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We present the chemical anchoring of a DMBI-P molecule-rotor to
the Au(111) surface after a dissociation reaction. At the temperature
of 5 K, the anchored rotor shows a sequential unidirectional
rotational motion through six defined stations induced by tunnel-
ing electrons. A typical voltage pulse of 400 mV applied on a
specific location of the molecule causes a unidirectional rotation
of 60° with a probability higher than 95%. When the temperature
of the substrate increases above 20 K, the anchoring is maintained
and the rotation stops being unidirectional and randomly explores
the same six stations. Density functional theory simulations
confirm the anchoring reaction. Experimentally, the rotation
shows a clear threshold at the onset of the C—H stretch manifold,
showing that the molecule is first vibrationally excited and later it
decays into the rotational degrees of freedom.

Introduction

The miniaturization of machines and motors is reaching the
limit of a single atom." An important step further is now to
understand energy conversion inside a single molecule, with
the aim of generating work. A single atom heat engine has
been recently experimentally realized," and opto-mechanical
intramolecular energy conversion at the single-molecule level
was demonstrated by force spectroscopy.”> Compared to a
single atom, a molecule provides a higher mechanical com-
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plexity and more degrees of freedom for constructing a mole-
cular engine. In scanning tunneling microscopy (STM) experi-
ments, the rotation of a single molecule triggered by inelastic
tunneling effects has been the focus of research for a long
time.>™"" The production of minute mechanical work was
recently demonstrated,’® opening new routes for the rational
design of unidirectional molecule-rotors.>® However, only a
few examples of controlled directional rotation of organic
molecules around a vertical axis have been demonstrated
yet,>87'% and further experimental and theoretical work is
needed to understand the relation between inelastic electronic
excitation and motion of a single molecule.

Here, we present the sequential unidirectional rotational
motion of a chemisorbed single molecule. Its step by step uni-
directional rotation is classical, while the inelastic tunneling
effect providing the energy for the rotation is quantum in
nature.”® Our molecule-rotor works on the Au(111) surface at a
temperature of 5 K. We use here the term “molecule-rotor” as
a sub-class of the broader field of molecular motors encom-
passing also in-solution and biological molecular machines: a
molecule-rotor is a single molecule, which is anchored to a
single rotation point on a surface with a strong covalent bond,
and is rotating around this rotational axle.

The precursor 0-MeO-DMBI-I'* is designed to undergo
iodine dissociation, resulting in a radical form that is an excel-
lent n-type dopant used in organic electronics."*"® In a pre-
liminary experimental STM study, the chemisorption of
0-MeO-DMBI-I on Au(111) was qualitatively described by the
interaction with gold of the radical form obtained after such
iodine dissociation.!* However, it is known that an alternative
intramolecular reaction can occur with the cleavage of the
O-Me bond and the elimination of methyl iodide (Mel), result-
ing in the formation of 2-(1,3-dimethyl-1H-benzo[d]imidazol-3-
ium-2-yl)-phenolate (DMBI-P) (see left two panels of Fig. 1).
This reaction was observed for example by photoelectron spec-
troscopy.'® To understand which intramolecular reaction
causes the experimentally observed chemisorption of the mole-
cule, we performed density functional theory (DFT) calcu-
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Fig.1 Chemical structure of the precursor and Mel -elimination:
0-MeO-DMBI-I| dissociates to form DMBI-P after a C—O bond cleavage
and the formation of volatile methyl iodide (Mel) as the by-product.
DMBI-P then chemisorbs on Au(111) by charge back-donation. Right
panel: schematic representation of the adsorption geometry of DMBI-P
on Au(111).

lations of adsorption geometry and bonding energy of
0-MeO-DMBI and DMBI-P on Au(111). These calculations indi-
cate that the cleavage of the O-Me bond and the elimination
of Mel are necessary to reproduce the recorded STM images
and to explain the observed strong anchoring at the O posi-
tion. Following these results, we performed the combined
experimental and theoretical studies presented in this paper to
clarify the dissociation reaction responsible for the anchoring
on Au(111) and to understand the rotation induced by inelastic
tunneling electrons, as well as to investigate the thermal-
induced rotation.

