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ABSTRACT: Molecular motors that exhibit controlled unidirectional rotation provide great
prospects for many types of applications, including nanorobotics. Existing rotational motors have
two key components: photoisomerization around a z-bond followed by a thermally activated
helical inversion, the latter being the rate-determining step. We propose an alternative molecular
system in which the rotation is caused by the electric coupling of chromophores. This is used to
engineer the excited state energy surface and achieve unidirectional rotation using light as the only
input and avoid the slow thermally activated step, potentially leading to much faster operational
speeds. To test the working principle, we employ quantum-classical calculations to study the
dynamics of such a system. We estimate that motors built on this principle should be able to work
on a subnanosecond time scale for such a full rotation. We explore the parameter space of our

model to guide the design of a molecule that can act as such a motor. R
N aturally occurring molecular machines play an important inversion.'” The time scale of this rotation is limited by the
role in various biological pathways that are crucial to life, rate-determining thermalization step. In this step, the system
such as the transport of cellular matter by kinesin protein1 or waits in the ground state for a thermal fluctuation to drive it over
facilitating muscular contraction by myosin.” The ubiquity of the potential energy barrier for the helical inversion to occur.
this kind of system in biology has triggered the research in the Even in the fastest of systems, this makes the half-life of the
synthesis of artificial molecular machines in the past few rotation as slow as 6 #5-18 On the contrary, the time scale related
decades.®> A molecular machine responds to an external stimulus to the photoisomerization process is on the order of pico-
by changing the conformation of a submolecular unit. This seconds.' ™"’ Making the thermally assisted step faster or
change can lead to the molecule functioning as a motor,4_6 a eliminating it would thus potentially allow for dynamics, that
shuttle,” a switch,® tweezers,” or a propeller.'’ Molecular motors is orders of magnitude faster than the currently existing
are chiral molecules that exhibit unidirectional rotational motion molecular motors. For the efficiency and overall speed of any
upon being stimulated. Upon combination of several such light-driven molecular motor, it is of course also clréuzcoial that the
motors, even nanocars that can move on surfaces have been quantum yield of the light-driven strokes is high. ™

This Letter presents a novel approach for a molecular design
in which the thermally assisted barrier crossing step is
circumvented and primarily photochemical effects are utilized

synthesized."' ™' With such useful properties, these motors
might pave the way for efficient transport on the nanoscale and

could be crucial in novel applications of drug delivery or
nanorobotics.'”'® The aim of this paper is the theoretical study to drive the full rotation. The new design will have a downhill

of the feasibility of a new motor design that is driven by only therma?lizat.ion.stgp , where the energy app lied by the .electr onic
light. excitation is dissipated to the environment. In particular, the
electric coupling between excited states of dye molecules is
employed in a dimer system to generate torque on the molecule
that drives the rotation. The excited state potential energy
surfaces (PESs) can be engineered to facilitate an asymmetric
motion of the relevant degree of freedom, the dihedral angle

The original light-driven motor* relies on four successive
steps to achieve a complete unidirectional rotation. In essence,
moieties around a z-bond experience conformational changes
through this cycle. On the incidence of light and with the proper
temperature bath present, the molecule goes through successive
cis—trans isomerization'® and helical inversion steps to return to

the original conformation. The first trans—cis isomerization Received: March 24, 2021
occurs by exciting the molecule to the first excited state whereby Accepted: May 29, 2021
it relaxes to the next metastable cis isomer. Then it awaits a Published: June 7, 2021

thermalization step after which the helical stacking of the
molecule is inverted. Another photoisomerization step follows,
which is again succeeded by a thermally assisted helical
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Figure 1. (a) Geometrical schematic of the light-driven motor attached with one end to a surface. One pair of the substituents on either end of the
molecule are chromophores illustrated by their transition dipoles (shown as blue arrows). The other substituents (red and green) are chosen in a
manner that makes the molecule chiral. (b) The inset shows the Newman projection of the molecule and the angle ¢, which is the dihedral angle
between the two dipoles. The plot shows the variation of the dipole—dipole coupling energy with the dihedral angle. (c) Adiabatic ground and excited
state potential energy surfaces. The excited states are split because of dipolar coupling.

