right.

state. The feasibility of manipulation between neutral
and positively charged states can also be seen during
the STM scanning. Figure 3b shows a sequence of STM
images of two molecules in the same area, acquired
from left to right. As indicated by the arrows in the
images, molecular charge state transitions in both
directions are clearly captured during scanning. There
is no lateral displacement during the charge state
transitions, which excludes the possibility that the
M4—M8 transition is due to the difference in adsorp-
tion site (see Figure S5 of the Supporting Information).

The critical role of molecular charge state in control-
ling rotation dynamics of a single MgP molecule can be
understood at the atomic scale. Through atomic re-
solved STM images and extensive quantum mechan-
ical calculations, the adsorption site and orientation of
both neutral and positively charged molecules are
precisely derived (Figure 4a, Figure S4 of the Support-
ing Information). The center of the molecule is posi-
tioned on top of CI~ ions for both the neutral and
positively charged molecules. Upon adsorption, the
planar geometry of MgP is slightly distorted: the Mg
atom is pulled downward from the molecular plane
and the substrate Cl atom is pulled up by 0.3 A. This
results in a relatively strong Mg—Cl bond that serves as
a shaft when the molecule rotates. Molecular orienta-
tion is defined by the angle 6 between the Na—Cl bond
and the Mg—N bond projected onto the NaCl surface.
Figure 4b shows rotational potential energy surfaces
for both neutral and positively charged molecules in
the range of —45° < 6 < 45°. The most stable orienta-
tion is @ = £25° for neutral molecules and 6 = +14° for
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Figure 4. Adsorption configuration and rotational potential energy. (a) Side and top view of optimized geometry of MgP
adsorption on NaCl bilayer. (b) Rotational potential energy as a function of angle 6 for neutral MgP° and charged MgP ™"
molecules. The dashed arrow indicates the rotation between two orientations of a charged MgP* molecule.

positively charged molecules. The minimal potential
energy barrier between two stable orientations is 70 meV
for neutral molecules and 5 meV for positively charged
molecules, which oscillate between two stable orienta-
tions. At low temperature, ~10 K (thermal energy
~0.9 meV), we thus expect much less rotation prob-
ability in neutral molecules than in positively charged
molecules, which is consistent with our experimental
observations. The potential energy barrier can be roughly
understood as the result of the Coulomb interaction
between ionic surface and molecular charge density.
The dramatic change in potential energy barrier is thus
due to the significant difference in spatial distribution
of the molecular orbitals in different charge states. We
also simulated STM images at the stable orientations
for both neutral and charged molecules, which match
well with the experimental observations.

The significance of this study is revealed by the
feasibility in manipulating molecular charge states.
Besides STM tunneling electrons, molecular charge
states can also be manipulated with many other
techniques, such as electric gate,”?* photon
excitation,?> and chemical reactions. In principle, the
control mechanism demonstrated in our STM experi-
ments can be applied to these situations as well.

EXPERIMENTAL SECTION

Our experiments were conducted using a home-built ultra-
high-vacuum STM operated at 10 K. The Au(111) single-crystal
substrate was cleaned by cycles of Ar' ion sputtering and
annealing to 900 K. Atomic-flat NaCl islands were prepared by
thermally evaporating NaCl at 650 K onto a Au(111) substrate
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Especially, the insulating NaCl bilayer used in our study
illustrates the prospect of constructing a charge state
controlled molecular rotor in a gated single-molecule
transistor configuration. In addition, porphine mol-
ecules are of special interest in photon energy conver-
sion, molecular electronics, and supramolecular
design.” The illustrated static property and charge-
state-dependent dynamic processes of MgP molecules
are valuable to the related applications.

CONCLUSIONS

In summary, we have revealed a novel mechanismin
manipulating rotational oscillation of a single molecule
through its charge state. The rotational oscillation can be
turned on and off simply by tuning the molecule into
positively charged or neutral molecular states. The com-
bined STM study and first-principles calculations provide
insight into the control mechanism at the atomic scale, as
well as the nature of the resonant tunneling induced
rotation dynamics of a single-molecule switch. The un-
derlying mechanism revealed in this study illustrates a
novel approach toward reversibly controlled molecular
rotors and motors by manipulating its charge states,
which can be implemented by various techniques in-
cluding microfabricated electric gates.

surface, which was held at room temperature. MgP molecules
were thermally evaporated onto the sample surface after the
substrate was cooled to 10 K. Chemically etched Ag wire was
used as the STM tip in this study. To measure the electronic
local density of states, the di/dV signal was recorded with the
lock-in technique under the open-loop conditions. The bias
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modulation was 10 mV (rms) at 361.1 Hz (the bias voltages here
refer to the sample bias with respect to the tip). The WSxM
program (www.nanotec.es) was used to display the STM images.
The first-principles calculations were carried out within the
framework of density functional theory, employing PAW
pseudopotentials®’*® and the PBE form?® of the exchange—
correlation functional, as implemented in VASP code3® The ex-
perimental NaCl lattice constant of 5.64 Aand (3«/2 X 3«/2) surface
unit cell (36 atoms per layer) is used to model the NaCl bilayer
substrate.>’ We employ an energy cutoff of 400 eV for plane waves,
and the criterion for total energy convergence is set to 10~ eV.
STM images were simulated from a spatial distribution of HOMO
electrons based on the Tersoff—Hamann approximation. Mixing
of nearly degenerate HOMO states was used to mimic the effect of
substrate on STM images. The HOMO is set to ~1 eV below the
Fermi level of Au(111) (dotted black line), inferred from measured
STS data.
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