Results and discussion

After synthesizing the 0-MeO-DMBI-I precursor (see the ESIf
for details), we first chemically investigated the dissociation
process. Using nuclear magnetic resonance (NMR) thermo-
gravimetric analysis/infrared spectrometry (TGA/IR) and gas
chromatography/mass spectrometry (GC/MS) under working
conditions similar to those used during the sublimation in
ultra-high vacuum (UHV), we experimentally confirmed the
Mel elimination. We characterized the cleavage product
DMBI-P by "H-NMR and demonstrated the scission of the
methyl group attached to the oxygen. Investigating the thermal
decomposition of 0-Me-O-DMBI-I under nitrogen we detected
a weight loss of the compound starting at 519 K, consistent
with the loss of Mel, and confirmed the Mel formation using
GC/MS. All methods prove the thermal decomposition and are
consistent with the formation of methyl iodide as a cleavage
by-product (see the ESIT for further details).

In light of these results, we conclude that a cleavage reac-
tion takes place during the sublimation of the precursor
0-MeO-DMBI-I at 490 K under UHV conditions, resulting in
DMBI-P and volatile Mel. As schematically shown in Fig. 1,
DMBI-P finally chemisorbs by charge back-donation at the
oxygen position on Au(111), in agreement with both DFT and
image simulations (Fig. 2). A Bader-charge analysis shows that
a total charge transfer of 0.27 electrons from DMBI-P to the
substrate takes place. The oxygen atom transfers only 0.08 elec-
trons to the surface, showing that the largest surface effect of
the O-Au bond is to redistribute charges between the nearest
gold atoms and the oxygen atom in the molecule.
Experimentally, the molecule is anchored at the top-site posi-
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Fig. 2 Single adsorbed DMBI-P molecule-rotor. (a) Experimental STM
image of a single DMBI-P molecule on Au(11l) (V = 0.2 V; | = 100 pA,
dimensions: 1.8 nm x 1.8 nm). The colour scale on the right indicates
the apparent height. (b) Simulated constant current STM image calcu-
lated from the adsorption geometry in (c) and (d) in good agreement
with the experimental image. (c) Top and (d) side views of DMBI-P opti-
mized chemisorption geometry on the Au(111) surface with d(Au-0O) =
0.225 nm. The yellow grid depicts the Au (111) surface in a stick-and-ball
model. The molecule is adsorbed via the O-atom (red) that coordinates
with one of the Au first layer atoms.

tion of the O atom and cannot be moved laterally either by
voltage pulses or lateral manipulation. The Mel elimination
takes place at temperatures around 490 K in UHV during the
sublimation process, making possible the anchoring of
DMBI-P on the gold surface via the dealkylated oxygen. Mel is
lost in the UHV chamber during the heating of the precursor
in the crucible and is not visible in the STM images.

After adsorption on Au(111), we observe in the STM images
a low coverage of DMBI-P molecules anchored to the surface
(Fig. S127). The molecules show six preferred adsorption orien-
tations on Au(111) each rotated by 60°, corresponding to the
high symmetry directions of the hexagonal surface lattice, as
already observed in ref. 11. A comparison between an experi-
mental and a simulated STM image of a single DMBI-P is pre-
sented in Fig. 2a and b. The good agreement between the two
images confirms the adsorption geometry of Fig. 2c and d and
the chemical characterization presented above. The anchoring
point is given by the oxygen atom of the DMBI-P on the
Au(111) surface (Fig. 1).

DMBI-P is composed of 32 atoms, i.e. 3 X 32 = 96 mechani-
cal degrees of freedom on the surface, including the Au-O
bond. Calculating the ground state potential energy curve
(Fig. S171) using the ASED+ semi-empirical method,"”
found small fluctuations in energy (few meV), indicating that
the DMBI-P rotor is not a rigid body. Those energy variations
are mainly governed by van der Waals interactions between the
DMBI-P rotor and the Au(111) surface. Therefore, and in a first
approximation, we consider only three main degrees of
freedom for describing the mechanics around the Au-O bond:
the collective rotation angle ©, the bond length d(Au-O) and

we
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the dihedral angle @; between the DMBI and the phenyl part
of the rotor. Other mechanical degrees of freedom slightly con-
tribute to the rotation mechanics, for example the two DMBI
lateral CH; fluctuate by 0.1° during a ® variation by 60°
(Fig. S177%).

