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One-way rotation of a molecule-rotor

driven by a shot noise

Jorge Echeverria*, Serge Monturet and Christian Joachim

Nanosciences Group & MANA Satellite, CEMES/CNRS, 29 rue Jeanne Marvig, 31055
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ABSTRACT:

The shot noise of the tunneling current passing through a molecule-motor can sustain its
rotor one-way rotation when virtually populating its excited states by tunneling inelastic
excitations. No need for a ratchet like ground state rotation potential energy of the rotor.
Just a relative shift in energy between the maxima of this ground state and the minima
of the excited states used is required. The rotor speed of rotation and its rotation
direction are both controlled by this shift pointing out the need of a careful design of
both the ground and excited states of the next generation of molecule-motor to be able

to generate a motive power.



INTRODUCTION

Since the first observation of the rotation of a single molecule adsorbed on a
surface,! studies on single molecule mechanical machineries on a surface have
expanded in many directions such as molecule-gears,>® molecule-motors*® and
molecule nano-vehicles.®’ Nowadays, there are several possibilities to drive the rotation
of a single molecule rotor when adsorbed on a metallic surface, like pushing on the
rotor by an STM or AFM tip,2® feeding the rotor using inelastic electron tunnelling
effects via an STM tip®!°, applying an oscillating electric field to the rotor to
synchronise its rotation with the large oscillation period of this field,'22 or powering
the rotor with light.*

Aside from a tip pushing, i.e. when the operator decides the rotation direction of
rotor,? in the others cases mentioned above the conditions for a one way rotation of a
single molecule-rotor in a molecule-motor have not yet been clarified. Currently, the
literature is fairly following two directions: (a) the introduction of an intramolecular
ratchet effect which is usually characterized by plotting the potential energy variation of
the rotor as a function of its rotation angle** and (b) the control of the interactions
between the rotor and a specific external driving force to break micro-reversibility.! In
this article, following the recent demonstration of a control rotation of a single molecule
motor driven by a tunnelling current,** we demonstrate by constructing a general model
from this example that the conditions for a one-way rotation of a single molecule motor
are between (a) and (b). From (a), there is a need to break the symmetry of the rotational
potential energy surface of the rotor as a function of its rotation angle and from (b) there
is a need for the rectification of some random excitation process of the rotor to drive the
rotation. At the origin of this study, our molecule motor is a piano-stool organometallic

complex composed of a five-arm rotor mounted on a tripod stator as presented in Figure



1.141516 This molecular motor was recently operated by STM on a Au(111) surface
yielding a step-by-step one-way rotation, both clockwise and counter-clockwise, under
a tunnelling current. The direction of rotation was selected by positioning the STM tip
either on a truncated or a non-truncated arm of the rotor.

In this paper, we first build up a simple model for the Figure 1 motor to analyse
the general requirements for the rotor of a single molecule-motor to rotate one-way in a
controllable manner. Then, a complete numerical analysis of the rotation dynamics of
the corresponding rotor is performed, paying special attention to the average driving
force and to the role played by the electronic excited states of the molecule. Finally, we
demonstrate how to drive a one-way rotation using the shot noise of the tunnelling
current passing through the molecule-motor explaining also how to control the way of

rotation.

DISCUSSION

A simple mechanical model for a molecule-motor. The electronic ground and

first excited states potential energy surfaces of the Fig. 1 motor mainly depend on 9
angles: the top rotor rotation angle € around the central Ru axis, the 5 flipping angles ¢
to ¢s of the 5 rotor phenyl arms and the 3 stator legs deformation angles y1 to 3.

Despite many others degrees of freedom contribute to the mechanics of this motor, their

role is minor as compared to those 9 principal ones. Even with only those 9 coordinates,

the corresponding Eo(6 o1, ...9s, %1, ..,x3) ground state potential energy surface is
considerably difficult to master. Starting from one of the possible Eo(6, @1, ...9s, 11,
..,X3) energy minima, a simple way to model the rotation mechanisms is to step by step