between the transition dipole moments of the two chromophore
units. An estimate is then made of the time scale at which the
molecular motor rotates. Finally, the parameter space of the
model is explored to locate the regime in which the motor would
potentially function. This understanding guides the future
design of a real molecule that can be synthesized and
characterized in the laboratory. The strategy is somewhat
similar to that used to design other functional materials, and the
driving force is the same as found in excimer formation.”"** The
design presented here is significantly different from those
previously proposed for rotary motors driven only by light**~>°
in that, here, the rotation will not be around a double bond.
The monomer units of the system that house the
chromophores are connected via a o-bond or potentially a
combination of a 6-bond, a triple bond, and another o-bond.
The other substituents are chosen to make the molecule chiral,
thereby stabilizing the ground state potential minimum at the
intended initial configuration and ensuring that the molecule has
a preferred direction of rotation in the ground state. In the
system considered here, one of the monomers is chemically
attached to a surface whereas the other end remains free, as
depicted schematically in Figure la. The degree of freedom of
the main interest, the dihedral angle (¢) (Figure 1b), is
simulated quantum mechanically, and all other degrees of
freedom are treated classically as Brownian oscillators. The total
Hamiltonian (H(t)) of the system is the sum of the system
Hamiltonian (I:I 5)*“*” and the bath Hamiltonian (ﬁB(t)). In the
diabatic representation, the Hamiltonian can be expressed as (%

=1)

2 2
Ay =) Y i) (Ts; + V)l
i=0 j=0 (1)
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where the ground state is assigned the number 0 and the two
states in which one of the chromophores is excited are assigned
the numbers 1 and 2. The kinetic energy operator for the
rotation is defined

)

where I is the moment of inertia for the rotation about angle ¢.
The electric coupling between the two chromophores is

Vi = Vo = J, () 3)

The coupling between the ground and excited states is set to
zero. It is assumed that the ground state PES varies with the
dihedral angle (¢) as a simple sinusoid having an amplitude of
W,. Moreover, it is assumed that the uncoupled excited state has
the same form:

N . N W,
Voo =V =V = 70(1 + cos 3¢p) — € cos(¢p — 60°)
)

The second term in the PES is a small perturbation (¢ < W,)
that is introduced to break the symmetry and has a physical
origin in the choice of the red and green substituents. This
introduces chirality and biases the ground state wave function of
the electronic ground PES to a global minimum around ¢ = 60°.
In practice, € should not be too small compared to kzT to
localize the initial wave function in the initial state, but not so
large that it perturbs the dynamics in the excited state. In realistic
systems, this should not be difficult to engineer. The values of
energy parameters W, and & are listed in Table 3. We here
deliberately choose a simple PES to avoid an unreasonable
number of free parameters and keep focus on the general

https://doi.org/10.1021/acs.jpclett.1c00951
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principle. If a sufficiently accurate PES can be obtained for a
specific candidate molecule, this can of course be used to replace
the PES used here to evaluate the efficiency of that specific
molecule.

The electric coupling is approximated with the transition
dipole coupling model resulting in the following dependence
where the transition dipole positions and orientations depend
on dihedral angle ¢:

1 /71/72 (/71712) (/72 ?12)
]12 (¢) = - 13 - -5
4rey | 17, 17, ()

where Ji; and /i, are the transition dipole moments for the two
monomer sites and 7y, is the vector between the two point
dipoles. The resulting variation in the electric coupling for the
set of parameters chosen for the simulation is depicted in Figure
1b, while the variation in the eigenenergies is shown in Figure lc.
Figure 2 shows the geometrical parameters of our model,

(b)

R W

Figure 2. Detailed geometric description of the model. (a) Spatial
parameters [ and d of the molecule that defines the relative position of
the two transition dipole moments fi, and }i,. (b) Angular parameters
0, ¢, and ¢ that define the orientation of the transition dipole
moments.

including dihedral angle ¢ that is modeled as the azimuthal angle
in a cylindrical coordinate system. In Figure 2a, | represents the
distance between the two monomer units and d denotes the
distance of the point dipole from the end of the bond connecting
the monomers. Figure 2b depicts the angular parameters (61, 6,,
and ¢,) that determine the orientation of the dipole moments
and are assumed to be fixed in the rotating frame. Angle 07 is the
tetrahedral angle by which each of the three connecting bonds is
titled with respect to the Z axis and the orientation of the dipole
is characterized by angular parameters ¢, and ¢,. Transition
dipole moments #i, and Ji, are of the same magnitude ljil, but
points in opposite directions. The dihedral angle (¢) is the
degree of freedom that is explicitly simulated in this work. The
orientations of the transition dipoles for the two chromophores
were chosen such that they are almost parallel to the rotation axis
(6, = 10°). This ensures that the upper PES has its maximum
dipolar coupling strength at ¢ = 0° and provides a non-zero
oscillator strength to the upper PES. The values of the
aforementioned parameters used in our simulations are
summarized in Table 1.