At a temperature T = 5 K, when we position the STM tip on
a specific position of the molecule and apply a voltage pulse
V(t) of typically 400 mV, we observe a one-step clockwise
rotation @ of 60° around the Au-O bond (Fig. 3a). The position
of the tip is indicated by a black dot. Changing the position of
the tip reduces the probability of rotation, without however
changing its directionality (see Fig. S147). A complete rotation
can be performed step-by-step by applying a succession of V(t)
pulses and keeping the end atom of the tip apex inside the
same 0.7 nm x 0.5 nm area (Fig. 3b and c). The area of electron
tunneling through the molecule for a one step rotation does
not correspond to the centre of rotation (or anchoring point),
making a slight reposition of the tip necessary after each
voltage pulse (see Fig. 2c).

The STM images recorded during a complete rotation are in
good agreement with the simulated STM images, confirming
that DMBI-P adopts the same surface conformation in the six
consecutively visited stations. It is important to note that the
rotation can be clockwise or anticlockwise depending on the
sign of the applied bias voltage pulse and on the molecular
chirality on the surface."™'® On the other hand, the adsorption
position and the Au(111) herringbone reconstruction do not
play any relevant role in controlling the rotation.

When slowly increasing the substrate temperature 7 and
imaging by STM the same DMBI-P at each 7, we first observe at
T = 11 K a random flipping between consecutive rotational

0i0te o
2 0o

Fig. 3 (a) Step by step clockwise rotation of a DMBI-P molecule. The
positions of the tip during the voltage pulse are marked with a black dot.
Voltage pulses with / = 0.5 nA; V =0.5V; t = 10 s are used to induce the
rotation. The arrows indicate the sequence of the images and applied
voltage pulses. (b) Position of the STM tip during the voltage pulses for
the complete rotational cycle. The positions of the tip inducing rotation
are marked on the STM image of a DMBI-P molecule and are located
inside the area of 0.7 nm x 0.5 nm represented by the black square (STM
images: 3.5 nm x 3.5 nm; 0.1 V; 20 pA). (c) Superimposed STM images of
the six stable rotation stations highlighted with ellipsoids. The central
black star marks the anchoring point of the molecule. The coloured dots
indicate the positions where the electrons tunnel through the molecule
induces its rotation (marked with the corresponding coloured ellipsoid).
Such positions do not correspond to the centre of rotation. Raw data
are presented for comparison in Fig. S13.}
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Fig. 4 STM images showing the thermal activation of rotation when
the temperature T of the surface is gradually increased. The molecule
appears stationary at temperature T = 10 K (a), while it starts to rotate at
T =11 K (b), and appears hexagonal in shape at T = 20 K (c) because it is
moving faster than the timescale of the STM image (imaging conditions:
(@, (b) =20 pA, V=0.2V;(c)l =100 pA, V = 0.2 V; dimensions: 5 nm x
5 nm, image recording time: 41 s, corresponding to 0.3 ms per pixel). (d)
Example of tunneling current as a function of time at T = 11 K, position-
ing the tip at a vertical distance of 5.9 A over the molecule at V =
300 mV showing the rate of thermal rotation. (e) Arrhenius plot for the
rotation of individual molecules on Au(111). The rotation rates are deter-
mined for 11 K, 12 K, 13 K and 15 K. The data were fitted with R = Ry
exp (—Eex/kgT), obtaining Eex = (5 + 2) meV and Ry = (176 + 50) Hz.
Please consider that the exponential pre-factor cannot be interpreted as
a frequency for the collective molecular rotation at higher temperatures.

stations (Fig. 4a and b). When increasing the temperature
further, the molecule-rotor randomly jumps over several stable
positions. At T = 20 K (Fig. 4c), we observe a nearly hexagonal
STM image, indicating that all six stable adsorption positions
identified at low temperatures are randomly visited by the
DMBI-P rotor during the scanning time (which is 41 s for the
entire image). The single stations cannot be resolved anymore.
A similar behaviour was reported for other surface-supported
molecular rotors albeit at different T due to different potential
energy barrier heights for rotation on the surface."’

According to the energy equipartition theorem, a single
DMBI-P in its |SO) electronic ground state at a temperature T
cannot accumulate vibrational energy exclusively in a few
specific mechanical degrees of freedom like a C-H bond, the
Au-0 bond or a collective rotational angle. When T increases,
the DMBI-P rotor therefore randomly visits in a disordered
sequence all the possible ® energy minima on the |SO) PES.
This effect is visible in the STM images as a superposition of
the different 60° orientations of the molecule-rotor (Fig. 4c).