increase @ while minimizing the molecule motor potential energy for each 6. This



delivers a @ parametric rotation trajectory on the Eo(8, @1, ...9s, %1, ..,x3) manifold. For
the Fig. 1 motor, this trajectory was calculated using the ASED+ semi-empirical
technique. Along this rotation trajectory, the resulting Eo(6) potential energy curve is
highly asymmetric, with a potential barriers height of AV = 0.25 eV as presented in Fig.
2. On E,, the combination of the rotor upper Cs and the stator lower C3 concurrent
symmetries'” leads to 15 potential wells per turn. This periodic series of barriers is due
to the interaction between the 5 phenyl rings of the rotor arms and the 3 motor legs
bound to the surface. During the rotation and every time one arm interacts with one leg,
the corresponding phenyl ring flips in order to avoid the leg and this leg is consequently
deformed. On the Fig. 2 curve, this results in a ratchet-like potential energy variation.
Calculations with a 4 arms rotor are qualitative identical (see Fig. S1 in Supporting
Information) MAY BE NOT NECESSARY and Also THE CORRESPONDING
Supporting Information. However, this asymmetry, constructed along the rotation
trajectory, is artificial because it is created by forcing the rotation in a given direction.
There is no asymmetry when passing from one minimum to the next on Eq(6, @1, ...@s,
X1, --»x3) and, thus, no breaking of the micro-reversibility principle. Therefore, by
forcing a @rotation, we are anticipating the good functioning of the molecule motor but
not demonstrating it. In fact, with the initial objective of determining the conditions for
a one-way rotation, an ideal rotation trajectory was created on Eq(6, o1, ...0s, X1, ..,X3)

as if the rotor was already rotating one way instead of finding the optimized excitation

process to approach this ideal rotation trajectory.

To illustrate how a saw-tooth like rotation trajectory can come out from an a
priori symmetric potential energy surface, let us consider the rotation of a single phenyl

of the 2,2'-dibromobiphenyl molecule around its central C-C bond (Figure 3a). The 8



rotation angle is here defined by the dihedral C1, C2, C3, C4 angle and the ¢ torsion
angle by the C2, C3, C4, Br5 dihedral angle (Figure 3a). To build up the Eqo(6 o)

potential energy surface presented in Fig. 3b, the molecule potential energy was
calculated as a function of (6, ¢) without optimization of the molecular geometry by
means of the AM1 semi-empirical technique. This surface is periodic in (6 ¢) and
provides a map of one of those periods including also two energy minima A and B.
There is a central energy maximum corresponding to the Br-Br repulsion. This

maximum is symmetric, as expected from the original symmetry of the molecule.

With no external forces applied, this molecule remains in one of the Eo(6 o)

energy minima. When a @ rotation imposes to rotate from A to B and the molecule
energy is minimized at each @ steps of 1°, the Fig. 3b top surface trajectory is obtained.
If now, starting from B, the molecule is forced to return back to A, the Fig. 3b down
trajectory is obtained. Following both trajectories by plotting the corresponding
potential energy variations as a function of 6, the Fig. 3c saw-tooth like curves are
obtained. Of course, a unique minimum energy path is expected after a complete search
with a full optimization of the reaction coordinate of a non-forced rotation. Notice that
an asymmetric energy rotation trajectory with two different pathways between A and B
is also obtained when the partial optimization involves all the molecular degrees of
freedom but the rotation angle. However, if this torsion angle is the only degree of

freedom allowed during the optimization, the rotation energy profile is then symmetric.

This example illustrates the extreme care required in selecting the good degree
of freedom to describe the mechanics of a single molecule motor. Since the number of
degrees of freedom is generally quite large, the ones to consider, the ones to minimize

and the ones to freeze must be very well chosen to model in a full generality the



intramolecular physics involved. For the Fig. 1 like molecule-motor (and for many
others of the same kind), a minimum of two degrees of freedom, here the & rotation
angle and a generic torsion angle ¢, must be considered and not only #as used in Fig. 2.
For the Fig. 1 motor, this torsion angle ¢ can be defined by the dihedral angle between a
given phenyl ring of the rotor and the central cyclopentadienyl ring. In this case, a

model Eo(6 @) ground state can be written:

E,(6,9) =V, sin?(0+ @) cos?(0+p)e ™ +kg® (1)

Instead of the 15 minima of the Fig. 1 molecule motor, we have here limited the number
of minima to 4 per turn to simplify the analysis. It can be easily extended to 15 or more
for molecule motor with a larger number of arms. During the rotor rotation, the steric
repulsion between a rotor phenyl and one of the three stator legs is taken into account in

(1) by a ¢ ¢ term (with £ = 5-10%). ¥, models the energy barrier height and k& the
strength of the deformation. This Eo(8, ¢) periodic potential energy surface is presented

in Figure 4. When a @ rotation is forced on this surface, the energy variation along the
rotation trajectory minimized by using the Nudged Elastic Band (NEB) method'® is

similar to the one presented in Figure 1b (see Figure S2 in Supporting Information).

