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The rectification of Brownian motion allows the operation of molecular machines, enabling them to
perform directed tasks in biological and synthetic systems. Among the various control strategies, electric
fields (E-fields) are emerging as a powerful means to modulate this rectification. Here, we demonstrate
E-field-driven control of molecular motion in two representative molecular machines — a fluorene-
based overcrowded alkene and an achiral rotor model - that operate via distinct mechanisms.
Furthermore, we identify the optimal orientation of the applied E-fields that transforms activated steps
into effectively barrierless processes, achieving directional control of internal molecular motion with
minimal field strength. This is computationally demonstrated using our recently introduced polarizable
molecular electric dipole model, which predicts E-fields to induce coalescence of transition states and
energy minima on potential energy surfaces. Specifically, our studies show that E-fields enable
bidirectional isomerization in the ground state without having to rely on photochemical processes that
require energies much higher than the corresponding activation energy. Logical control over rotation,
including the implementation of “STOP” and "GO" instructions, can also be achieved through E-field
modulation without molecular chirality. Crucially, the required field strengths are within reach of current
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insight into fundamental biological processes but also informs
the design of artificial molecular motors.
Advances in this field have driven major scientific break-

1 Introduction

The rectification of Brownian motion is a fundamental prin-

ciple underlying the operation of molecular machines, which
are essential for numerous biological processes." Brownian
motion, the random thermal movement of particles in a fluid, is
typically nondirectional. However, in biological systems,
mechanisms exist that rectify this stochastic motion, converting
it into directed work. This principle is vital for cellular trans-
port, enzymatic functions and force generation.> Molecular
machines, such as motor proteins (e.g:, kinesin, myosin),
harness rectified Brownian motion to perform these essential
functions. Operating far from thermodynamic equilibrium,
they utilize energy to bias random fluctuations in a preferred
direction.® Understanding these mechanisms not only provides
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throughs, recognized by the 2016 Nobel Prize in Chemistry.*”
Today, synthetic molecular machines are capable of rectifying
Brownian motion through external stimuli, enabling controlled
molecular movement with significant potential in biomedical
applications and smart materials design."*** Just like macro-
scopic machines, synthetic molecular machines require fine-
tuned control of molecular processes. To achieve this,
researchers have developed strategies based on thermal iso-
merisation, coordination to metal ions,"** redox and chemical
reactions,"** electric fields,* pH changes,'® and hybrid systems
that integrate biological components.?

Electric fields stand out as a superior method of control.
Unlike chemical inputs, electric fields generate no waste and
offer precise spatial and temporal control."” As a result, a wide
array of molecular machines has been developed based on
electric stimuli, including those driven by oscillating fields
(light),'>*7>> static fields,”? alternating fields,** rotating
fields,** and fields generated by scanning tunneling microscope
(STM) tips.**

Molecular machines tethered to (supra)molecules, polymers,
or surfaces are particularly important, as they constitute the
building blocks for functional molecular materials and
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devices.*”** Remarkably, Prezzi, Tour, Grill, and co-workers
demonstrated the unidirectional motion of a molecular motor
on a copper surface using an electric field from an STM tip,*
while Shen, Wang, and Yang reviewed the use of molecular
motors to control phases in soft materials.*®

Simultaneously, theoretical understanding of rectification
has progressed, with the energy ratchet and information ratchet
emerging as key mechanisms.*”*® Though they differ in detail,
both rely on changes in the potential energy surface (PES) or
excitation to higher electronic states to push the system out of
equilibrium. As synthetic molecular machines are inspired by
nature, the concept of using external electric fields to control
molecular motion builds upon a rich foundation of earlier work
in biological systems. Notably, the framework of electro-
conformational coupling®**’ demonstrated how a variation of
a membrane potential of tens of mV generates strong electric
fields that can bias the conformational states of membrane
proteins and enzymes. The usage of external perturbations to
control enzymes*>** finally stemmed in the concepts of infor-
mation ratchet and energy ratchet.*

We recently developed a model that optimally drives systems
out of equilibrium using external electric fields, with successful
applications to chemical catalysis.***” Our polarizable molec-
ular electric dipole (PMED) model calculates the electric field
needed to remove the energy barrier between reactants and
transition states. In catalysis, this accelerates product forma-
tion; in molecular machines, it facilitates movement between
states, e.g.: a shuttle that moves between two stations or a rota-
tion around a bond. Though distinct in context, both cases
involve activated processes that benefit from optimal external
field control, which the PMED model provides (Fig. 1).

