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Molecular machines are nanoscale devices capable of performing mechanical works at molecular level.
These systems could be a single molecule or a collection of component molecules that interrelate with
one another to produce nanomechanical movements and resulting performances. The design of the
components of molecular machine with bioinspired traits results in various nanomechanical motions.

Some known molecular machines are rotors, motors, nanocars, gears, elevators, and so on based on

their nanomechanical motion. The conversion of these individual nanomechanical motions to collective

motions via integration into suitable platforms yields impressive macroscopic output at varied sizes.
Instead of limited experimental acquaintances, the researchers demonstrated several applications of
molecular machines in chemical transformation, energy conversion, gas/liquid separation, biomedical

use, and soft material fabrication. As a result, the development of new molecular machines and their
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applications has accelerated over the previous two decades. This review highlights the design principles

and application scopes of several rotors and rotary motor systems because these machines are used in
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1. Introduction

1.1. Translation of chemical structure to molecular machine

Chemical structures often account for the execution of chem-
ical reactions associated with the chemical state change of the
molecules; nature's kitchen uses chemical reactions and
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real applications. This review also offers a systematic and thorough overview of current advancements in
rotary motors, providing in-depth knowledge and predicting future problems and goals in this area.

biosynthesis processes to produce an innumerable number of
molecules. Besides these, nature has specific ways of orga-
nizing biological processes with various regulatory tools.'”
One such tool is biomolecular machines that execute jobs by
changing their conformational states and using their pro-
grammed mechanical dynamics. Though there is hardly any
difference in the chemical structures of machines and non-
machines, these molecular machines show real-time opera-
tions to execute many routine biological jobs. The most
miniature proton-driven biomolecular motor is F;-ATPase, a y-
subunit of ATP synthetase enzyme that works as a central
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rotor. It processes unrestricted angular rotatory motion of the
subunit surrounding a a;B;stator and reverses ATP synthesis
and hydrolysis.* Thereby, the knowledge of molecular
machines came, and it categorically refers to groups of
chemical structures with remarkable potential to produce
mechanical forces and accomplish measurable physical works.
Molecular machines®® are generally subclassed into rotors,
motors,” rotaxanes, catenanes,*® and some typical switches.'®
Synthetic chemists started mimicking the biological molecular
machines and using biomimetic nanomechanical mecha-
nisms to build artificial molecular machines. They focused on
the control of the directional movement processes of the
molecule. Investigations have shown the different modes of
operation and control of molecular machines in different
environments."*?

The advancement was significantly accelerated when scien-
tists learned to synthesize mechanically interlocked mole-
cules." The concept of nanotechnology by Richard Feynman
was well-established by Jean-Pierre Sauvage, Sir Fraser Stoddart,
and B. L. Feringa through their contribution to molecular
machines.””*® We found several biomachines in nature, but
deciphering their exact mechanisms is complex. However,
researchers have successfully decoded the mode of action of
natural motor proteins in the last few decades. Depending on
the unique properties of biomachines, the molecular systems
were classified®®'® earlier based on the types of work they
served. For example, a switch-based molecule has reversible
movements, and the relative positions of different molecular
parts influence the state of the switch. The molecule can undo
the switch effect when the molecular counterparts return to the
initial position. A molecular motor impacts systems by oper-
ating their components or a substrate over the trajectory. Motor
function is repetitive and progressive in a system.®*®
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However, the switches can be a motor in a particular condition
if the “forward” transition between two states takes a different
route than the “backward” transition.? In this context, Feringa's
unidirectional overcrowded alkene motor is an example.

1.2. Molecule motors and their motion

After the discovery of Brownian motion in 1827 by the famous
botanist Robert Brown, Einstein and Perrin proved that the
bombardment by the particles available for collision with the
molecule instigated Brownian motion.**** With the growing
interest in building molecular machines, scientists have
made numerous efforts to understand artificial molecular
machines and their modes of action by synthesis and char-
acterization. Brownian motor-type machinery is found in
nature in the curved movement of eggs in the fallopian
tube.>**® The egg progression occurs by systematically regu-
lating the outer and inner dynein arms in the fallopian tube.
Three biomolecular motor classes in eukaryotic cells generate
power via their stochastic linear movements: actin-based
myosin band motor proteins, tubulin-based dyneins, and
kinesin motor proteins. These proteins bind to the specific
nucleotide, leading to a change in the conformation due to
ATP hydrolysis.>”*° Actin-based protein myosin hydrolyzes
ATP; it generates force through the power stroke (PS) mech-
anism in skeletal muscle that walks toward the positive end of
an actin filament and causes muscle contraction.**** Simi-
larly, other motor proteins play a vital role in cellular func-
tions: transporting intracellular cargo to the specific site,
synthesizing proteins, replicating DNAs, and decoding the
DNA strands.*¢

Motor proteins have been extensively used in nano-
fabrication and as building blocks for generating hybrid
systems by engineering synthetic molecules.** These
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Chart1 An initial image of molecular rotors/motors and their respective applications.

biomolecular machines comprise amino acid chains that
undergo self-assembly or folding utilizing ATP as fuel. DNA
scaffolds are used as a tool to arrange/self-assemble the
molecular motors, where DNA serves as fuel.*” Notably, different
molecular motors/rotors are linked with DNA origami, where
DNA is used to template or drive the assembly of molecular
motors. Thus, taking advantage of the complementary base-
pair interaction in oligonucleotides and the self-assembly
process, DNA-based machines have been developed.

This review focuses on information about the molecular
motors' physical and chemical characteristics. We emphasize
the development of various rotary motor systems with
mechanical properties and their microscopic and macroscopic
works (Chart 1). We discuss how the molecular engineering of
these motors can allow the building of new hybrid nanodevices
that deliver relevant outcomes. Moreover, the collective
macroscopic works are highlighted upon integrating with
different surfaces or interfaces (such as polymers and 3D
porous materials). We kept our discussion centered on rotary
motor systems because we found they have the most practical
applications. Therefore, some current reviews®***** by eminent

© 2023 The Author(s). Published by the Royal Society of Chemistry

contributors have been discussed in depth for the readers’
interest.

1.3. Brownian ratchet and power stroke motions

The first and second laws of thermodynamics gave us the
knowledge of energy transportation that determines the direc-
tion of motion of a body; these laws are valid for macroscopic
systems. However, many microscopic biomolecular motors
govern the net directional motion in a biological system; thus, it
is doubtful whether these two laws are relevant in the molecular
domain. A motor protein uses the thermal energy, kT, to
produce the directed motion, which conflicts with the second
law of thermodynamics. Here, a ratchet mechanism is intro-
duced to describe the phenomenon that governs biomolecular
motors' function, generally mentioned as Brownian ratchet (BR)
and power stroke (PS) rotors.* This mechanism results in a net
directional motion when the system is in symmetric potential
with directionless applied force. Therefore, the question is how
far these macroscopic laws govern the nanomachines in
a nonequilibrium environment. The experimental and theo-
retical investigations strengthen the field of Brownian rotor that

Nanoscale Adv., 2023, 5, 3177-3208 | 3179
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gives an insight into the mechanism.** Several other published
reviews®**%¢ on molecular machines have vividly consolidated
the discussion on these motors' design and working mecha-
nisms. Therefore, we would like to give brief details about some
selected interpretations of the same and extend further toward
their working principle, potential applications, and future
outlook.

A BR is a conceptual machine where an axel connected to
a ratchet wheel allows the wheel system to rotate 360° around
the axis in the forward direction with a reverse rotation
restriction. Such ratchets get power by absorbing random
thermal energy from the available sources. However, we may
come to specific points where such motion appears highly
unrealistic, although the working mechanism is the same. In
nature, the BR mechanism assists many intracellular parasites
in moving forward in their host system. The motion of
a motile bacteria that move forward in the suspension fluid
occurs at a low Reynolds number. The working principle of the
FoF; rotary motor of ATP synthase was explained with a model
that shows how two BR states of the F; motor utilize the elastic
energy to induce the production of ATP, competing with the F,
motor to perform complex tasks.”” The F; motor works as a PS
using ATP as its fuel. In contrast, the F, motor hydrolyzes the
ATP and uses the chemical energy against the concentration
gradient to rectify the F; rotational motion. Efforts have been
made to build artificial molecular motors by mimicking these
ratchet mechanisms; however, the complexity and design of
the biological rotors are stochastic and event-based. Hence,
theoretical investigations are helpful and offer insight into the
fundamental principles of making the molecules motorized.
In another study, Astumian described a unidirectional Brow-
nian motor motion of a large ring that became operational in
adiabatic conditions at near equilibrium at every instant,*®
resulting in about efficiency 100%. Eventually, two basic
parameters are required for the molecule to become a Brow-
nian rotor: one is self-propelled motion at a low Reynold
number, and the other is that the motor should utilize
Brownian motion rather than fighting against it because the
temperature is not an adequate parameter as the velocity of
the system is proportional to the square root of the tempera-
ture.* Thus, an applied torque is needed for the rotary motor
to perform a rotational motion and to repeat mechanical
performance. These features must be fitted in a system to
design a motor or rotor. Thus, a molecular motor will perform
the net-directed motion in potential asymmetric barriers by
combining the effect of structural asymmetry and diffusion
motion by manipulating the energy barrier at
nonequilibrium.>*-*?

The role of kinetic parameters is demonstrated by
a comparative study between macroscopic and microscopic
tasks, where an example of the movement of the brick from
the lower staircase to the upper staircase is performed in two
mechanistic ways.>® Moving the brick from white to black
must work against friction that causes energy dissipation
irreversibly, whereas lifting the brick into the next staircase is
done reversibly (Fig. 1a—c). The modulation of surface friction
manipulates this energy dissipation, and this process can be

3180 | Nanoscale Adv,, 2023, 5, 3177-3208
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correlated with the modulation of microscopic work exploit-
ing thermal noise and diffusion. The microscopic brick moves
forward due to diffusion; moreover, the thermal activation
causes the brick to move into the next staircase, whereas
chemical energy is utilized to block the backward movement.
However, the initial state of the brick is thermodynamically
favorable compared to the kinetically stable final state,
ascribed to the modulation of the energy barrier, known as
the information ratchet. This information ratchet of the
Brownian motor is explained by the catalytically driven state
of the motor undergoing thermal activation, and diffusion is
depicted.

The complex performance of a molecular machine needs to
have multiple functional components collectively work in
coherence. Different parts of the machine may work in
a parallel or stepwise manner. For example, when the ratchet
mechanism has different characteristics, i.e., PS and BR,
depending on their periodicity and energy inputs, multiple
ratchets can possibly combine in a single system to build
a motor that works to produce complex tasks (Fig. 1d).>***
Biological motor proteins, e.g., Kinesin-1, Myosin-V, and F;-
ATPase, employ these PS and BR mechanisms to a different
extent to perform individual biological functions. Thus,
combining these two mechanisms makes it possible to deduce
a complex motion in a synthetic motor. Generally, we discuss
PS and BR mechanisms as two separate ratchet behaviors of
a motor protein. However, a clear consensus on their exact
nature of work is yet to be known.