The En electronic excited states involved in the rotation are certainly composed
of several unoccupied molecular orbitals and the corresponding En(6,¢) potential
energy surfaces associated to the rotation are rather complex.'* Since our goal here is to
understand how the excited states can be involved to reach an unidirectional rotation,
we can select (1) for the analytic expression of the first excited state E1(6,¢) and include

a shifting term in this E1(6,¢) to change the angular position of its minima relative to

Eo(6,¢).



The molecule-motor equation of motion. After the construction of a general model for
the potential energy surfaces of a molecule motor, the next step is to construct its
general system of motion equations. A preparation of the molecule motor in a coherent
non-stationary quantum superposition of states by mixing its ground and some molecule
electronic excited states must be enough to provide the energy required to drive the
motion.! This preparation has to be cyclic in time since the rotor will lose rapidly the
coherence of this initial preparation due to the large number of internal degrees of
freedom of the molecule-motor and to the finite lifetime of the excited states. For the
two angles used in our molecular motor model, the system of semi-classical equations

of motion can be written:

d2(¢9_ V@
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where the molecular rotor is described by a disk of mass m = 600 amu and of radius a =
1 nm, with an extremely small / = 10* kg m? momentum of inertia with respect to &
and y being the friction coefficient of the rotor motion. Notice that in (3), the
momentum of inertia of the rotation along ¢ is supposed to be smaller (around 10 kg
m?) than in (2). However, we have observed that this difference has very little effect on
the dynamic behavior of the system. Accordingly, we have used the same value of 7 =
10*? kg m? in both (2) and (3).

The coherent non-stationary preparation is described in (2) and (3) by the ca(?)
summation over the En(f,¢) ground and electronic excited states potential energy

surfaces. If the superposition coherence is step by step preserved along the rotation



time, a semi-classical motion will result based on the multiple potential energy surfaces
E.(6,9) employed for the dynamics and according to the cu(f) amplitudes of the
superposition. But such a coherence is very difficult to preserve on the long run even by
a cyclic re-preparation of the superposition. All the ca(?) for n > 0 will progressively
decay in time towards the ground state with an average decay rate £. In (2) and (3), the
external driving force F(2) is there to compensate for this decoherence and relaxation to

sustain a rotation.

Considering the Eo(6,¢@) ground state, the E;(6,@) excited state and the decay rate f, a
new system of equations can be derived from (2) and (3) to describe molecule motor

dynamics taking into account the total decoherence of the superposition included in (2)

and (3):
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where I'(z-¢)) 1s a time shifted step function that permits the force F' to act at a given time
series ti and to reset the excited state preparation with a ground state total depopulation.
Therefore, there is in (4) and (5) no more coherence between the ground and the excited

states as compared to (2) and (3).

Before going to the full optimisation of F(?) to drive the rotor one way, let us
comment on what happens when this rotor is driven only in its ground state by an
external random force F(z). In this case, the system (4) and (5) simply reduces to the

system:
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With this system, we have tested whether a one-way rotation trajectory can be stabilized
on Eo(6,¢) using a simple Gaussian distributed F(?) driving force. This force was
applied in average, half time on (6) and half time on (7). The system (6) and (7) was
solved using a Verlet-like algorithm based on the finite differences method. Due to the
extremely small / value, much care have been taken to ensure the stability of the
numerical solutions. For a given Vo value and exploring different friction parameters
relative to the average strength of F(¢), it was not possible to construct a @ trajectory on
Eo(6,¢) corresponding to a one-way rotation of the rotor even if F(z) is time correlated.
This fact is in good agreement with the general behavior of Brownian motors, which

cannot undergo directed motion in the presence of only one source of anisotropy.?