The potential energy part of the Hamiltonian is diagonalized
to find the split excited state surfaces, and the obtained
electronic ground and first two excited states are shown in Figure
1c in the angular basis. The two excited state PES surfaces have
opposite slopes at angular ranges near the initial configuration,

5514

Table 1. Geometrical Parameter Values Used in the
Presented Simulations

parameter value
Il 8D
) 0.56 nm
d 0.14 nm
Or 70.53°
0, 10°
4, 0°
I 36.14 amu nm?

and consequently, the molecule experiences opposite torques
depending on the electronic state. The central idea of this model
is to utilize this asymmetry to complete the unidirectional
motion. The bath Hamiltonian (Hp) is modeled to be linearly
coupled to a bath degree of freedom x(t) as

Ay(t) = D liyns (1)

i=1

(6)

where # is a proportionality constant that depends on the
strength of the coupling between the bath degree of freedom and
the environment. The bath degree of freedom x,(t) for the ith
site evolves as a Brownian oscillator and derives the fluctuations
from the surface to which it is attached. This degree of freedom,
treated classically, evolves according to the Langevin equation of
motion:**

mi + yx + kx = E(t) 7)

A mass of m is associated with the bath coordinate x, and it
undergoes a damped harmonic motion under friction,
contributed by y and having a spring constant k. The oscillator
is driven by a white random force Fy(t) that follows a Gaussian
distribution with a zero mean and a standard deviation of

ZkBATW , where At is the time step of the numerical integration,
which is employed to solve the differential equation. The
second-order Runge—Kutta method was used to integrate the
equation over the entire time of the simulation with the initial
position and velocities drawn from two Gaussian distributions

with means of zero and standard deviations of lkBTT and /kB—T s
m

respectively.”

Because in our simulations one end of the molecule is
attached to a gold surface, it is assumed that the fluctuations in x
are derived from the motion of the gold atoms. With this
motivation, parameters m, y, and k are chosen such that they
represent values of the atomic mass, the spread, and the mean of
phonon spectra of gold, respectively.*’

The values of the parameters used for the Brownian oscillator
simulation are listed in Table 2.

Table 2. Parameter Values Related to the Classical Brownian
Oscillator Simulations

parameter value
At 0.05 fs
m 196.95 amu
4 3.14 ps™!
k 51.6 nN/nm
n 5.87 eV/nm

https://doi.org/10.1021/acs.jpclett.1c00951
J. Phys. Chem. Lett. 2021, 12, 5512—5518


https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00951?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00951?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00951?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00951?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c00951?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

The «x,(t) term breaks the symmetry between the two
chromophores as the immediate bath environments for the
two sites are generally different.

The ground state Hamiltonian is diagonalized to find the
ground state wave function, which peaks at 60°, because of the
chiral perturbation. Given that the spacing between the ground
state and the uncoupled first excited state is E;, the wave
function is selectively excited to the higher excited state by
shining a laser pulse having a Gaussian energy profile with a
mean photon energy of E, ., and a width of 6y,,. This ensures
that the resultant wave function peaks at ~40° on the upper PES.
This angular value is chosen because of the favorable slope at
that angle that results in a torque which propels the molecule to
rotate. The energy-related values used in the simulation are
listed in Table 3.