1.4. Rationale of double ratchet rotor/motor technology

We define a PS as a significant downhill free energy gradient
generated over a distance more significant than the step size.>
A protein with this sufficiently large gradient may show a strong
bias to move against the load.*” Therefore, the forward transi-
tion of a PS is nearly an irreversible process. It is similar to
a relaxation of stored elastic potential energy from a strained
state along with a nanometer-scale conformation change.
Moreover, a BR mechanism follows a thermal gradient for for-
warding movement. It stabilizes the position in a stepwise
manner via the corresponding conformational changes
utilizing the fuel processing events.>»** However, a small back-
stroke or limited reversibility produces a stepper motion. An
artificial molecular motor is thus created by combining PS and
BR functional units in a single system, resulting in a double
ratchet rotor (Fig. 1e).”® These two modules are connected so
that BR independently diffuses to a stepper movement within
a long temperature range. Such a BR motion can harvest natural
energy from thermal fluctuation and engenders a favorable
situation to store the energy. For this reason, the adjoint PS
module can use the energy as elastic energy to favor the PS to
move. Thus, the overall system behaves like a motor running
under a long-range free energy gradient. In this current rotor,
BR and PS modules are divided into two separate aromatic
planes connected through a carbon-carbon triple bond in the
current system. The naphthalene plane acts as a string in the PS

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Graphical representation of (a) a macroscopic task with an example of the movement of a brick and (b) a microscopic brick information
ratchet. (c) A cyclic four-state mechanism for the Brownian machine is shown (where W = white, B = black, S = substrate, P = product, and L
implies motor bound to S and P) K, and K; are equilibrium constants between the black and white stairs. Reproduced with permission.>* Copyright
2019, The Authors, Published by Springer Nature. (d) Mechanisms of Power stroke (i) elastic relaxation. A fuel processing event (e.g., binding of an
ATP or releasing a hydrolysis product, denoted by a lightning symbol): leads to the release of elastic energy. (i) Conformational transition. Due to
the conformational change of the motor, a fuel-processing event leads to a variation in the mechanical element’s equilibrium position (denoted
by the swinging rod). Before and after the stroke, the motor is not strained; Brownian ratchet: (iii) BR follows the flashing ratchet model; the
potential V(. barrier could change externally by supplying energy and generating a net current. (iv) Rectified diffusion model (based on the
concept of information ratchet). Reproduced with permission.>®* Copyright 2019, National Academy of Sciences. (e) A power-harvesting double
ratchet motor: fusion of power stroke and Brownian ratchet.>® Adapted with permission from ref. 89. Copyright 2023, American Chemical
Society.

module and undergoes elastic relaxation using the stored explored.*®" Energy inputs can continuously drive conforma-
potential energy. tions away from chemical equilibrium. Although rotation
around a single bond is now well-known, controlling the net
directional rotation is highly challenging and elusive. The

2. Ch ronology of molecular rota ry transitional orientational changes around a single bond axis are
motor development an easy trick to convert a switch to a unidirectional rotor.

In the present context, Kelly published a chemically driven
system® that performs 120° unidirectional rotation around
a single covalent bond based on Feynman's ‘ratchet-pawl’
model in 1999. Nevertheless, the molecular system could not
complete a cyclic and fast rotation. Yet, the studies contribute to
understanding the design principles of molecular motors. Apart
from a single bond, the double bond for molecular switches was
exploited to build molecular motors. The inclusion of a steri-
cally bulky unit in a stilbene switch results in helical chirality,
which is further explored to develop chiroptical switches.*® The

2.1. Molecular rotors and motors: from switches to rotors

It is possible to convert typical molecular switches to specific
molecular machines with rotary functions when they are
toggled between more than two states. Often, rotary motion is
produced by applying external stimuli, such as light, heat, or
electric current. Such switches have molecular components,
which change their relative positions (or conformations) in
response to these stimuli, producing a change in the overall
structure and property of the molecule. These switches, which
differ in the directionality for building molecular motors, are

© 2023 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv, 2023, 5, 3177-3208 | 3181
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(a) First light-activated rotary motor.? (b) Full 360° rotational cycle of oxindole-based molecular motor.®” (c) The four-step rotary motion

of the phosphine-based molecular motor under photochemical conditions shows a three-step rotary cycle at elevated temperature.®® (d) Cyclic
representation of the isomerization process of the imine rotor that undergoes an E-Z transition state.”

works on light-activated switches laid the foundation for
developing light-activated molecular motors.®* Based on this,
Feringa reported the first unidirectional light-activated over-
crowded alkene molecular motor in 1999.°> This motor,
featuring two identical halves connected by a double bond,
executes 360° unidirectional rotations with four discreet isom-
erization conformations (Fig. 2a). Both halves contain a chiral
point attributed to two energetically uphill cis-trans isomeriza-
tion and two energetically downhill thermal helix inversions
(THI), which assist in blocking the reverse rotation because of
the steric effect. Therefore, it was a significant step toward
building a unidirectional rotary motor for the first time. After-
ward, the second and third-generation overcrowded motors
were developed, and their properties were investigated exten-
sively.®¢*¢* Feringa's group also extensively worked on various
key parameters to upgrade overcrowded alkene rotary
motors‘6,8,10,19,65

Recently, Feringa and coworkers developed a visible light-
activated rotary motor based on the N-methyloxindole motif
synthesized by Knoevenagel condensation.®® However, due to
these motors' low photoisomerization quantum yield, a new
oxindole-based motor was developed, which showed a better

3182 | Nanoscale Adv, 2023, 5, 3177-3208

charge transfer process with increased four-fold photo-
isomerization (10%) quantum yield (Fig. 2b).*” In 2020, they
developed solely photochemically-driven second-generation
motors by the modification of stator parts, possessing four-
step photochemically-induced unidirectional motion.*”* A
tetrahedral chiral phosphorus stereo element was introduced in
the motor's lower half, which could ligate to a gold surface.
Moreover, this system could perform unidirectional rotation in
three rather than four steps as the chiral phosphorus center
undergoes inversion in a thermal environment, which is the
conventional isomerization cycle (Fig. 2c). This system could be
functionalized to integrate into different surfaces/interfaces to
generate smart materials to be applied in various
ﬁelds-6,8,10,19,42,65

Another photoswitch, a C=N bond bearing two asymmet-
rical motifs, undergoes E-Z isomerization like an alkene under
photochemical and thermal conditions.®® However, in silico
studies suggested that an out-of-plane rotation was observed
around the C=N asymmetrical bond through a singlet or triplet
excited state on exposure to photochemical conditions when E
to Z interconversion occurs (Fig. 2d).”” On the contrary, the
thermal process occurs via the inversion of the N motif with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a linear transition state instead of a rotational process. In 2014,
Lehn and coworkers confirmed the thermal N-inversion path by
studying the photothermal FE/Z  isomerization of
camphorquinone-derived imines.” Later on, they described
that the chiral imine incorporated rotor shows a four-step
rotation instead of a two-step rotation depending on the
conformational flexibility of the C-stator part in the rotor’ as
two energetically uphill photochemical isomerization
processes, followed by a thermal ring inversion process.

Another type of molecular motor hemithioindigo-based
system was designed and developed.”> Henry Dube and
coworkers first reported the motor as mentioned above by
including sulfoxide and helical twisting around a C=C bond
that performs high speed 360° unidirectional rotation through
photoisomerization and thermal helix inversion under visible
light.” The fast rotation of this motor can slow down by making
the system sterically more hindered, providing direct evidence
of all four intermediate states of the rotational cycle. In-depth
studies of the operational mechanism of the hemithioindigo
motor revealed that the unwanted tripled pathway hampered E-
Z isomerization, and the dynamic can be more rapid if the
quantum yield of isomerization increases.”> Notably, thermal
ratcheting is essential in converting unstable isomers to stable
ones; hence, directional motion is achieved. But this pathway
did not proceed at low temperatures, resulting in a motor
becoming a light-gated switch. The same group reported
another hemithioindigo motor’® that can perform all the rota-
tional steps more efficiently at low temperatures under
a photoreaction (Fig. 3a). These findings by Dube's group
provide new insights into the designing principles of light-
driven molecular motors.

Inspired by nature, scientists have designed and reported
chemically-fueled motors apart from the light-driven molecular
motor. In this context, Feringa and coworkers described the
directional motion of a motor system around a single covalent
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bond at the expense of a chemical reaction in four steps.”” The
suitable chemical supply drives the phenyl rotor to rotate rela-
tive to a naphthyl stator to afford unidirectional motion in four
district steps. However, the requirement of sequential chemical
supplies is one of the drawbacks of the autonomous motor;
hence, scientists explored and reported better chemically-
driven autonomous molecular motors. The same group re-
ported another motor based on an organopalladium motif that
provides 360° rotation around a single bond upon supplying
chemical fuel.” Recently, Feringa's group described a biaryl
motor comprised of a carboxylic side chain-integrated aryl rotor
that accomplished full cyclic rotation in six steps.”® Moreover,
Leigh and coworkers also reported a chemically driven motor
that rotates around the N-C bond,** composed of a pyrrole-2-
carboxylic acid connected to a different substituent of benzoic
acid. Upon the addition of chiral carbodiimide to the diacid
system, it is converted into an anhydride system that later
settles in a stable conformation (Fig. 3b). Further, the hydrolysis
of this intramolecular anhydride motor with an asymmetric
catalyst leads to its diacid form. Both reactions were kinetically
gate and biased the directional motion, resulting in 360° rota-
tion. Overall, this chemical engine system is an example of
a Brownian information ratchet mechanism where the motor
performs the task by the consumption of fuels. The authors
envision that this first-generation autonomous single-bond
rotary motor could be useful in catalytic transformation.
These autonomous motors have a high potential to serve as
chemical engines.

Frutos and colleagues conceptualized the design of a photo-
active unidirectional molecular motor based on chiral hydrogen
bond generation.*® Introducing the hydroxyl and amine group
around the double bond of two sides forming hydrogen
bonding induced the chiral environment, and isomerization
occurs within 1.0 picosecond without forming any intermediate
due to the hydrogen bond strength that allows rotation to
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overcome torsion. Several research teams designed other types
of molecular motors systems based on azogroup® and ful-
gides.*® Further improvement by structural modifications is
necessary, and the applied molecular motors in various fields
are discussed here.