Driving a one-way rotation with a shot noise. In a molecular tunneling
junction, the tunneling current intensity is the result of billions of electron transfers per
second happening at random time. The temperature independent statistical time
distribution of this random process is a Poisson distribution.?! Its first momentum gives
the tunneling current intensity through the molecule depending on the bias voltage used
whereas its second momentum measures the time fluctuations of this intensity and is
characteristic of a shot noise. The force F’ during each excitation in (4) and (5) can be

constant for all random distributed t; or be also random in strength following for

example a Gaussian distribution. The first case is equivalent to consider that each
electron transfer event through the molecule is inelastically active. However, this is

certainly not the case in a molecular tunnel junction. A Gaussian distribution for F



along the random t; represents better the low efficiency of an inelastic tunneling
excitation. By selecting a Poisson time-dependent excitation distribution at t;, the energy
is provided to the molecule-motor by the shot noise. Furthermore, each time t; a zero

mean Gaussian distributed F' is applied to the molecule, it must act on € or ¢ with an

equal probability over time.

Unlike (6) and (7) using only the ground state of a molecule-motor, a one-way
rotation trajectory is now obtained with (4) and (5) using the above described Poisson
noise and with both Ey(6¢) and E;(6,@ fully symmetric in € and @. As presented in
Fig. 5, the necessary condition for such a rotation is a shift of the E;(6 ¢ minima
relative to the Eo(6,¢@) ones. The rotation stops when there is a coincidence between the
E1(6,¢) minimum and Ey(6,¢) maximum or between the E1(6,¢) and Ey(6,¢) minima.
Notice that such behavior was previously reported in another context for the directed
transport of Brownian particles in a double symmetric potential®2.

According to Fig. 5, a change in the rotation direction is obtained by changing
the min-max relative shift between Eo(6,@) and Ei(6,@. This was observed
experimentally with the Fig. 1a molecule-motor by locating the tip apex of the STM on
different rotor arms to be coupled to different excited states of the molecule at the same
positive bias voltage range.!* This gives a design rule for new molecule-motors with a
possible reversible choice of the rotation direction since excited states with different
min-max relative shifts with respect to the ground state can be reached depending on the
location of the excitation. Knowing the detailed topology of the excited electronic states

potential energy surface of a molecule-motor becomes now an important part of its



design. For instance, an elegant example of a molecule able to shift its min-max using
hydrogen bonds was recently reported by L. M. Frutos, D. Sampedro et al.??

With the same barrier height (0.25 eV) in Eo(6,@) and E1(6 ¢), a molecule-
motor of the type presented Fig. 1 is able to rotate one way for an average Gaussian F
between 0.02 and 0.2 pN. The necessary condition is that the Eo(§ @) and E1(6,¢) min-
max must be shifted as discussed above and presented in Fig.5. The average time
interval between two ti that forges the Poisson distribution in (4) and (5) must also be
tuned in order to get a stable unidirectional rotation. For example, according to the

solution of (4) and (5) and for an excited state decay time “1of 1 ns, the rotor of the
molecule-motor rotates one-way for an average time separation between two tj larger

than 0.35 ns, reaching a maximum rotation speed at a 1.25 ns tj interval. After this
threshold, the average speed decays exponentially due to the decrease in the energy
supplied to the molecule per unit of time as presented in Fig. 6a. Therefore, when f
decreases, that is for very long E1(6 @) life times, it is necessary to increase the average
excitation time further in order to keep control of the rotation. The control of the
rotation is better when the average time interval between two ti is long enough as
compared to the lifetime of the excited state (here longer than 2.5 ns). For example, an
average interval of 0.35 ns and of 7 ns between 2 consecutive ti leads to similar rotation
velocities (~7.5-10° turns/s). This corresponds to a tunneling current intensity below 1
nA for this life time. Notice that the energy provided to the molecule-motor in the first
case is twenty times larger than in the second (VERY GOOD, HOW TO EVALUATE
THIS ENERGY? SEE THE NEXT RED REMARK BELOW). A representation of the

two cases is presented in Fig. 6b.