By positioning the tip on the molecule and fixing it at a ver-
tical distance of 5.9 A, which is shown to not perturb the
rotation at low temperatures, we record the tunneling current
versus time during the random rotation (see an example in
Fig. 4d), and determine the jumping rate at a specific tempera-
ture. As presented in Fig. 4d and at T = 11 K, about 0.7
jumping events occur per second. An Arrhenius plot of the
observed random rotation (Fig. 4e) leads to an effective

Nanoscale, 2021, 13,16077-16083 | 16079
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rotation energy barrier height of about 5 meV in the |S0)
ground state. It is important to note that the exponential fit in
Fig. 4e is based on a simplified model of a rigid rotor and that
the experimental data are recorded at very low temperatures,
making it impossible to extrapolate the behaviour of the rotor
at higher temperatures.

This value is in reasonable agreement with the potential
energy curve calculated by DFT, which also reproduces the
energy minima every 60° (Fig. S15t). Calculated by DFT, the
rotation barrier is about 50 meV. However, when corrected by
the zero-point motion difference between a 60° global
minimum and the transition saddle point on this surface, the
energy barrier is about 11 meV in reasonable agreement with
the experimental estimation. The rotation barriers of the mole-
cule-rotor for a long rotational sequence of 720° were also cal-
culated using the ASED+ semi-empirical method,"”*° confirm-
ing the energy minima every 60° (Fig. S167).

We further investigated the unidirectional rotation induced
by voltage pulses at low temperatures. We performed more
than 20 successful complete rotations with different STM tips
and applied more than 600 voltage pulses under similar
experimental conditions. In 95% of the cases, we observe a 60°
rotation, while only in 4% of the cases the DMBI-P rotor
rotates less than 60° to an intermediate position, and in 1% of
the cases moves in the opposite direction. The present experi-
ment shows therefore a striking example of unidirectional
rotation with identical rotational steps of 60°. The elapsed
time before a single rotation step occurs is generally of the
order of several seconds. We have determined it by recording
the tip height as a function of time during a voltage pulse at a
constant current. A jump in the trace indicates a sudden
change in the conductance at the position of the tip, caused
by a molecular jump (an example is reported in Fig. S18%). To
observe a further event, the tip should be slightly moved on
the molecule and a voltage pulse applied again (as indicated
in the example of Fig. 3), recording a new curve.

In Fig. 5, we plot the experimental yield Y = R/(I/e) for a
single rotation step per electron as a function of the bias
voltage. The switching rate R is the inverse of the elapsed time
(or the number of switching events per time interval), I is the
tunneling current and e the electron charge. Such action
spectra'®>"** provide information about possible vibrational
excitations of the molecule. The fitting of the action spectra by
the theory of ref. 21 (see Methods for details) gives for all
curves the same threshold of 370 meV, matching the DFT
value for the C-H stretch mode of the methyl group at the
opposite side of the O-Au bond. Below this mode there is a
170 meV energy gap until the C-H rotation modes are found
starting at 198 meV. Therefore, we can conclude that the
threshold coincides with the onset of the C-H stretch modes,
showing that energy is efficiently funnelled into the molecule
via the C-H stretch manifold.

Furthermore, as one can see from Fig. 5, the rotational
yield decreases with the current. This counterintuitive effect
can be rationalized by a simple rate equation approach where
the stretch mode is populated from the ground state of the
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Fig. 5 Yield (rotation probability per electron) versus bias voltage. The
different colours indicate different currents. The continuous lines are
action spectra fits where the overall factor is scaled to match the experi-
mental values, and a broadening of 0.1 eV is assumed. The threshold of
the action spectra fit is at 370 meV, matching the C—H stretch mode of
the methyl group.

molecule by a tunneling electron. This process is linear in the
current. The stretch mode can decay populating the frustrated
rotational mode as we assumed above. This leads to a yield, Y,
given by

_ Y/Trot
yI+1/7’

where y is the electron inelastic fraction populating the stretch
mode, such that yI is the rate of excitation of the stretch mode,
where I is the electronic current. 1/z is the total decay of the
C-H stretch mode and 1/7,, is the decay rate of the stretch
into the frustrate rotation mode. This simple equation shows
that as long as the stretch decay rate is not so large to saturate
the evolution of the yield, the yield should decay with the
current. A similar result was already described for the exci-
tation of a single step by step rotation of a C,H, molecule.* To
qualitatively understand it, one can consider that the yield is
the reaction rate divided by the current. If the reaction rate is
fairly constant, the yield decreases with current.