2.2. Dynamics and controls of molecular rotor and motor

One of the main goals of molecular motor engineering is to
regulate the mechanical motion that enables measurable
outcomes in a controlled manner. An artificial molecular motor
should ideally perform practical work reversibly and regulate
mechanical motion.** Although researchers have successfully
built complex molecular rotors and motors, controlling the
rotational motion at multistage by tuning different frequencies
is yet to be successful, especially other than thermal stimuli.
Different techniques are adopted to control the mechanical
motion of artificial molecular motors, for instance, cooperative
switching, allosteric interaction, pH, and metal ion exchange.
Herein, we briefly highlighted a few approaches for controlling

M= Zn, Pd, Pt

(c)

Strong hydrogen
bonding

-

o/H\
@N )=
Q) o I

Planar rotamer

(d ) Visible light

+AgNO3

Self-assembly
regulation

+Pyridine

View Article Online

Review

dynamic motions with selected examples in the solution and
solid phase.

2.2.1. Rotational motion of molecules in solution states.
Allosteric effector plays a remarkable role in controlling
dynamic motion, which is evident in enzymes where the activity
is tuned by it. Feringa's group demonstrated that the rotational
speed could be modulated by controlling the steric hindrances
of the light-driven rotor using metal ions.*® The overcrowded
alkene motor incorporated with the 4,5-diazafluorenyl unit
binds with the metal ions; as a result, the steric hindrance in the
fjord region became less (Fig. 4a). Among Zn, Pd, and Pt, the Pt-
coordinated molecular motor has a higher rotation speed, fol-
lowed by Pd. Thus, the dynamic motion of the motor can be
modulated from slow to fast into four stages under light stimuli.
Schmittel and her group developed a multicomponent rotor to
switch off/on the rotor speed associated with catalytic perfor-
mance based on the allosteric interaction.*

All the studies on regulating molecular motion in the range
of too slow to ultrafast in various steps reveal that the precise
regulation of the dynamic motion of the synthetic molecular
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Fig. 4 Approaches for controlling the dynamic motions in molecular motors. (a) Allosteric regulation of the overcrowded alkene-based motor
by incorporating Zn, Pd, and Pt metal chlorides under light.®* (b) Schematic representation of a multistage modulated rotor, in which the four
dynamic stages of the rotors are achieved with acid—base and allosteric interaction. Reproduced with permission.®” Copyright 2018, The Authors,
published by Springer Nature. (c) The rotational control of DRM by weak and strong hydrogen bonding. The “BR”", “"PS", and "AM" moieties are
colored blue, black, and red, respectively.®® (d) Coordination-directed self-assembly of a motorized nanocar.*?
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rotor/motor is still challenging. Wu et al reported the
multistage-modulated rotational speed of a molecular rotor that
is controlled by pH and metal cations Na® and Li" cations,
which are reversible.?” This molecular rotor was integrated with
succinimide, and phenol possesses a four-stage rotational
speed ranging from slow-fast-stop to ultrafast rotational
frequency at the same temperature (Fig. 4b). Generally, the OH-
group rotates fast. Still, the rotor stops upon deprotonation
because of electrostatic repulsion between the carbonyl motifs
of succinimide and phenolate anion. The speed could be
restored by adding metal ions, which can be monitored
reversibly between high speeds to stop employing redox prop-
erties. These studies open the way for multistage speed-
controlled rotor development by coordinating metal-ligand
interactions. In another study, Feringa's rotary motor was
modified with a biphenyl system that exhibits slow rotational
motion on adding diamine. Consequently, it speeds up as the
acid is added to the system.®® The rotation of a Brownian motor
in a double ratchet rotary motor can be controlled by intro-
ducing a pawl-like functional unit that can manipulate the
electronic distribution of the system. When embedded with the
double ratchet motor's PS, an electron-deficient molecule pos-
sessing an intramolecular hydrogen bond controls the elec-
tronic flow from the BR to the PS (Fig. 4c).* The motor
operation stops when the intramolecular hydrogen bonding is
strong. Thus, this work described that electronic gating could
be one strategy to program the double ratchet rotary motors.

The structural modification of the motors by integrating
different functional groups is one approach to regulating the
motion. For example, the light-gated modulation of the motor's
rotation was achieved by introducing a molecular switch in the
system. The first multiphotochromic motor was designed based
on Feringa's second-generation motor embedded with a DAE
photoswitch, which controlled the rotary motion by the light
source in a noninvasive manner.® The motor becomes opera-
tional at 455 nm and stops if the DAE is in a closed state.
However, the green light irradiation causes DAE to adopt an
open state, allowing the motor to rotate. Pfeifer et al. reported
a mechanistic pathway to control the rotary motion of a second-
generation motor by upgrading it to a push—pull type system by
introducing an electron pulling and pushing the group in the
lower and upper halves, respectively.”* Interestingly, this motor
follows the function of a motor and a switch based on a polar or
apolar environment. Such systems are advantageous if fabri-
cated in different types of frameworks where the function of the
motor or switch can be altered as per the situation by varying
solvent polarity.

Zeng's group recently developed a molecular nanocar based
on the concept of metal-coordination-driven self-assembly,
which became operational with green light (Fig. 4d).”> Here,
two chiral molecular motors act as a wheel, self-assembled via
Ag metal. The dynamics of this motorized system are controlled
by adding pyridine, which breaks down the system into two
individual motors. This triplet-triplet intramolecular charge
transfer sensitization and push-pull features of the nanocar
make the system operational at 500 nm, whereas the individual
motor is functional in the blue region. Moreover, this is the first

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

example of coordination directed self-assembly to initiate
motor conversion into a nanocar and easily dismantled by
adding chemical stimuli to realize the goal of metal-driven
transportation and release.

2.2.2. Rotational motion of molecules on solid surface. The
research in the molecular machine domain gradually shifted
from the solution phase to the solid state, and the regulation of
the motion in a solid interface is challenging. Recently, a few
groups precisely reported the control over the rotational speed in
the crystalline phase.®*** For instance, Comotti and coworkers
described the modulation of the rotational frequency of the
ultrafast molecular rotors in crystalline 3D porous materials.®>*
In a published report, Comotti described a nanoporous material
containing molecular rotors based on a biphenyl molecule that
can rotate around a single bond axis. The guest molecule's
inclusion in the nanopores modulated the rotational dynamics of
the molecular rotors from slow to ultrafast.”> The removal and
inclusion of suitable guest molecules enables finely tuning the
rotational dynamics reversibly. Hence, a suitable choice of guest
molecule(s) that act as brakes allows the regulation of a wide
range of rotational motions at specific temperatures. Further
investigation with a new rotor with the p-phenylene moiety
revealed that the rotational motion could be actively regulated in
response to guests as the temperature is increased, the rotors spin
ever faster, approaching free-rotational diffusion at 550 K.*
Moreover, the addition of small guest molecules such as iodine
can cause a significant increase in the rotational barrier of the
rotor, thus slowing down the rate of rotation. This effect is
attributed to the steric hindrance of the guest molecules, which
interferes with the free rotation of the propeller. In addition, the
rotational dynamics of the rotor were highly dependent on the
size and shape of the pores in the organosilica matrix. For
example, the rotation rate was slower in smaller pores due to the
rotor blades’ increased steric hindrance and restricted motion.
These studies provide insights into how molecular rotors can be
modulated and controlled in a nanoporous matrix, which has
important implications for developing molecular machines and
nanotechnology applications. Hence, the rotation is facilitated by
the freedom of motion of the rotor within the nanoporous
material, which differs from Feringa's unidirectional motors that
need light as an external stimulus.

The same group reported a porous molecular crystal
comprising rotors linked through charge-assisted hydrogen
bonds, and their dynamic was switchable through gas adsorption/
desorption.”” In another report, they developed a metal-organic
framework (MOF) fabricated with a rotor that exhibits fast rota-
tion.*® Herein, a zinc-based framework was composed of a rigid
bicyclopentane-dicarboxylate linker where the bicyclic unit serves
as the rotor. The carboxylic stator motif aligned perpendicularly in
the cubic unit of zinc-based metal frameworks enables ultrafast
rotation, which is attributed to high torsional flexibility. This
aliphatic linker achieved unidirectional rotation with a speed of
10"° Hz even at temperatures below 2 K. This system described
rotary motion at low temperatures by continuous unhindered
molecular wheel rotation for several turns. This could be attrib-
uted to minimized thermal energy as the temperature becomes
low. Although molecular motion wusually freezes at low
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temperatures, no such hindrance was observed in this fast rotor,
exhibiting low torsional barriers compared to their thermal
energy. Thus, these rotors could be implemented for working in
low-temperature ranges. Horike and his group reported another
type of work in which the precise regulation of the rotational
motion of a rotor in the crystalline phase could be achieved using
a solid-solution approach.*” The variation of solid/solution ratios
would modulate the volume of cells in porous materials, which
led to changes in the rotational barrier for pillar rotors; therefore,
rotational frequency control requires no thermal stimuli.
However, the speed could be mainly regulated from ultrafast to
fast; thus, the challenges still need to be addressed.

2.3. Exploring working motor-based device prototypes

Macroscopic machines assemble many complementary parts to
perform a specific task.™ A molecular machine is capable of
complicated operations comparable to a macrodevice, except that
the molecule's mode of operation differs and the device's power
source is irrelevant. Top-down approaches have delivered many
solid-state miniaturized devices. Although targeting sustainable
molecular level precision, this has not gone well. The concept of
miniaturization of components is exploited by the bottom-up
strategy that offers to manipulate the molecules in the nano-
domain." The development of supramolecular chemistry plays
a crucial role, allowing molecular machines to build smart mate-
rials and supramolecular architecture-based devices, hence
offering practically limitless potential.'” Researchers attempt to
produce smaller semiconductors with photolithographic and
chemical etching techniques. The semiconductor devices from
65 nm to 14 nm chip have been developed, and now the 7-2 nm
chip has been explored.'®'* However, there are a few hurdles
associated with the molecular level device design, such as the
Fermi energy level of the electrode, which should be appropriately
aligned with the molecular orbital of the molecules to develop
a molecular transistor.'* Scientists have attempted to develop
a single molecular device that can overcome the limitation of
Moore's law.'” The significance and development of single-
molecule electronics are outlined owing to the limitation of Si-
based devices." Several methods have been developed to study
single molecular electronic devices in the last few decades.
Molecular motors/switches can exhibit different states beneficial
to developing high-density molecular electronics. Tour and his
team have recently developed a chip integrating a single molecule
in a circuit, resulting in a programmable biosensor.'® This semi-
conductor chip consists of a scalable sensor array architecture,
and an electric meter is integrated with each array that records the
current flow through the molecular wire. The desired molecule is
connected to the wire via a conjugation site that offers a real-time
electronic readout of molecular interactions of the probe.