In this study, we apply the PMED model to two molecular
machines. The first is an overcrowded alkene based on fluorene,
previously studied by Feringa, Filatov, and collaborators.** We
show that a carefully designed static electric field can eliminate
the rotation barrier in the ground state, removing the need for
photoexcitation. We also demonstrate that the field can induce
isomerisation in the reverse direction, potentially disrupting
the machine's unidirectional motion. Our approach offers
a more general design principle, as it eliminates the reliance on
conical intersections. The static field is designed to distort the
ground state surface, removing the need of the conical inter-
section to speed up the isomerisation, simplifying the synthetic
desing of the next generation of molecular motors. Additionally,

Electric Field

* & *

Fig. 1 Schematic of the PMED model. Based on the optimal bond-
breaking point (oBBP), it computes an external electric field that
removes a reaction barrier and isolates an energy minimum. The star
denotes the initial and final system states.
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the use of static fields avoids degradation and secondary
processes, enhancing motor stability.

The second system is a symmetric analogue of rotary motors
previously explored by Fujimura and colleagues.**>* While
chirality often facilitates directionality, we focus on an achiral
molecule with three potential energy minima, two of which are
symmetrically equivalent. By applying an external electric field,
we break this symmetry and selectively remove energy barriers,
enabling controlled, directional motion. This approach grants
full control over the rotor's behavior, allowing for clockwise
rotation, anticlockwise rotation, or confinement in the central
minimum. Each field breaks the PES symmetry, energetically
distinguishing otherwise equivalent minima. In analogy to
molecular shuttles, this provides logical control over the
rotor's motion, implementing “STOP” and “GO” instructions
via external fields. In the absence of a field, thermal fluctuations
drive symmetric Brownian motion across the three stations.
However, applying the appropriate external field biases the
system toward a specific minimum, effectively rectifying the
motion.

Importantly, the computed field amplitudes required to
achieve this directional control are well within the capabilities
of current STM technology.>**® STM tips can generate the
necessary electric fields to induce these effects, offering a prac-
tical and feasible means for precise manipulation of molecular
machines.

2 Methods

For the purpose of this work it is sufficient to briefly review the
key aspects of the PMED model and we refer the interested
reader to ref. 46, which describes the latest version of the PMED
model. The PMED model is based on optimal control and
catastrophe theories. First, using catastrophe theory, it locates
a special point between the reactants and the transition state in
which these two stationary points can coalesce upon the action
of an external perturbation; second, using optimal control
theory, it computes the optimal external electric field, both in
direction and intensity, to actually make them coalesce. The
annihilation of these two stationary points into one results in
the removal of the energy barrier between the reactants and
products. The point in which the reactants and the transition
state coalesce is called optimal bond-breaking point (0BBP), it is
a special point of the PES where the gradient is an eigenvector of
the hessian, member of the family of the gradient extremal
points.>”*®* The oBBP has optimal properties®** from which it
follows the calculation of the optimal external electric field.

The hypothesis of the PMED model is that the PES under the
effect of an external electric field can be described with the
expression

1
Ve,(X, E) = V(x) — Ee,” |d(x) + EA(X)Ee,, 1)
where V(x) is the original or unperturbed PES, d(x) is the dipole

moment vector and A(x) is the polarizability matrix. x is the
variable or the set of variables used to construct the PES, so it
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can be any variable(s) used to describe the chemical process of
interest, e.g. a distance, an angle, a dihedral.

On the surface, we can define an optimal bond-breaking
point (oBBP) that lies somewhere in between a minimum and
a transition state and follows the conditions

H(X,pBp)g(XoBpP) = 0 (2)
g(Xopp) # 0 (3)

H(X,gpp) is the Hessian of the original PES at the oBBP and
g(xoppp) is the gradient of the original PES at the oBBP. A point
that, in general, satisfies these conditions is a gradient extremal
point. It should be noted that the 0BBP is a point of the border
of a concavity zone. The reactant minimum is in a concavity
zone of the potential surface. Normally, the oBBP is located
halfway between the reactant minimum and the transition
state. After the location of the oBBP, the optimal external elec-
tric field can be determined by imposing two conditions: (i) the
Hessian matrix of the perturbed PES must be equal to the
Hessian matrix of the original PES at the oBBP; (ii) the gradient
of the original PES is an eigenvector of the Hessian matrix of the
PES pertubed by the electric field. Once applied the field
computed with the PMED model, the barrier between the oBBP
and the transition state and the barrier between the oBBP and
the reactant minimum are removed. This results in a barrierless
path between the reactants and the products, therefore the
process requires no thermal energy (see Fig. 1).