During a voltage pulse applied to an anchored DMBI-P,
electrons are randomly transferred through the molecule,
leaving some energy to the ro-vibrational modes of the mole-
cule. While one part of this energy is redistributed to the
Au(111) surface, another part goes to the C-H stretch mode,
which therefore represents the entry port of the energy needed
for a one-step rotation.

The relatively long elapse time needed for rotation
(Fig. S18t) can be rationalized considering that, during the
electron transfer events, a part of the energy is accumulated in
the excited states (see below) after being transferred to the
DMBI-P collective rotation angle, providing then the energy
needed for a one-step rotation.?

This journal is © The Royal Society of Chemistry 2021
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As the applied bias voltage is much lower than the tun-
neling electronic resonances, the excited state involved
cannot be completely occupied quantum mechanically.
However, due to the basic properties of the tunnel effect
through a molecule adsorbed on a surface, the tail of a
given electronic state contributes to the tunneling current
intensity even if it is far away from the maximum of this
resonance. An elementary electron transfer event can be
described using a time-dependent quantum mixing between
the electronic states |SO+) and |S1-). In the present case,
the |SO+) and |S1-) resonances are located at —2.5 V and
+2.7 V respectively, as experimentally determined and pre-
sented in the ESI (Fig. S197), while the voltage pulses produ-
cing a one-step rotation are typically between 0.3 V and
1.2 V. Furthermore, calculations of the frontier mono-
electronic states of the adsorbed molecule are in qualitative
agreement with the experimental results and show that the
bonding of the molecule to the surface is strong enough to
stabilize the electronic structure. No molecular electronic
states therefore exist near the Fermi energy.

The next step is to discuss the directionality of the observed
rotation and to qualitatively describe how the molecule can
transform the excitation energy of the C-H stretch mode in a
one-way rotation. An intrinsic symmetry breaking in the tun-
neling junction (including the surface, the molecule and the
STM tip apex) is needed to allow a unidirectional rotation. The
DMBI-P molecule was selected because it has two different
chiralities when adsorbed on Au(111), showing a different
sense of rotation with an equivalent voltage pulse.'* The asym-
metry of the adsorbed molecule plays a central role, and a
corresponding asymmetry should also be present in the elec-
tronic states of the corresponding quantum system. However,
if we consider only the |SO) ground state potential energy
surface (PES), the micro-reversibility principle precludes any
unidirectional rotation, as discussed above by increasing the
surface temperature. Therefore, to explain the directionality
the excited state PES, which is explored during the elementary
electron transfer events leading to the measured tunneling
current, should also play a role. As a consequence, a possible
interpretation of a one-step and one-way rotation event is that
the vibronic coupling between the C-H stretch and the other
nuclear degrees of freedom depends on the mixing of the
asymmetric electronic states involved in the elementary elec-
tron transfer events. This interpretation is a generalization of
the quantum mixing of PES describing the case of molecular
motors working in solution, where the unidirectional rotation
is explained by a |S1) PES landscape with a very peculiar
conical intersection.*® For the DMBI-P single molecule case
presented here, even a small asymmetry in the |S1) PES rela-
tive to the |SO) PES can lead to a one way step by step rotation.
This can be for example a shift in the energy of the |S1) PES
maxima relative to the |S0) PES minima.*® Theoretical calcu-

ev
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lations are ongoing to characterize the |S1) PES energy land-
scape of DMBI-P.

Qualitatively, to activate this rotation the mechanical strain
on the dihedral angle @, created by the Au-O chemical bond
which is keeping the DBMI-P molecule close to the Au(111)
surface, should be released. This means that part of the C-H
stretch energy is probably transferred to the Au-O bond.
Considering that the spring constant for the C-H bond is
much larger than that for the Au-O bond (the Au-O bond
vibration manifold starts at an energy of about 10 meV, while
the C-H stretch manifold starts at about 370 meV), we can con-
clude that the Au-O bond vibrations are more populated.
Therefore, to make the rotation possible, the reaction trajec-
tory on the |S1) PES should reach the collective DMBI-P
rotation before arriving at the energy needed for the detach-
ment of the molecule.