3. The use of molecular rotors and
motors
3.1. Uses in energy conversion harvesting and transfer

The ability of motor proteins to transform chemical energy into
mechanical motion represents energy conversion and storage in
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molecules. Because the motor protein has the additional property
of dynamic density of states (DOS), the mechanical movements of
a molecular motor may lead to dynamic switching states in
a device. It is a significant advantage for using such molecules to
advance molecular electronics, energy transfer, and energy har-
vesting from available solar, thermal, or any other form of energy.
For this purpose, different molecular systems are engineered
with the semiconducting surface, resulting in an energy har-
vesting device. For example, Feringa's group developed a visible
light-driven motor integrated MOF, where two components are
palladium-coordinated porphyrin and bipyridyl-functionalized
overcrowded motor.”® The porphyrin moiety absorbs visible
light energy to run the motor by transferring the energy to the
motor struts (Fig. 5a). Irrespective of the solution and solid state,
this advanced photochemical process of the motor was observed
to be unchanged. Thus, the system functions as an energy har-
vesting unit where the photon energy is utilized to result in
nanomechanical motion within the nanocage of MOF. Such
a MOF-nanopocket is useful in improving the catalytic reaction
kinetics."* In the context of the energy transfer process, Bojinov
and his group synthesized a multicomponent light-harvesting
molecular rotor that can also sense pH and viscosity."> The
system comprises a switch, rotor, and a light-harvesting motif
that transports up to 99% energy through a fluorescence
resonance-energy transfer process. Moreover, a radiofrequency-
guided dual ratchet motor can convert available thermal energy
to power under applied bias when integrated on a highly oriented
pyrolytic graphite (HOPG) surface (Fig. 5b). The Brownian rotor
mechanism of the motors uses available thermal noise, and the
chip harvests an excess power than the input bias.>® The system
can harvest noise when dipped in a suitable solvent and exposed
to electromagnetic radiation. Thus, Brownian rotors absorb noise
(KkT), and the produced thermal fluctuation in diffused solvent
molecules leads to energy conversion.

In 2015, a new photoswitch hemithioindigo™® exhibited
superior photophysical properties and was used to build
a molecular motor."** Herein, the sunlight energy was supplied to
the motor to perform the unidirectional motion. Henry Dube and
his group reported several hemithioindigo motor systems**>**¢
that displayed an efficient visible light-induced photo-
isomerization process in the last few years. These design strate-
gies for constructing green molecular motors could be used as
power sources or as active materials in solar cells for better solar
energy conversion."”*® The molecular motors are coupled with
the polymeric chain to harness the energy used to perform
mechanical work at a macroscopic level. Giuseppone and
coworkers have demonstrated that the contraction of the gel
made of overcrowded alkene motor is integrated with polymers
owing to the dynamic motion of the rotary motor.**®* Thus, the
rotational motion of the motor stores the light energy in the form
of potential energy in the polymer. However, the stored energy
cannot be accomplished again owing to the irreversibility of
braiding the polymer under light. Thereby, the group has intro-
duced a diarylethene switch that serves as a modulator in the gel
system that assists in overcoming the abovementioned issue.®
These molecular motors are eligible for energy harvesting or

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Design and molecular structure of visible light-driven molecular motors in MOF. Reproduced with permission.*® Copyright 2020,

American Chemical Society. (b) The dual rachet motor on the HOPG chip and the graph of power production as a function of AC applied
frequency. Reproduced with permission.>® Copyright 2020, American Chemical Society.

storage, which could be used for future purposes; however, more
challenges exist in developing a power harvesting device.

3.2. Possible uses of shaft-based rotary motors as wheel and
propeller

Tour developed the first nanocar bears wheel-like C¢, fullerenes
and various molecular motor-based vehicles that show collec-
tive motion on the solid surface, for instance, nanotrucks, car-
borane nanocars, and light-powered nanocars.”**** In 2016,
Grill et al. showed the translational motion of a three-wheeler
nanocar based on the rotary motions from two adamantane
moieties and a Feringa motor as a third wheel."* The nanocar
was analyzed on the Cu(111) surface by STM, illuminating
a 355 nm light for photoisomerization and then 161 K
temperature for helix inversion (Fig. 6a)."*® Thermal-induced
helix inversion was crucial as these steps led to the nanocar to
perform lateral translational motion. The mean-squared
displacement of the motor without light was 3.37 + 1.00 nm?,
increasing to 10.48 + 4.10 nm” under light exposure of the
mean squared displacement of the light. All these reported

© 2023 The Author(s). Published by the Royal Society of Chemistry

nanocars were investigated at the molecular level under STM,
which requires a conducting surface. Taking it one step further,
the group incorporated the nanocar with a fluorescent dye,
which could be studied in single-molecule fluorescence
microscopy on a nonconducting glass surface. Feringa's group
upgraded the various motorized nanocars by incorporating
BODIPY in different positions to control the net directional
motion.'>*'*

Although, owing to higher THI, the rotational rate of the
motor decreases compared to the motor without BODIPY,
which isomerized up to 91%. The structural redesign of the
nanocar addressed this problem as the system avoids the energy
transfer process, which lessens the photoisomerization process.
In addition, the motor with more photostable BODIPY dye
compared to the least stable Cy5 dye is a better choice to study
on the glass-air surface.”®' Later, with these structural
advantages, a line scan imaging protocol was developed that
facilitates the four-wheeled BODIPY-functionalized nanocars
gliding in a quasi-random 2D manner on the glass surface.
Nanocar 1 shows better performance as it is able to maintain
a linear trajectory and move on the air-glass interface with

Nanoscale Adv., 2023, 5, 3177-3208 | 3187
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(a) Molecular structure of light-activated motorized nanocar. The photoinduced motion of a molecular rotor on Cu(111) surface at 161 K.

Reproduced with permission.*?> Copyright 2016, American Chemical Society. Line-scan imaging protocol (b) nanocar 1 & 2 equipped with
adamantane wheels and BODIPY. (c) Conventional 2D photograph of nanocar 2 on the air-glass interface. (a and b) The line-scan images of
nanocars 1 and 2 where nanocar 2 is in motion while nanocar 1 is immobilized. Reproduced with permission.*?®¢ Copyright 2018, American

Chemical Society.

a quasi-random 2D diffusion mode (Fig. 6b and c).**® This fast-
line scanning imaging protocol accurately estimates the diffu-
sion coefficient of molecules. In 2017, Tour, Grill, and
coworkers reported the surface rolling motion of the nanocar,**"
where the effect of the dipole moment upon the electric field
was described. The nanocar was comprised of electron push-
pull groups in an aryl ring, namely, dimethylamine and -NO,
group, along with two adamantanes as a wheel. The dipolar
nanocar was manipulated with the electric energy in an STM
that exploited the dipole molecules and induced the unidirec-
tional motion. These systems were highly oriented on the Ag
surface with high precision due to the dipole moment of a nitro
moiety that interacts with the surface, causing translation
motion (Fig. 7a and b). Thus, the nanocar's design and surface
rolling properties with various surfaces to afford better direc-
tional property is challenging but essential.****** Jacobson et al.
described Feringa-developed motor adsorption on the TiO,
(110) surface trapped by the -OH group, resulting in a charge
transfer process.**® These outcomes could assist in developing
motor-incorporated organic-inorganic nanodevice for a wide
range of trafficking on the nanosurfaces.

Metal ions have been observed to act as a controller of
molecular motions due to their reversible ligand binding
nature, ability to change coordination geometry, ligand
exchange, and reactivity to external stimuli. Metal-centered

3188 | Nanoscale Adv., 2023, 5, 3177-3208

molecular machines capable of switching rotary motion either
through metallation/demetallation or by changing the coordi-
nation number of the metal center have been facilitated by such
properties, albeit the latter remains mainly unexplored. For
instance, Ube et al. reported a Pt(u)-centered molecular rotary
gear constructed using two azaphosphatriptycenes as rotators
and one Pt(n) ion as a stator (Fig. 7c).*** The molecular rotary
motion transmitter demonstrated control of engagement and
disengagement in the rotor. It was in accordance with the
isomerization of the cis- and trans-forms initiated by photo-
chemical and thermal conditions. The repeatable isomerization
between a disengaged trans-form and an engaged cis-form was
found to be reversibly navigated by heat and photoirradiation of
ultraviolet light. They suggested that such mechanical switch-
ing based on cis-trans isomerization of the Pt(u) ion center
operated by photo and thermal motion would yield a selector
switch for more complicated molecular machines.

In 2017, they reported another gear system consisting of six
triptycene gear units in a circular arrangement around
a benzene ring (Fig. 7d)*** through an ethynyl linker. These six
triptycene gears had a close engagement; coordinating a bulky
RuCp* complex to any of the six gears, they observed high
restriction on the overall movement of the six gears within the
molecule, although the movement was not completely stopped.
This RuCp*-bound multigear molecule is chiral; thus, despite

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Reproduced with permission 3 Copyright 2019, The Authors, published by Springer Nature. (c) Schematic representation of a Pt"-centered
molecular gear exhibiting cis—trans isomers could be achieved upon ultraviolet irradiation at 360 nm and heating. Reproduced with permis-
sion.*** Copyright 2017, The Authors, published by Springer nature. (d) Ru-centered sextupled triptycene gear. Reproduced with permission.**

Copyright 2017, American Chemical Society.

having nondirectional motion, the rotational rates of the
different gears from one another were different. This multigear
molecule provides a structural basis for the long-distance
transmission of molecular gear systems containing an on/off
function. Recently, Asato et al. developed an electron-triggered
Ru-based molecular motor integrated photoresponsive brake
and studied dynamic motion on the surface employing light.***
This dual responsive system shows clockwise and anticlockwise
directions. Recently, Dube's group reported the photogearing
motion of a hemithioindigo-based molecular gear that can
transfer the rotational motion, i.e., the isomerization around
the double bond results in 180° rotation.**” As a result, the
associated single bond with the double bond undergoes 120°
rotation. This photogearing process at the nanoscale can be
correlated with the bevel-gear system. Moreover, light as an
external stimulus for gearing motion before a thermal-driven
motion has several advantages.

The gear and axle development would improve the molecular
motor's design, enabling better control of the nanorobotics'
movement.”***® Hla's group designed a molecule propeller

© 2023 The Author(s). Published by the Royal Society of Chemistry

1 connected to a ruthe-

consisting of three molecular blades
nium atom in a facial mode connected to the stator. STM
studies clearly showed each molecular propeller's motion on
applying electrical voltage. The system was grafted into the Au
surface and manipulated in STM by different techniques to
analyze the unidirectional rotation. Moreover, the 2D nature of
the gold surface and ratchet shape gear in the system introduces
the chirality that initiates 360° rotation that splits into 15 steps
when the system is energized in STM. The generation of
chirality by synchronizing the ratchet mechanism is the crucial
factor for the movement, and this concept could potentially
develop a wide range of applications.