The potential energy surfaces (PES) of both systems were
computed by means of quantum chemical calculations. The
PES scans were performed using the ORCA 5.0.3 program
system,** employing the B3LYP functional®** and the ‘mini-
mally-augmented’-def2-SVP  basis set.®>®” All calculations
included the D3B]J dispersion correction.®®®® The DFT calcula-
tions were carried out using the RIJCOSX approximation, which
is the default for hybrid functionals in ORCA.”*”> The PES were
obtained through so-called relaxed scans, in which the scanned
degrees of freedom were constrained while the remaining ones
were optimized. For each point on the PES, the electronic
energy, dipole moment, and polarizability were computed. The
algorithm for the location of the oBBPs and the calculation of
the electric fields is described in ref. 46 and implemented in the
MANULS program, freely available on GitHub (https:/
github.com/MSeveri96/MANULS).”

3 Results

3.1 Fluorene molecular motor

We start by considering a molecular rotary motor derived from
a chiral overcrowded alkene, 9-(2,4,7-trimethyl-2,3-dihydro1H-
inden-1-ylidene)-9H-fluorene.*® This class of motors operates
through two consecutive photochemical and thermal steps. The
photochemical step is the E-Z photoisomerisation of the central
double bond. The thermal step is an helix inversion that
changes the elicity of the molecule from P to M or vice versa.*®
This leads to four stable conformations throughout the motor
cycle. Light is used to fuel the rotation because the E-Z
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isomerisation is thermally inaccessible, whereas helix inversion
typically occurs spontaneously.

Here, we focus exclusively on the photoisomerisation step,
demonstrating that a properly oriented static electric field can
catalyse the E-Z isomerisation without requiring excitation to
a higher electronic state. Thus, we consider only two isomers,
labeled P and M for simplicity, as shown in Fig. 2, without using
the full £/Z nomenclature.

The PES of the ground state has been thoroughly studied in
ref. 48. Following the same approach, we scan two key angles: 6,
which describes the rotation around the central double bond,
and «, which captures the pyramidalisation of one of the carbon
atoms involved in this bond. To define an internal frame of
reference, we introduce two vectors: a vertical vector (v,) aligned
with the central double bond and a horizontal vector (v,) indi-
cating the orientation of the fluorene moiety. This frame allows
us to express the optimal direction of the external electric field
relative to the molecular orientation (see Fig. 3).

By scanning the angle ¢ and «, we identify the PES minima
corresponding to the P and M isomers, as well as the transition
state, found at § = 95° and « = 0° on our grid (Fig. 4a).

Once constructed the PES, we investigate the isomerisation
from P to M. Using the MANULS code we locate the optimal BBP
in which the transition state (TS) and the P minimum coalesce.
The oBBP associated with the P to M isomerisation can be found
at # = 60° and « = 0°. From the properties of the oBBP we
compute an external electric field that lowers the isomerisation
barrier from 24 kecal mol " to just 1.6 kcal mol ™" (Fig. 4b). This
field has an amplitude of 1.40 V A™*. Its direction, relative to the
molecular frame, forms angles of 138° with v, and 125° with vy,
(purple arrow in Fig. 4d).

The electric field strength reported here (1.40 VA ") is higher
than the 500 mV bias used to drive motion in molecular motors
on Cu(111) surfaces, as demonstrated by Feringa and collabo-
rators in ref. 74. This discrepancy arises from the fundamentally
different mechanisms involved. In Feringa's work, directional
motion is achieved via transient electronic excitation, that is
population of the LUMO through inelastic electron tunnelling,
which facilitates isomerization in a manner akin to photo-
isomerization. In contrast, our approach does not rely on exci-
tation but instead modifies the ground state potential energy
surface directly using a uniform static electric field. This
method eliminates the need for designing systems with conical
intersections and avoids photochemical side reactions. It must

Fig. 2 Representation of the fluorene-based molecular motor, along
with the nomenclature.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Dihedral angles used to compute the PES and frame of refer-
ence employed. The vertical vector v, is defined as the unit vector
connecting the atoms 2 and 3. The horizontal vector v, defines the
directionality of the fluorene moiety and is defined as the unit vectors
connecting the atoms 6 and 7.