Table 3. Parameters Related to Energy That Are Used in the
Simulations

parameter value
E, 2.5 eV
W, 0.12 eV
€ 0.001 eV
B 2.81 eV
Glaser 0.05 eV

The temporal evolution of the wave function is governed by

the time-dependent Schrodinger equation:

dy (o, t)

= —iH(t)w(4, 1)

The wave function y(¢, t), following this quantum mechanical
equation of motion, is propagated over small time intervals At,
over which the Hamiltonian is approximately constant, using”'

w(g, t + At) = O (g 1) )

The time interval At is chosen such that it is smaller than both
the time scale associated with the largest energy difference in the
system and the environmental fluctuation correlation time scale.
The evolution of the probability densities [ly(¢, t)I*]
corresponding to the two wave functions (light and dark blue)
in the site basis is shown in Figure 3a—e for a single bath
realization. The initially excited wavepacket starts at 40° and
around 50 fs approaches 60° where it encounters a minimum
(Figure 3a). It goes over the first barrier with reduced
momentum, and a part of it is reflected from the second
potential barrier. The small peaks close to 60° in Figure 3b
depict this counter-motion of a small part of the wave function.
At 900 fs, when most of the wave function is around 300°, the
part of the wave function that still resides in the upper PES is
reflected from the high barrier. The other part, which has gone
on to the lower PES, continues the unidirectional motion as
shown in Figure 3c. Figure 3d shows the wave functions at 1.1 ps
where a significant part of the wave function has completed the
full rotation. At longer times (Figure 3e), the motion of the wave
functions becomes incoherent as the time scale of the simulation
approaches the time scale of the fluctuations in the system. An
estimation of the quantum yield of rotation gives a value of 33%.
The calculation details are presented in the section 1 of the
Supporting Information. Propagation methods accounting
explicitly for thermalization®” >* may improve the efficiency
estimate in the future. The unidirectionality is lost after one
rotation. Following this full rotation, the energy supplied by the

dt (8) electronic excitation needs to be dissipated to the environment
p
(a) s t =50.0fs (b) .- t =450.0 fs (€) .- t =900.0 fs
1.0f 1 157 1
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Figure 3. Initially excited probability density propagating according to the time-dependent Schrodinger equation for a single-bath realization. The light
and dark blue plots denote the two different sites. There are different stages during the evolution. (a) Initial probability density after propagating for SO
fs upon being excited to the upper excited state potential energy surface. (b) The wave packet has propagated toward larger dihedral angles. Part of the
wave was reflected by one of the smaller potential barriers shown in Figure 1 and is smeared over a range toward smaller dihedral angles. (c) A part of
the density is reflected, whereas another part is continuing its unidirectional motion. (d) A part of the wave packet has come back to the initial spot near

60°. (e) Subsequent evolution of the probability density.
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or to a nearby quenching molecule before a new rotation can be
induced by a subsequent excitation and a new rotation. As the
barriers on the ground state potential surface should be fairly
shallow, a breaking mechanism™ may be employed to prevent
random rotation in the ground state, when the motor is not in
operation.

To estimate the time at which the complete rotation occurs
for a part of the wave function, the probability density at 40° is
monitored as a function of time in Figure 4. Because the initial

0.0200

—— Averaged over 1000 realizations

0.0175F
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0.0125F

t)|?

2~ 0.0100F

|w(40

0.0075F

0.0050F

0.0025F

0.0000F

1000 1500
Time (fs)

Figure 4. Estimation of the rotation time scale by looking at the
probability density at 40°. The density decreases very rapidly as the
wave packet moves away and again increases at around 1000 fs when the
part of the wave packet that has completed the rotation returns to that
angle. The smaller bump at 600 fs is the reflected part of the density that
came back. The blue, green, and red lines show three different
realizations, while the dotted black line is the evolution of the density
averaged over 1000 realizations of the simulation.

laser-excited wave function was around that angle, the density at
the beginning is very high. As the wavepacket moves toward
larger angles, this value sharply drops. It shows a slight increase
at ~550 fs due to the reflected wavepacket as shown in Figure 3b.
The next hump at ~1000 fs denotes the time at which the
rotation has reached completion as shown in panels ¢ and d of
Figure 3. The other features around 1400 fs correspond to the
incoherent propagation of the wave function where it becomes
smeared over the whole angular range.

From the observations in Figures 3 and 4, we can infer that
unidirectional motion can be achieved in a time scale of ~1 ps.
The magnitude of the electric coupling determines the splitting
between the two states and consequently regulates the
propagation of the wave function. In turn, this coupling depends
upon the relative distance and orientation of the two transition
dipole moments of the dimer molecule. These geometrical
parameters should be such that, on one hand, the coupling is
close enough to zero so that the bath fluctuations can drive the
wave function between the two excited states. On the other
hand, the strength of the coupling should be larger than the
ground state potential energy barriers to ensure that the excited
state PESs are significantly different from the ground state one.
With these criteria in mind, the parameter space is explored to
find the regime where the design of the molecule makes it likely
to act as a motor.