3.3. Possible use of motor in cargo delivery

Amphiphilic molecules could be arranged from the nanoscale
to the macroscopic domain through 3D supramolecular
assembly on applying the external stimuli. Tian and coworkers
described the preparation of a tetraethylene glycol-
functionalized amphiphile cargo based on an overcrowded
alkene system (OAS) capable of forming well-defined vesicles in

Nanoscale Adv, 2023, 5, 3177-3208 | 3189
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change in aggregation upon the isomerization of self-assembled molecular motor constituent. (d) Reversible isomerization of motor 2 and
DOPC (1:1) (i) starting point, (i) after irradiation, (iii) after heating, (iv) after three freeze—thaw cycles, (v) after irradiation, (vi) after heating, (vii) after
three freeze—thaw cycles, (viii) after irradiation. Reproduced with permission.*** Copyright 2011, Springer Nature.

a water-based solution (Fig. 8a and b).**> When the vesicles were
exposed to light, the nanocontainer contracted due to the
isomerization of alkene between its cis- and trans-states. As
a result, the vehicle's internal volume will alter, allowing them
to wrap cargo in its cavities and release it depending on the
situation. Examining the ability of vesicles to encapsulate
indicates that under light, calcein-loaded trans-vesicles release
at a high pace, as measured by fluorescence intensity. Thus,
these photoresponsive vesicle-based smart nanocontainers
could facilitate the construction of remote drug delivery systems
in the future, which may further inspire the development of
motor-based vesicles.

The complex yet fascinating self-assembled polymeric
molecules in nature have inspired Feringa and his group to put
forward a novel concept of creating a unique molecular motor
system in water that is amphiphilic and self-assembles into
well-defined supramolecular nanotubes based on their earlier
report.”® These self-assembled polymers changed their
morphologies back and forth when exposed to external stimuli
as the motor isomerized. It was the first example of a molecular
rotary motor that self-assembled in an aqueous medium
without losing its functionality (Fig. 8c and d), alternating the
photo and thermally-induced steps, an isomerization process-
controlled reshuffling between the nanotubes and vesicles.
Thus, it provided access to the new future of water-soluble

3190 | Nanoscale Adv, 2023, 5, 3177-3208

motors and opened the pathway to produce highly progressive
and dynamic artificial nanosystems in water. Although the
cargo activity of the aforementioned self-assembled vesicles and
nanotubes is not reported, owing to their aqueous solubility,
they may develop certain properties that would help cargo
delivery.

Chen and coworkers reported that dual light controls
dynamic supramolecular assemblies comprised of Feringa's
first-generation motor, which bears both hydrophobic and
hydrophilic chains and exhibits controlled foaming abilities in
water at the macroscopic level.'** The design was such that
trans-isomer form with lower packing parameters than the cis-
isomer displays precise control over the aggregation properties
(Fig. 9a and b). The system exhibits four states that systemati-
cally control the geometrical structure from the nanodomain to
the macroscopic domain as two distinguishable worm-like
micelles, resulting from stable trans-isomers and stable cis-
isomers associated with vesicles. At the same time, unstable
isomers exhibit a mixture of geometries. The reversible
foaming-property switching could be achieved until ten cycles
upon periodic light and heat irradiation. The further exploita-
tion of this field with a dynamic system will unveil other
possibilities.

To maintain the physiological functionalities of living cells,
the transportation of ions across the lipid membranes is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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create state 4. Reproduced with permission.*** Copyright 2020, American Chemical Society.

necessary. Nature carried out these cargo tasks selectively
employing biological motors under chaotic environments with
chemical fuel or light absorption. However, mimicking such
a natural system to develop synthetic molecular motors are
highly challenging and desirable at the same time. Wen and
colleagues reported an artificial motor system embedded with
azobenzene (AB) that transports cyclodextrin molecules across
the synthetic nanochannels upon exposure to light.*** Here, the
light energy initiated the rotational inversion of the AB molec-
ular motor along with hydrophobicity and reversible photore-
action of the system, enabling the transport of the molecules
across the nanochannels. Recently, Giuseppone and coworkers
synthesized the light-powered hydrophobic rotary motor that
integrated with two macrocycles and investigated their ion
transport properties in a phospholipid membrane.*****” The
motor system was also embedded with a urea motif that forms
a hydrogen bond, which induces the supramolecular self-
assembled with the phospholipid membrane. The crown ether
macrocycle can encapsulate the alkali metal ion. The fluores-
cence assays and patch clamp investigations revealed ion
channel formation with the rotary motors system. Furthermore,
the transportation could be enhanced up to 400% on exposure
to UV light, which could be attributed to the photoactuation of
the rotary motor that provides sufficient energy to the passage
of the alkali metal along the artificial pore.

3.4. Biomedical uses of rotors and motors

Tamaoki and colleagues presented a peptide-integrated AB
machine that disables the function of the kinesin microtu-
bule.*® The system comprises an electron-withdrawing and an
electron-releasing group to decrease the lifetime of the cis-
isomer by shifting the w—m* band toward the visible region. The
transformation of the machinery mentioned above disables the
kinesin microtube’'s motility without hampering the other

© 2023 The Author(s). Published by the Royal Society of Chemistry

filaments, but the cis-form enables the movements. As a result
of the rapid thermal relaxation from cis-to trans-interconver-
sion, the machine was efficiently functioning in a single wave-
length to control kinesin movement. This push-pull machinery
is an excellent example of engineering in developing a synthetic
machine incorporating biomolecular motors for better results.

It is reported that the double ratchet motors were used in
a nanoplatform to develop higher-level nanomachines (PCMS
and PCBM)."****** PCMS nanomachine comprised of PAMAM
dendrimer as matrix molecules has been found to target cancer
cells specifically. The 3G (400 MHz-3 GHz) mobile radiation was
used to activate it, which sensed the microsatellite instability and
disintegrated the nucleic acids through the energy transfer
process by the motors.**® The working principle of PCMS was
showed that when the GHz signal was shone on PCMS, it
generated oscillation frequencies matching the microsatellite
instability of cancer cells. On the other hand, PCMS resonance
oscillation could also be matched to Alzheimer-related beta
plaques at room temperature (Fig. 10a—c). This standalone
system performed its job as a purely mechanical drug via
a triangular energy transmission path (S — C — M); therefore,
the physical mode of interaction of PCMS could avoid or mini-
mize the side effects compared to chemical interaction. Further,
the PCBM crypto nanobot resonance drug was built based on the
information from the motor-functionalized dendritic system and
investigated the various parameters, which will not be affected by
proteolytic enzymes."* This cryptosystem comprises a double
ratchet motor and streptavidin marker protein-specific biotin
(Fig. 10d). The study of PCMS and PCBM demonstrated the
possibility of replacing generic cancer medications as well as
paving the way for developing a more dynamic system with
a novel molecular rotor that might be used in the medical area to
produce physical and mechanical drugs.

Overcrowded alkene-based motors are primarily employed in
biology and show remarkable outcomes. Tour's group created

Nanoscale Adv., 2023, 5, 3177-3208 | 3191
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light-driven versions of molecular machines that can pierce
biological membranes and use them for target-specific cell
tracking by tagging fluorophore-integrated motors, peptide-
linked motors, etc.® The group discovered that a biocompat-
ible-functionalized light-activated Feringa's motor could
adsorb onto lipid bilayers and when activated, drill into the cell
membranes. They demonstrated the in vitro applications of the
simple to a target-specific molecular machine that induces
necrosis, such as human prostate cancer cells targeting motor
functionalized SNTRVAP-peptide specific to the 78 kDa glucose-
regulated protein (GRP78), were developed. Notably, this acti-
vated motor enhances necrosis by 40%, and a simple untar-
geted motor fastens necrosis by 50% compared to the necrosis
induced by solely UV light (Fig. 11). These findings confirmed
that molecular machines could function at the cellular level.
However, the disadvantage of requiring harmful UV light to
activate the motors must be addressed. Later, the same group
described how near-infrared-triggered two-photon excitation
(2PE)-activated molecular machines that could drill through
the cell membrane to destroy cancer cells,"* which is superior
in the in vitro application compared to an earlier report. These
molecular machines could make targets specific to cells by

3192 | Nanoscale Adv., 2023, 5, 3177-3208

tagging the specific peptide chain or antibody, possibly poten-
tial cancer cells (Fig. 12a and b). The same group tagged fluo-
rescent dye Cy-5 with the machine for monitoring synthetic
bilayer vesicles. They studied cell death in different cells using
untargeted and targeted nanomachines, whereas the untar-
geted nanomachine initiated necrosis at a much higher rate
than the UV-activated necrosis. A similar observation was re-
ported for the SNTRVAP peptide-functionalized motor. The
MCF-7-targeted peptide sequence DMPGTVLP functionalized
with the machine displayed necrosis at the rate of 63% within
3 min in the in vitro test. However, this method requires that the
penetration level of cells be limited.

In 2019, the same group upgraded the nanomotor that
destroyed pancreatic cancer cells upon activation with 405 nm
light.*** As structural modifications on the motors change the
rotary rate, consequently (Fig. 12c and d), fast rotor causes cell
death within 5 min, whereas the slow and medium motors need
20-15 min. These mechanical motors inhibit the production of
the reactive oxygen species responsible for cancer cell death.
However, these systems fail to penetrate deeper into the tumor
yet can treat diseases such as shallow oral, gastrointestinal, and
genitourinary cancers. Moreover, the fast mots among these

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Structure of molecular motor along with the peptide SNTRVAP sequence. (b) A representative diagram of a molecular machine that

opens a cell membrane upon light irradiation. (c) Photographs showing the action of a SNTRVAP-functionalized molecular motor on PC-3 cell.
Necrosis induced by the motor upon light exposure within a time interval is presented. The scale of all photographs is 20 pm. Reproduced with

permission.**? Copyright 2017, Springer Nature.

motors are able to raise the mortality rate in C. elegans by 70%
and in daphnia by 100% and are also potent in destroying the
prokaryotic cell, eukaryotic cell membrane, and many physio-
logical functions of multicellular eukaryotes in vivo and in
vitro.** Such a system could treat diseases such as skin cancer,
cosmetic application, and parasite controls.

Inspired by actin filaments and myosin, Zheng et al. reported
a molecular machine incorporated with two triethylene glycol
chain polymers that can exert force at the cellular level equiv-
alent to 12 kT and induce mechanotransduction processes.*
The light-induced rotation of the motor is braided into the
polymer chains to minimize the receptor-interface linkage.
Consequently, a mechanical force is applied to the cell
membrane receptor, which causes mechanotransduction.
These works were related to force-dependent cellular works
such as T-cell activation and focal adhesion (FA) maturation. An
alternative approach to achieve visible light-driven rotation of
these molecules is to take advantage of intramolecular or
intermolecular sensitization through triplet energy transfer
from a second chromophore. Pfeifer et al developed a NIR
range-activated molecular motor integrated with a two-photon
absorption (2PA) sensitizer dye.*” The motor was activated
with low-intensity NIR light via the resonance energy transfer
process, which is more convenient in biological studies, such as
in vivo studies. NIR light first activated the sensitizer, conveying
this energy to the rotor for rotation. These findings lead to the
development three-photon activator systems that may hold
more efficiency and be more compatible with the environment.
Stimuli-responsive transmembrane transport proteins play an
important role in biological systems, and defects in them cause

© 2023 The Author(s). Published by the Royal Society of Chemistry

serious diseases. Various transporters are developed, yet
stimuli-responsive materials are highly desirable.