20 36
5 32
0 28
24
20
16
12
0 8
-15 4
0% 150 °

100
6 (degrees)

(a) (b)

!
S
&

Relative Energy (kcal/mol)

-

a (degrees)
1
6 o ow
Relative Energy (kcal/mol)
a (degrees)

i

-85

a (degrees)

-110

|
=
8
Relative Energy (kcal/mol)

=120

=130
150

100
6 (degrees)

(c) (d)

Fig. 4 (a) PES sectiom without the effect of the external electric field.
(b) PES section under the effect of the field that eases the rotation from
P to M. Corresponding oBBP in red. (c) PES section under the effect of
the field that eases the rotation from M to P. Corresponding oBBP in
red. (d) Molecular 3D structure with the direction of the computed
external electric fields. Purple: field that catalyses the P to M iso-
merisation, cyan: field that catalyses the M to P isomerisation.

be kept in mind that the action of the electric field modifies the
potential surface in such a way that if there are conic intersec-
tions, these are eliminated or are in an area of the potential
surface far from the one we are interested in. The distinct mode
of action naturally results in a different required field strength.

We then extend the analysis to the reverse rotation, from M
to P. The oBBP is found at § = 125° and « = 0°. An electric field
of 1.72 V A™* fully eliminates the 22.9 kcal mol™* isomerisation
barrier from M to P (Fig. 4c). This field makes angles of 140°
with v, and 105° with vy, (cyan arrow in Fig. 4d). Notably, the two

© 2025 The Author(s). Published by the Royal Society of Chemistry
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fields are nearly symmetric with respect to the central double
bond.

This molecular motor is engineered for unidirectional rota-
tion from P to M, initiated by photoexcitation to the first excited
state and followed by relaxation via a conical intersection.*® The
unidirectionality arises from the asymmetric shape of the PES
in both the ground and excited states. While unidirectional
motion is a key feature of molecular motors, our results
demonstrate that - if needed - an external electric field can
reshape the ground state PES to enable isomerization in the
reverse direction.

3.2 Achiral rotor

In Section 3.1, we examined an intrinsically unidirectional
molecular motor and demonstrated that an external electric
field can both facilitate its rotation and reverse its direction.
Here, we consider cyclopenta-2,4-diene-1-carbaldehyde, an
achiral molecular rotor derived from the chiral motors exten-
sively investigated theoretically by Fujimura and co-workers.**->>

We analyse the torsional motion around the central C-C
bond (Fig. 5). The absence of chirality removes asymmetry from
the PES, resulting in a symmetric energy landscape. Starting
from the global minimum (G-MIN, torsional angle = 0°), both
clockwise (CW) and anticlockwise (ACW) rotations lead to
equivalent paths on the PES. Each direction involves a path to
transition state (TS-CW or TS-ACW), descent into a local
minimum (MIN-CW or MIN-ACW), and finally arrival at
a symmetric transition state (SYM-TS) after a 180° rotation. The
section of the PES, shown in Fig. 6a, is periodic over the interval
—180° to +180°, with positive angles denoting ACW rotation.

Despite its simplicity, this system serves as a minimal model
for a three-station molecular shuttle, with two degenerate side
stations and a central global minimum.” Under thermal equi-
librium, Brownian motion allows population of all minima
according to the Maxwell-Boltzmann distribution, eliminating
net directionality. Several strategies have been proposed to
rectify thermal motion in such degenerate systems.*>”* Here, we
show that applying a static electric field can remove this
degeneracy by stabilizing one minimum, thus shifting the
equilibrium and enabling directional motion.

Fig.5 Dihedralangle used to compute the PES and frame of reference
employed. The torsional angle scanned to obtain the PES is defined by
atoms 1-4. The vertical vector v, is defined as the unit vector con-
necting the atoms 2 and 3. The horizontal vector v}, is defined as the
unit vectors connecting the atoms 5 and 6, it describes the position of
the cyclopentadiene with respect to the aldeyde.