Our model assumes that the relaxation process occurs between E1(6,¢@) and
Eo(6 @) whatever their energy difference. Therefore, it is not the absolute energy
difference between Eo(6,¢@) and E1(¢) in (4) and (5) which provide the energy for a
one way rotation (AND SO What it is ..?). Furthermore, the barrier height along their
respective potential energy surface of the states controls the rotor average velocity. We
have employed for the simulations the value previously calculated with the ASED+
semi-empirical method, which is 0.25 eV for the ground state, for a calculated average
velocity of 3.43-107 turns/s. Increasing the energy barrier of both states up to 0.44 eV
leads to a slightly slower rotation (3.28-107 turns/s). However, when decreasing the
barrier in Eo(6 @) to 0.25 eV while keeping E1(g¢) at 0.44 eV, a smaller average
velocity is calculated (2.25-107 turns/s). In contrast, a barrier of 0.44 eV in Eo(6,¢) and
of 0.25 eV in E1(8¢) leads to a large average velocity of 4.11-107 turns/s. Further

modifications of the energy barriers must be accompanied by a new optimization of the
average time interval between 2 ti and of the average Gaussian force in order to keep

the one-way rotation.

CONCLUSIONS

Formally equivalent to a particle in solution, which is subject to a thermal noise
due to random collisions with solvent molecules,?’ a surface-mounted molecule in ultra
high vacuum can be exposed to a shot noise coming from the STM tip. This noise has
been recently used to drive the motion of a single molecule motor.'* Inspired by this
recent achievement, we have carried out a systematic study of the dynamics of a single
molecule motor model driven by a shot noise to model a tunneling current inelastic

excitation. The use of an excited state in driving the rotation of the molecule motor



allows the conversion of a Poisson time-distributed applied force to a controlled
unidirectional motion. For a barrier height of 0.25 eV, the motor reaches a maximum
speed of 4.11-107 turns/s. Furthermore, the direction of rotation of a molecule-motor
can be reversed depending on the characteristics of the excited state involved in the
process. We have demonstrated that a molecule without an intrinsic asymmetry can
reconstruct a one-way rotation by using its internal characteristics. These findings will
help the optimization of the chemical structure of new molecule-motors, not only to
rotate one-way but certainly also to develop a true motive power to be able to move

atoms, small molecules or to drive cooperatively a train of solid state nano-gears.

METHODS

The rotation potential energy profile of the molecule motor ground state was
obtained by means of the ASED+ semi-empirical technique.?* Rotation energy profile
of 2,2'-dibromobiphenyl, partial geometry optimizations and scan calculations on this
molecule to build the potential energy surfaces were done with the semi-empirical AM1
method?® as implemented in Gaussian 09.2° Numerical simulations were carried out
with a home-built program that solves the dynamics equations by means of a Verlet-like

algorithm based on the finite differences method.
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Figure 1: The detailed chemical structure (a) and the surface adsorption conformation

on Au(111) (b) of the molecule-motor at the basis of this paper.
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Figure 2. Asymmetric potential energy profile for a forced rotation of the molecule
motor shown in Fig. la. Calculations were carried out with the semi-empirical ASED+

method.
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Figure 3. a) 2,2'-dibromobiphenyl with the significant atoms labelled. Rotation angle is
the dihedral formed by 1-2-3-4 and torsion angle is the dihedral formed by 2-3-4-5. b)
Potential energy surface map built from the scan calculation of the torsion and rotation
angles of 2,2'-dibromobiphenyl. The black line represents the value of the torsion angle
for each rotation angle from A to B, whereas the red line represents the value of the
torsion angle for each rotation angle from B to A. The torsion angle was the only degree
of freedom optimized during the calculation of both paths. The lateral colored bar is the
scale for the energy in a.u. c) Potential energy profile for a forced rotation from A to B

(black line) and from B to A (red line).
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Figure 4. Potential energy surface, given by Equation 1, used in numerical simulations
as the ground state of the molecule motor. The lateral bar represents the scale of Eo(6, @)

for a value of Vy=1.
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Figure 5. Effect of the electronic states shifting on the rotation efficiency and direction
for a model with a symmetric ground state and a symmetric excited state. The average

time between hits is 3.5 ns for a 10 ms simulation.
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Figure 6. a) Average velocity as a function of the average time between two hits, for a
model with a shifting of 0.6 rad between electronic states. b) Angle of rotation as a
function of the time. The red line is for an average hitting time of 0.35 ns whereas the

black line is for an average hitting time of 7 ns.