Methods

The synthesis of the molecular precursor used in this work
[2-(2-methoxyphenyl)-1,3-dimethyl-1H-benzo[d]imidazol-3-ium
iodide®® (0-MeO-DMBI-I, Fig. 1)] is described in the ESI{ The
precursor molecule was sublimated at 7'= 490 K for 30 seconds
under ultra-high vacuum (UHV) conditions on a clean Au(111)
surface kept at room temperature.

STM experiments were performed using a custom-built
instrument operating at a low temperature of 7 = 5 K and
under ultra-high vacuum (p ~ 1 x 10-10 mbar) conditions. All
shown STM images were recorded in constant-current mode.
In our experimental setup, the tip is grounded and the bias
voltage is applied to the sample.

DFT calculations were performed with the Vienna ab initio
simulation package (VASP) using the PBE approximation to
density functional theory. Valence electrons were described
using a plane-wave basis with an energy cut-off of 400 eV and
projected-augmented-wave  potentials. We  used the
DFT-D3 method with the Becke-Jonson damping method for
the description of long-range van der Waals interactions as
implemented in VASP. To simulate the surface, we used a
Au (111) 8 x 4\/3 slab with 4 atomic layers with an inter-slab
separation of 20 A. Structure relaxations were performed until
the atomic forces on the molecule and first two layers were
smaller than 0.02 eV A™*. The k-point samplings were 3 x 3 x 1
regular grid of k-points.>” The obtained Au bulk lattice con-
stant under the above conditions is 4.114 A. The herringbone
structure can be neglected because its height is about
0.026 nm, adding a small van der Waals perturbation to the
rotation since the length of the binding of the fcc flat part of
the surface is slightly smaller than 4 nm.

The fitting of the action spectra of Fig. 5 by the theory
of ref. 21 was done using the function:

((n)* + (0/2)*)
((ev — hQ)* + (5/2)?)

2reV
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where K is the overall yield that controls the order of magnitude
of the measured Y, the applied bias is V; £ is the angular fre-
quency of the vibrational mode mediating the reaction and ¢ is
the broadening of the reaction threshold. The fitting curve is then
controlled by basically two parameters; €2 that fixes the threshold
of a non-zero yield, and o that controls how fast the yield goes
from zero to a measurable value. We find that the threshold is 702
=370 meV, and that the broadening is 6 = 100 meV.

In order to calculate the rotational potential energy surface,
we created initial samples of molecules rotated with respect to
the oxygen atom. The total energy was converged below 107°
eV in both cases.

The nudged elastic band method (NEB method)*® permits
us to compute the minimum-energy path between two rotational
conformations on the surface. The NEB simulations were realized
using 31 images altogether. We split the rotational pathway into
two parts: images 1-16 corresponding to 0-60° and images
16-31 corresponding to 60-120°. Firstly, the 1st, 16th and 31st
images were separately fully optimized. The 16th image is an
intermediate image. Secondly, starting images 2-15 and 17-30
were calculated separately by rigid rotation (each by 4°) of the
molecule with respect to the surface, with the pivoting axis per-
pendicular to the surface at the position of the oxygen atom.
Within NEB optimization, the molecule and the first two layers
were allowed to relax. STM topographic images have been simu-
lated by the Tersoff and Hamann theory”>?*° using the method
described by Bocquet et al.*' and implemented in STMpw.>>

Conclusions

In conclusion, we have presented a single molecule, chemically
anchored on the Au(111) surface, rotating in one direction step
by step at low temperatures when inelastically excited by a tun-
neling current. The experiments show a clear threshold at the
onset of the C-H stretch manifold, showing that the molecule
is first vibrationally excited and later decays into the rotational
degrees of freedom. The strong chemical bond to the surface
stabilizes the electronic structure of the molecular adsorbate
with no molecular electronic state around the Fermi energy.
This bond maintains the DMBI-P molecule flat and close to
the Au(111) surface.

The present work shows a well characterized example of
strong molecular anchoring and unidirectional step by step
rotation induced by tunneling electrons under controlled con-
ditions, therefore contributing to the understanding of inelas-
tic electronic excitations and motion in a single molecule.
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