Wezenberg and coworkers developed an anion-binding stiff
stilbene system modulated by light.**® These anion receptors are
modified based on their previous work," where the system
shows a high affinity toward acetate and dihydrogen phos-
phate.’®® The Z-isomer exhibits high affinity toward chloride
anion and high activity owing to the close arrangement of
compare to urea units compared to the E-isomer in several
membrane transport experiments. These photomodulation
systems are intriguing in developing physiological tools to study
diseases related to defective transport and optopharmacological
tools to stimulate neuronal activity such as halorhodopsin and
rhodopsin.

3.5. Motor applications in catalysis and chemical syntheses

Enzyme catalytic reactions are well-known for their high selec-
tivity and precision in nature. To attain this, the dynamic
behavior of motors is conceivably used in catalytic reactions for
better selectivity or chemical transformation. The orthogonally-
responsive molecular machine as a catalyst with proper ligand
arrangement anticipates the machine's future in chemical
reactions. Developing a machinery-based catalyst is challenging
as properly incorporating ligands with accurate dynamics must
be fitted within the system, such as enzymes. The benefit of
a stimuli-responsive catalyst is one that can regulate the cata-
Iytic activity as these systems offer the modulation of
geometrically-distinct conformational states. Feringa's group*®*
and Fletcher's group'® separately reviewed the dynamic
system's role in catalysis. Because of the extraordinary

Nanoscale Adv., 2023, 5, 3177-3208 | 3193
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advancements in this discipline over the past 20 years, very
innovative designs have been created that incorporate respon-
sive units into complex functional molecules.

Over a decade, various groups have worked on advancing
motorized catalysts considering different parameters. For
instance, Gilissen et al. developed a macrocycle system, incor-
porating the second-generation motor in a porphyrin system
that could be used as photoswitchable catalysts exhibiting
various chirality elements.**® This motor modulates its helicity
and the chiral environment, which could be used in writing
binary codes 0 and 1 based on different chiralities. The inclu-
sion of viologen guests in the motor above affected the
synthesized diastereomers, which led to an acceleration of the
rotational dynamics. Feringa and coworkers described the
catalytic activity of the biofunctionalized first-generation motor
and absolute stereoselectivity in an asymmetric conversion for
the first time.'** The stator part was tagged with thiourea, and
the rotor incorporated with dimethylaminopyridine led to

3194 | Nanoscale Adv, 2023, 5, 3177-3208

a bifunctional organocatalyst used in Michael additions of a 2-
methoxythiophenol to 2-cyclohexene-1-one (Fig. 13a). The
chirality of the motor ruled the directionality of the rotation that
governed the catalytic's orientation, which determines the
stereogenic center of the product. The S-product was obtained
employing (M, M)-Z isomer, and the R-product with a higher
yield resulted while helicity was changed from M to P. However,
this catalyst shows low activity in the Henry reaction; thus, the
group customized it by connecting the motor to the catalytic
unit without the phenyl spacer.'®® The Z-isomer of the system
affords the desired product with enantioselectivity up to e.e.
86:14. Later, to understand the role of stereoselectivity and
catalyst structure, the authors developed two thiourea-
functionalized catalysts for asymmetric Henry reactions
(Fig. 13b).**® The rotor tagged with an aliphatic catalytic unit
showed no enantioselective control over the reaction. All the
findings dictated that the catalyst structure plays a crucial role
along with the rotational dynamics of the motor.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Transferring the specific chirality to the different elements of
chirality allows the molecular motor to perform the catalytic
activity."”"”° For example, Feringa's group developed a light-
driven motor-based catalyst composed of the bis(2-phenol) unit
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Fig. 14 (a) Dual stereo control biaryl-substituted Feringa's motor catalyst

that changes its axial chirality to helical chirality (Fig. 14a)."”* The
(R)-state of the catalyst was employed in the enantioselective
addition of the diethylzinc unit into aromatic aldehyde deriva-
tives, bringing out an enantioselective reversal product with 68%

(b)
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that shows an internal transfer of chirality to the coordinated metal site

in an organocatalysis reaction under the light. The catalyst-mediated enantioselective addition of organozinc to aromatic aldehydes. Repro-
duced with permission.*”* Copyright 2018, American Chemical Society. (b) Molecular structure of the two motorized systems for stereodivergent
chloride anion binding catalysis. Addition of silyl ketene acetal to 1-chloroisochroman.*”?

© 2023 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Adv., 2023, 5, 3177-3208 | 3195


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00010a

Open Access Article. Published on 22 kvtna 2023. Downloaded on 11.06.2026 14:58:54.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

ee, and the yield reported was 87%. The results supported that the
catalyst's chirality transfer process and allowed controlling the
dynamic chirality from central to helical to axial chirality.

Dorel et al. reported a photoresponsive chiral catalyst based
on a unidirectional molecular motor, functionalized with two
oligo triazole units in each site of the system applied in anion
binding.'”> These anion-binding receptor sites induce chirality
in each motor's unidirectional rotation step. This motorized
catalyst was employed in adding silyl ketene acetal to 1-chlor-
oisochroman (Fig. 14b); this catalyst assists in the divergent
stereoaddition of silyl ketene up to 142% Aee. The (M, M)-cis
isomer of the catalyst produces up to 80 : 20 e.r., whereas (P, P)-
cis state is 5:95 e.r. Herges and coworkers reported a novel
approach to synthesizing cyclic tetravanadate via endogenic
condensation employing an AB-based machine.'” This system
was designed by attaching two Zn-cyclene units to the AB
through methylene that was bound efficiently with the reactant
monovanadate, leading to the formation of the tetravanadate
ring. While the system interconverts into a cis-isomer, it elimi-
nates the cyclic product tetravanadate via hydrolysis, although it
reverts to monovanadate owing to the system's stability. This
example indicates that artificial molecular assemblers can
change chemical synthesis paradigms such as bioproteins
using the mechano-synthesis process. Based on the concept of
the supramolecular process, Dube's group designed and re-
ported a reaction of Michael addition using a hemithioindigo-
based motor under visible light."”* This motor interacted
through the hydrogen bonding with the organocatalyst, namely,
Schreiner's thiourea and squaramide (Fig. 15), which stopped
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the transformation. Still, the catalysis starts as soon as the
motor adopts the E-conformer.

Leigh and coworkers described a motorized system capable
of moving a substrate to different sites, leading to different
diastereoisomer products in a chemical transformation."” This
system comprises terminal alkene-incorporated acyl hydrazone
rotor and quinoline stator bearing two prolinol silyl ethers
connected by triazole linkages. The novelty of this machine is
that it can stereoselectively produce one diastereomer in excess
over the four products, which could not be achieved via the
conventional method. These methods have several merits over
conventional synthetic procedures, such as control over product
formation. Hence, it laid the foundation for next-generation
molecular machines and motors. Significant progress has
been made in molecular motor-based catalysis in the last two
decades, yet this field is young. The careful selection of motors
with controlled dynamic motion and compatibility of the cata-
lyst geometry are two basic parameters that offer unmatched
opportunities to control a catalyst's activity and selectivity.
Directing the chemical synthesis by controlling the dynamics of
molecular motion will need to be explored more with structural
modification, switching efficiency, and new motor design to
take this sector to the next level.

3.6. Uses of molecular motors and rotors in the development
of stimuli-responsive crystalline and porous materials

Porous materials provide a unique architecture for molecular
motors to transform the motion at a larger scale in a solid state.
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The incorporation of molecular rotors and motors in the solid
phase is discussed briefly in Section 2.2.2. These materials offer
opportunities to develop photoresponsive materials by har-
nessing collective motion; however, the topological change in
the molecular motor may hamper the robustness of the porous
materials."”® Selectivity and separation factor might be
increased by including appropriate stimuli-responsive mole-
cules and adjusting the pore size of MOF or SURMOF (surface-
mounted metal-organic framework). As a result, 3D motorized
solid materials could be employed for medicine delivery, gas
separation, or Li-ion battery applications. Molecular motors
with ultrafast dynamics were engineered into shape-consistent,
low-density porous molecular materials.***>**® Consequently,
host-guest interactions offer them to control the motor's rota-
tional speed by interacting with diffused chemical species such
as gas, liquids, or vapors.'””'7®

Perego et al. reported a MOF architecture integrated with two
ultrafast rotors exhibiting fast mechanical motion even at 2 K
temperature.’””® The two distinct rotors, bipyridine as a pillar
and bicyclo[1.1.1]pentanedicarboxylate arranged in 2D layers,
coordinated with the Zn-paddle wheel node, resulted in a mul-
tidynamic system. The disorder-to-order phase transitions are
ascribed to the 180° flip rotation of the bipyridine (Bipy) rotor
and bicyclo[1.1.1]pentanedicarboxylate (BCP) rotor that initiate
multiple configurations of geared and anti-geared rotators
(Fig. 16a). Notably, the low energy barrier of BCP enabled the
conversation of low thermal energy into rotary motion, which
could be controlled by low-pressure CO, gas or DMF.