Chem. Sci., 2025, 16, 16180-16186 | 16183
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Fig. 6 (a) Unperturbed PES. (b) PES under a field promoting CW

rotation (G-MIN to MIN-CW). (c) PES under a field stabilizing G-MIN
and removing the side minima. (d) PES under a field promoting ACW
rotation (G-MIN to MIN-ACW). Red dots denote oBBPs used to
compute electric fields; purple stars highlight stabilized minima;
arrows guide the visual interpretation of rotation.

Following the methodology described in Section 3.1, we use
the internal coordinate frame defined by v, and v;, (Fig. 5) to
orient the electric field and evaluate its effects on the PES
(Fig. 6).

Assuming that the system is initially localized at G-MIN, we
first identify a field that promotes clockwise rotation by stabi-
lizing MIN-CW and removing the barrier from G-MIN. This field
has a magnitude of 0.40 V A™*, forms a 95° angle with v,, and
a 132° angle with vy, (Fig. 6b). Analogously, we compute a field
that induces anticlockwise rotation, converting G-MIN into
MIN-ACW. This field has a magnitude of 0.42 V A™", with
orientation angles of 113° relative to v, and 38° relative to vy
(Fig. 6¢). Finally, we identify a field that stabilizes G-MIN while
eliminating both side minima, effectively halting the motion.
This field has a magnitude of 0.12 V A™*, with angles of 116° and
97° relative to v, and vy, respectively (Fig. 6d).

Together, these three fields provide full control over the
rotor's behavior: clockwise rotation, anticlockwise rotation, and
confinement in the central minimum. Each field breaks the PES
symmetry, energetically distinguishing otherwise equivalent
minima. In analogy to molecular shuttles,* this enables logical
control over motion, implementing “STOP” and “GO” instruc-
tions via external fields. In the absence of a field, thermal
fluctuations drive symmetric Brownian motion across the three
stations. Application of the appropriate field biases the system
toward a specific minimum, effectively rectifying the motion. To
achieve full rotation, the fields can be very slowly modulated
out-of-phase with one another, subsequently populating the
minima of the potential energy surface. With this procedure,
the efficiency can approach 100%.”® For example, starting from
G-MIN, the molecule can be selectively driven to MIN-CW using
the first field, returned to G-MIN with the second, and subse-
quently directed to MIN-ACW with the third. Releasing the field

16184 | Chem. Sci., 2025, 16, 16180-16186
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restores thermal motion, allowing the system to repopulate G-
MIN and restart the sequence.

4 Conclusions

This work establishes that static external electric fields offer
a powerful, tunable means of reshaping potential energy
surfaces to modulate the dynamics of molecular machines with
a high degree of precision. By leveraging the Polarizable
Molecular Electric Dipole (PMED) model, we systematically
identify fields that lower or entirely eliminate isomerisation
barriers, thereby transforming otherwise activated processes
into nearly barrierless transitions. Crucially, this is achieved
without resorting to chemical modifications or the continuous
input of photons.

In the case of the fluorene-based overcrowded alkene, our
calculations show that electric fields can catalyse the ground
state isomerisation typically driven by light. Remarkably, the
electric-field-induced E-Z isomerization proceeds with energy
inputs comparable to the intrinsic ground-state barrier, thereby
avoiding the excess energy typically associated with electronic
excitation and minimizing the risk of parasitic side reactions.
This simplifies the design and synthesis of next-generation
molecular motors by removing the requirement for photo-
active excited state and conical intersection and also mitigates
issues such as photodegradation, allowing for increased
longevity and operational stability. Furthermore, the ability to
reverse the direction of rotation via tailored electric fields
challenges the conventional paradigm of irreversible unidirec-
tional molecular motion.

For the achiral rotor, we demonstrated that symmetry-
breaking via static electric fields enables selective, directional
control over molecular rotation. The field-dependent modula-
tion of the potential energy surface introduces logical func-
tionality (“GO”, “STOP”) akin to that seen in switchable
molecular shuttles. This level of control could be instrumental
for implementing logic gates at the molecular level or for
powering nanoscale devices.

Importantly, all electric fields computed in this study fall
within experimentally achievable ranges using STM  tips,
affirming the practical feasibility of the approach. The PMED
model thus serves as a predictive design tool that bridges
quantum chemical theory with experimental implementation.
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