The distance between the two monomer units (I) and the
distance of the dipole moment from one end of the unit (d) are
identified as two crucial geometric parameters, along with the
strength of the dipole moments. Because of the symmetry in our
system, coupling energy J(¢) has its minimum value at 180° and
its maximum value at 0°. One criterion that is used is that this
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minimum value J(180°) < kzT, which means that the coupling
attains a sufficiently low value for the thermal fluctuation at
temperature T to transfer the wave function between the two
PESs. The other condition is that the total change in the

coupling, i.e., J(0°) — J(180°) > % In other words, the

difference in coupling energy values at different angles is large
enough compared to the barriers in the ground state PES. Only
when these two conditions are simultaneously satisfied can the
molecule have the possibility of acting as a motor. The
aforementioned exploration is presented in Figure S by a map
of the two parameters, [ and d, for different values of dipole
moment strength p (=li;| = Iji,|). For a very low dipole moment
strength (Figure Sa), the region for which both conditions are
satisfied (the green area) is very small and occurs for only small
values of both parameters. With the increasing value of the
dipole moment, as depicted in Figure 5b—d, this favorable
region shifts to cover a larger area in the parameter space that has
been explored. This map can be used to screen potential
molecules and provide insight into the design of new molecules.
The BODIPY molecule is a good chromophore candidate as it
has a transition dipole of ~8 D and a high fluorescence quantum
yield, reflecting high stability.””

In the simulations presented in this Letter, the ground state
and first excited state potentials have been assumed to have the
same nuclear component. For screening real molecules,
electronic structure calculations have to be carried out to
determine the exact shape of the PES. Toward that end, the
nature of the bond between the two monomer units would play a
crucial role, as well as the substituents present. The moment of
inertia considered here was chosen with the BODIPY"” dye in
mind. If retinal molecules were used, the moment of inertia
would be 5 times smaller. For molecules with larger sizes and
moments of inertia, the dynamics would be slowed. For a
realistic system, the assumption of having the other angles (6,
and ¢,) fixed has to be relaxed, as well. Finally, a rigorous study
of the influence of bath fluctuations on the rotation dynamics
would require considering a very specific system and explicitly
including the nuclear degrees of the environment. Despite the
limitations of the study presented here, the demonstrated basic
working principle should apply to real systems and alternative
molecular machines can potentially be designed following
similar principles; for example, one could design systems that
will contract like an artificial muscle using a very similar design
principle using pairs of chromophores that attract each other in
the excited state. In section 3 of the Supporting Information, we
have added the structure and information about a potential
candidate molecule. In addition, electronic structure calcu-
lations and extensive benchmarking will be required to find a
molecule that can also be synthesized and applied in practice.
The design proposed here is unlikely to be fully unique. We, for
example, foresee that a motor design with more chromophores
could be more flexible in design and variations over the essential
idea put forward here may be worth exploring in the future.

In summary, in this Letter a new concept of realizing a
unidirectional rotary molecular motor using only light has been
proposed. A chiral dimer system is shown to undergo
unidirectional rotational motion about a dihedral degree of
freedom. In a demonstration of the working principle on a model
molecule attached to a surface, quantum dynamics revealed a
quantum yield of ~33%. The time scale of such a full rotation is
estimated to be on the order of a picosecond for the tested set of
parameter values, orders of magnitude faster than existing
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Figure S. Illustration of the geometric parameter space providing the optimum parameters for the realization of a molecular motor. The green region
shows the space for which the two potential energy surfaces cross and the splitting is comparable to the amplitude of potential energy variation as a
function of rotation angle ¢b. Panels a—d show the parameter space for different transition dipole moment strengths.

molecular motors. The parameter space was mapped out to find
suitable regimes in which a molecule can be designed to act as a
molecular motor. Developing, synthesizing, and characterizing a
molecule that behaves as predicted here remain important
challenges. We foresee that similar design principles may be used
for developing molecules with other modes of motion.
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