Feringa, Comotti and coworkers incorporated a photo-
responsive overcrowded alkene motor into porous material
through the stator part to control the free volume available
within the system to modulate as per conditions (Fig. 16b)."** The

Fig. 16
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system varies with inducing heat and light, leading to bulk
isomerization due to the bistable rotor in the framework, which
could uptake N, and CO,, releasing 20% of the initial volume at
a relative pressure (P/P,) of 0.6 bar. In 2019, the group of Feringa
developed a zinc pillared-paddlewheel 3D solid MOF integrating
UV light-activating motors."® Interestingly, the unidirectional
movement of the motor in the solution state is retained in the
solid-state MOF as well; hence, one could expect that this system
would be applicable in gas diffusion or microfluidic pumps.
Different sizes of 3D metallocycles were developed by fabricating
bis-pyridyl-based MPY electron-rich donor rotor with di-Pt(m)
acceptors described. The metal-driven self-assembly 3D metal-
locycles produce a more efficient push-pull type under visible
light, providing strategies for a biomimetic hierarchical system
potential for generating collective motion."® Owing to the
densely packed structure of the motor, motions are limited in the
crystalline phase; however, amphidynamic crystals with molec-
ular rotors promise solid materials that might allow conforma-
tional changes along with a change in the properties.'® In this
regard, a binuclear emissive crystalline rotor integrated with
a pyrazine rotator connected to Cu or Au metal through stator
NHC carbene was developed by Mingoo Jin and coworkers.*® The
length of the rotational axle connected to Au or Cu played
a crucial role in controlling the rotation barrier owing to the -
accepting ability of the rotor molecule. The Cu(i) rotor complex
possesses higher rotational energy and electronic delocalization
than the Au (rotor), which is attributed to the higher steric
interaction in the Cu(i) complex than the latter, causing a red-
shifted emission in the solid state (Fig. 17). Although this
system's application is not reported, these physical properties of
amphidynamic crystals could be employed in pharmaceuticals,
sensors, and adsorption/desorption.s>%¢

470 nm H 365 nm

(a) The component of ultrafast motorized MOF consists of Zn-paddlewheel node and molecular structures of BCP and bipy linkers and

their arrangements. Reproduced with permission.*”® Copyright 2020, Springer Nature. (b) Rotary motor functionalized in MOF that changes color
upon isomerization. Reproduced with permission.**® Copyright 2020, Springer Nature.
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3.7. Motor use in building stimuli-responsive soft materials
and soft robotics

Through the transmission of the molecular-level nanomotion of
molecular machines onto the collective motion by integrating
with well-arranged networks, one could envision achieving
motion such as myosin and actin filaments. Soft materials are
unique functional materials that are distorted under the influ-
ence of external input and exhibit versatile features. For
instance, a hydrogel could undergo shape irregularity by
expansion/contraction, which is ascribed to the water releasing
or retaining capacity. Stimuli-responsive and programmable
shape morphing systems hold tremendous potential in
biomedical, soft robotics, and biomimetic systems, thus
attracting great interest. These materials are mainly function-
alized with polymer, supramolecular materials, liquid crystals
(LQ), etc., resulting in hierarchical, shape-memory, hydrogel,
self-oscillating structures, and so on, especially LC-based
materials and hydrogels.

Several groups successfully connected the molecular
machine with supramolecular polymers and showed motion
amplification at the macroscopic scale.®** In 2017, a photo-
responsive Feringa-created motor was incorporated into a hier-
archical supramolecular assembly that shows macroscopic
contractile motion." An amphiphilic motor integrated with
a dodecyl chain through the rotor part and stator was tagged
with the carboxyl group to increase water solubility. This system
undergoes a hierarchical assembly that is first assembled into
the nanofiber bundle, which finally generates the long string
(Fig. 18). When this string was generated under the shear flow
method in an aqueous CaCl, medium, a unidirectional align-
ment of nanofibers and UV light exposure made the string bend
toward the light. The string was able to perform a flexion angle
of 90° within the 60 s in an aqueous medium with an actuation
speed of 1.5 & 0.02° s~ " and with a speed of 1.8 4 0.07° s~ " in
the air. The isomerization of the motor varies by local packing
environment resulted in lifting a 0.4 g piece of paper on expo-
sure to UV light. This noninvasive, light-triggered nanoscale

A _N_ N M A
S -
é steric X,
D N\ D effect

Au crystal 2

N

1[M = Cu(l)]
2 [M = Au(l)]

under UV light
(365 nm)

under UV light
(365 nm)

Fig. 17 Structure of the crystalline molecular rotor, the rotators are
linked by metal atoms (Cu or Au). Reproduced with permission.*®*
Copyright 2021, American Chemical Society.
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motion is transferred to collective motion in the supramolec-
ular assembly in water and air is envisioned to create soft
robotics. Molecular motors ideally require effective chirality
transfer to function from the motor part to the unit responsible
for carrying out the required operation.'*® Feringa and his team
provided the first example of using an overcrowded chiral
alkene as the dopant by studying the transfer of photo-
switchable chirality from a light-responsive molecular motor to
a dynamic helical polymer to control the polymer properties.
The transfer mechanism was found to be a result of the ionic
interactions involving the molecular motor and helical poly-
mers. In 2017, they reported that a dopant with photoswitchable
chirality was able to bring about a preferred helicity in a poly(-
phenylacetylene) polymer, which could be altered in situ using
light stimuli.'®

The bottom-up approaches of integrating responsive systems
with supramolecular assembly generate 3D soft matter that
could amplify the molecular motion to macroscopic motion with
molecular level precession. One of the approaches to achieve this
is fabricating molecular rotary motors with a supramolecular
assembly that combines with covalent frameworks to provide
a hybrid polymer system that enables mechanical actuation at
a larger scale. Giuseppone described UV-light mediated
contraction of a gel framework comprising Feringa's motor."™
These motors with a PEG chain of different molecular weights
were developed, which could be used to generate eight-shaped
and crosslinked gel depending upon the concentration. These
systems show macroscopic work on account of the motor's
rotation through the polymers' braids. However, its reversibility
becomes complex as it demands massive chemical changes. In
this context, the authors developed a dual light-activated system
by integrating with an extra photoswitch DAE, which works
overall on two different wavelengths.””® The DAE modulator
adopts a cyclic or closed form that releases the stored energy on
demand. The motor stops its rotation upon irradiation with
visible light. The photoswitch adopts an open form that gener-
ates free rotation around the C-C bond (Fig. 19). It releases
elastic energy stored in the entangled polymer chains as kinetic
energy can initiate the rotation until the system achieves ther-
modynamic equilibrium. The elasticity of the polymer network
and osmotic pressure governed the reversible process. Taking
inspiration from whirligig crafts, recently, the same group
developed another system comprising a second-generation
motor integrated with two polymer chains that released elastic
energy from a twisted state through the reverse rotation of the
strained state to a relaxed state." Thus, these motorized poly-
meric gel systems are related to biomolecular motor-integrated
muscular tissues and continuously drive away from thermody-
namic equilibrium, which is more advantageous compared to
molecular switch-based gel.**

Colin-Molina et al. developed a thermosalient rotor with
DABCO and carbazole, showing cocrystal reversible phase
transition."” In this system, the DABCO motif acts as a rotator,
which shows fast rotation at low temperature with an activation
energy of 2.6 kcal mol™. Single crystal analysis implied the
phase transition process as a collective molecular displacement
into macroscopic motion. The crystals were found to jump off

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Graphical representation of the self-assembly of the photoresponsive molecular rotor into nanofibers, which generate a string that

undergoes deformation upon exposure to UV light. (b) Photochemical and thermal helix inversion steps of the motor. Light irradiation images of
different supramolecular self-assembly. (c) (i) A supramolecular string in water bends toward the direction of the UV light from 0° to 90° within
60 s; (ii) a motor string bends toward the UV light to 90° within 1 min toward the right direction; (iii) photo and thermal actuation of the motor
string. The scale bars for all photographs is 0.5 cm. Reproduced with permission.*®” Copyright 2017, Springer Nature.

the surface above 316 K because of the phase transition process,
resulting in changes in the rhomboid lattice of the two crystals.
Thus, phase transition causes structural change, which ulti-
mately varies the dynamics. It is the first example of a crystalline
molecular machine capable of showing dynamics at the

© 2023 The Author(s). Published by the Royal Society of Chemistry

macroscopic level. Thermosensors can be constructed from
such a light- and temperature-responsive material. Overall, the
aforementioned working principles could be applied to create
soft-phase transition materials based on rotary motors for use
in molecular actuators and energy storage.'****
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Fig. 19 Dual light control motorized modulator. Graphical representation of (a) a reticulated polymer-motor gel under UV light. (b) A polymer—
motor—modulator gel. (c) Dual light control of the polymer—motor—modulator system based on enantiopure overcrowded alkenes rotor and
photoswitchable dithienylethenes as the modulators. Reproduced with permission.*?® Copyright 2017, Springer Nature.

The LC materials exist between the crystalline solid-state and
liquid-state, and their disordered arrangement could be aligned
by applying lower energy stimuli. The long-range spatial
arrangements of these thermodynamically stable LC could be
achieved by interacting/combining the dynamic motion of
molecular machines, which translate the nanomotion to
collective motion at a certain length. It is worth mentioning that
LC-based actuators can show reversible shape change in a solid
state without an aqueous environment, unlike hydrogel, if they
are precisely integrated with aligned molecular systems.'*
Hence, these LC-based stimuli-responsive soft materials that
can magnify the external inputs into mechanical work and the
future could be anticipated as an evolution of such collective
motion in soft actuators, which would assist innovation in soft
robotics, photonics, microfluidics, and biomedical applica-
tions.'*® For example, Katsonis and colleagues demonstrated an
oscillating pattern of the motor-doped achiral LC."” A passive
codopant was utilized to prevent the chiral-dopants’ helical
unwinding under light, which could produce geometrical frus-
tration (Fig. 20a and b). When a film of the helix is enclosed
between two glass slides, stimulating perpendicular orienta-
tion, this supramolecular structure was observed to impart
angle-dependent propagation as the axis symmetry was

3200 | Nanoscale Adv,, 2023, 5, 3177-3208

disturbed. These outcomes might hold potential for developing
autonomous motors that could harness light to work. Feringa's
group described that a first-generation motor could transfer
helices chirality into LC networks.'® The different chiral states
of the rotary motor under light can alter the geometry of the LC
matrix. The system has four isomeric steps compared to the
second-generation motor, which shows only two isomeric
steps.'® Thus, light can trigger the rotational steps of the motor
reversibly in the macroscopic domain. The LC functionalized
with a second-generation alkene motor that results in helical
twisting under a single wavelength racemic motor-embedded
polymeric film shows bending when induced by UV light and
reverts to the initial state upon removing the source (Fig. 20c-e).
Thus, a small film of the LC polymer irradiated with light results
in walking or bending toward the direction of the light.
Recently, Feringa, Chen, and coworkers investigated the
light-driven intricate and programmable motion of the second-
generation rotary motor with an LC network.”® The system
showed fast motility and helical motion with different hand-
edness. LC-based polymeric ribbon having four parts after UV
light irradiation produced a fast wavy motion, and the motion
was either against or toward the light source (Fig. 21). This
actuation was due to the two different orientations of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Molecular motor with Binol (BB) doped in LC that shows winding under light irradiation. (b) Axisymmetric chiral patterns with opposite

handedness were observed by polarized optical microscopy between crossed linear polarizers. Reproduced with permission.*” Copyright 2018,
Springer Nature. (c) An enantiomerically pure molecular rotor and a mixture of these motors with LC monomer result in an indifferent helical
motion. (d) Arrangement of the motor in LC monomer and its bending motion under exposure to light. (e) photoactuation of the LC ribbon on
a glass surface. Reproduced with permission.**® Copyright 2021, The Authors, published by Wiley-VCH.

Fig. 21 (a) Molecular structure of a rotary motor. Light-powered (b)
wavy motion and (c) helical motion of the motorized LC film (scale bar
is 5.0 mm). Reproduced with permission.2°® Copyright 2022, The
Authors, published by American Chemical Society.

© 2023 The Author(s). Published by the Royal Society of Chemistry

racemic mixture of motors contained within the LCs network.
Here, the motors play a crosslinking role in actuators; however,
when enantiomerically pure motors are employed as a dopant
for the LC matrix, the spiral motion was accomplished owing to
the remarkable special axial chirality of the pure motor. These
mentioned studies are performed employing photolithography
techniques that allow the well-defined orientation of the motor
and LC monomers. Hence, these studies provide the designing
principles for advancing soft robotics and actuators that could
generate more complex motions.

4. Some of the scope and crucial
hurdles in designing artificial molecular
machinery for practical use

Currently, chemists attempt to mimic autonomous natural
motors to build different functional nanodevices. However,
whatever molecular machines are reported to date are unlike
the natural biomolecular motors and practically nonautono-
mous, apart from a few. One of the crucial challenges in
designing the molecular machine is energy supply as the
sustainable input, which operates the device, and this can be
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possible be exergonic.”®* Other chemical reactions, liberating
energy when cold, can be used instead. We learn from nature's
creation, and our collective knowledge drives us to recreate
nature's functions while maintaining thermodynamic
nonequilibrium. However, at some point, if the motors fail to
drive away from the thermodynamic equilibrium, we face the
hurdle of bringing them back to perform their desired func-
tions. Thus, a random synthetic approach could sometimes
result in a very unrealistic outcome that often turns into failure.
Therefore, the molecular modeling approach is helpful for the
preliminary investigation. We can suppose that the desired
dynamics in a molecular system is based on theoretical simu-
lation data and design them accordingly. The most challenging
part of developing a molecular machine is to bring a proper
dynamic motion and the corresponding control on the direc-
tionality. Generally, the molecular motors follow the Brownian
ratchet mechanism by exploiting random thermal motion to
move; however, the motors need external input factors for their
control. Therefore, a continuous power source is required for
the motor to maintain operational continuity. The movement
depends on the correctness of the molecular design, and the
ratchet function is a critical factor for the control. Unlike
macroscale machines, a molecular machine faces the inter-
atomic forces of intramolecular attraction-repulsion within
submolecular spaces. These narrow spaces consider only
quantum mechanical phenomena; thus, the direct miniaturi-
zation of the classical conceptual design may not work.
However, the scientist took inspiration from the natural bio-
machine blueprint by considering the subatomic parameters as
molecular-size machines work under low Reynolds numbers
and the prevailing Brownian motion conditions. Thus, one
must contemplate these factors while designing the molecular
machine, and the ratchet mechanism is quite helpful. Once the
molecular machines' design and synthesis are over, imple-
mentation becomes vital to extract practical work from them.
These systems need to be incorporated into suitable metallic or
semiconducting surfaces, nanocrystals, nanoparticles, DNA
scaffolds, MOFs, etc., for extracting collective output to furnish
the desired job.***"2%>>** The properties of molecular machines
are widely exploited in the solution phase; now, the incorpora-
tion and control of their dynamics in the solid state are neces-
sary to extract macroscopic output to develop a solid-state
device. In recent times, scientists have integrated potential
nanomachines on the surface materials to improve the effi-
ciency of the collective motion of molecular machines. This was
possible due to the well-defined topology of the solid materials
that allow the molecule's motion to synchronize precisely. For
instance, DNA scaffolds and MOFs are receiving greater atten-
tion as their free molecular spaces enable the rotary motors to
rotate freely, thereby overcoming the disadvantage of the liquid
crystals. The last two decades have seen a vast development in
molecular machines, from surface-rolling nanocars to MOFs
incorporated with molecular machines. The change in the
motor's geometry could lead to a change in the geometry of the
associated surface, which may benefit some systems. Never-
theless, the geometrical change in MOF due to the integrated
rotor molecules might hamper the system. LC polymers are also

3202 | Nanoscale Adv., 2023, 5, 3177-3208

View Article Online

Review

one of the relevant surfaces for rotary motors to amplify large-
amplitude rotational motion. One of the fundamental chal-
lenges in a surface grafting machine is that all the motors need
to rotate freely in the desired direction without the function
hindrance of adjacent molecules. In other words, there should
be little or no noise; otherwise, the motor's efficiency suffers,
and collective output creation fails. Further examinations of
various surfaces may aid in overcoming this. The potential
macroscopic applications in energy storage and release, nano-
robotics, soft actuators, and the biomedical field are already
visible. Although researchers have come a long way from
designing a molecular machine to generating macroscopic
output, several issues still need to be addressed. Properly
engineering these surfaces will resolve the issues that pave the
way for developing effective solutions and solid-state devices for
practical applications.

5. Conclusion and perspectives

The artificial molecular machines developed in the last few
decades manifest the multidisciplinary science approaches in
this research field. The evolution of molecular motors has
shown how these systems are introduced into materials science
and chemical biology to a large extent. This review outlines
different ratcheting strategies for building rotary nanomotors,
their functional mechanism, and actuating properties with
examples. Also, we have discussed the design of architectures
that improves the performance of molecular machines at the
macroscopic level to a specific scale. Moreover, we have dis-
cussed more detailed proof-of-concept to real-world imple-
mentations of diverse molecular motors, offering insights into
their potential applications in various realms for future
perspectives. Notably, the examples of the motors show their
potential to perform or one could envision to implement in
more than one application. It is captivating how far this field
has come in the last two decades, from nanoscale motion to
controlled cargo delivery or the movement of a droplet. The
journey from the molecular level to the macroscopic scale
suggests that integrating motors into different surfaces/
interfaces, such as polymers, LCs, supramolecules, DNA scaf-
folds, and carbonaceous materials, could extract macroscopic
work. Both theoretical and experimental investigations would
be advantageous for designing such prototype systems.

The examples discussed here show that NIR™® or visible
light™*'"* serves as excellent stimuli. Further, the development
of 2PA motors'*® or motorized nanobots®® (e.g., RF-driven) will
undoubtedly be going to solve the issue related to UV-driven
molecular machines. Other stimuli, such as electrical, redox,
or chemical fuel, would be appropriate for the desired work. To
achieve this, besides advancement in structures and architec-
tures, a vigorous exploration of new classes of molecular motors
is needed, and the library of molecular motors should increase,
providing more options to engineers to develop more efficient
works. In chemical synthesis, the motors may act as a robot that
controls the production of different products in a programmed
way.'”® Reports have been published on switching chirality; yet,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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issues associated with the systems, such as the recyclability of
a motor or switching activity, need to be addressed.

Thereby, many reactions will be benefited from the forth-
coming rotary motor-based robotic systems. Nevertheless,
manipulating other systems by molecular machines is estab-
lished. This could be one of the potential areas where other
classes of molecular systems should be employed to achieve
nature's complexity and efficiency. A regular expression of
misfolding and aggregation-prone proteins cause several
diseases in human; polyglutamine expansion in different
unrelated proteins are found to be responsible for many human
neurodegenerative diseases. The development of dual-light
active rotary motors for massive reversible elastic advantage is
notable. This work may be further extrapolated to solve many
such disputed biological events. For example, in prion protein
disease, where protein misfolding causes severe neuro diseases,
such motorized action may be helpful to repair protein mis-
folding, and redox-active molecular motors can inhibit the
undesired polyglutamine expansion.

The development of different soft materials based on
molecular motors with associated macroscopic output shows
that the gap between macroscopic and molecular levels is
resolving. These dynamics systems are covalently linked to the
mesogen or as a chiral dopant to generate stimuli-responsive
LC-based soft materials. These soft materials are quite prom-
ising as they have broad applications; yet, improvement could
generate better and continuous actuation in any environment.
The macroscopic actuators would be advanced by arranging
hierarchical motor assemblies with supramolecular matrix
using top-down and bottom-up methods such as 3D/4D
printing, bundling, and layering. Flexible materials are essen-
tial for building new flexible devices; therefore, nanocage-based
polymer materials having inbuilt motors may be highly futur-
istic to develop soft-touch materials, foldable devices, etc.>*
These works have perfectly shown the thoughtful design and
use of molecular machine's active and passive mechanical
parts. Thus, the progress accelerated toward the complexity of
design to achieve more practical advantages. We have seen that
silicon chip processors are expensive and high power
consuming. There is great scope to design multigated rotary
motors for developing high computing power processors with
low energy consumption. Scientists are working on a bio-
computer development where the molecular motors of biolog-
ical origin are the core unit.?*® Rotary motors, if interfaced with
supramolecular nanoplatform, deliver a powerful nanorobotic
device that can solve very complex biocomputation and even
target cancer cells with high precision, can disintegrate human
Alzheimer's beta-plaque.

Another issue in the energy harvesting context is the engi-
neering approach to device development using rotary motors to
extract maximum power on a large scale. To produce maximum
work, the collective output of molecular motors by cooperative
nature is vital, which minimizes noise. Therefore, the assembly
of molecular motors should work in unison. Thus, the different
surfaces/interfaces should be put in trial and error to achieve
this. To the best of our knowledge, to date, molecular rotary
motors are not used in supercapacitor applications or as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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piezoelectricity materials. Hence, suitable functionalization
with the rotary motors or exploration of rotary motors (or with
different interlocked systems) in various platforms such as
nanoparticles, MOFs, LCs, biomolecular scaffolds, and CQDs
will undoubtedly lead to discoveries in new scientific applica-
tions.?”” The light-gated remote-functionalized photoswitching
can address other motor-based photosensing devices. These
remotely functionalized optical single rotary motor systems may
be further extended to control multiple rotary motors with
appropriate design. It is fascinating that motorized nanocars
are controlled as a single molecular system and could be envi-
sioned for high-density data processing and storage. The proper
immobilization on the surface and technologies to analyze the
operation of these systems at the molecular level are complex
and need to be resolved. Although scientists have dominated in
achieving directional motion control and converting these
motions to integrated materials, many choke points to practical
applications exist. The output induced by the molecular motor's
collective motion would encourage scientists to construct more
responsive and standalone materials. So far, several macro-
scopic works have been reported; the question may arise about
how far this amplification of the collective motion would go by
means of actuation, workload, and robustness.

Finally, as natural biomolecular motors could perform
various tasks in a chaotic environment, ratcheting and engi-
neering to develop such machines are highly desirable and
challenging. One step in this direction would be the develop-
ment of low-frequency active macromolecular ratchets or plat-
forms, which can remove noises in the working frame to deliver
damping-free operation. While nature has attained its complex
and multifunctional machines through billions of years of
evolution, forthcoming artificial molecular machinery is bright,
even though its journey has not been long. Although developing
a molecular motor with prototype applications is still in prog-
ress, since 1993, scientists have gradually learned to design,
synthesize, and control various artificial and biomimetic
molecular machines and now amplify them into collective
motion. Thus, we could anticipate prominent output from
molecular machinery shortly. We hope that this review will
show the potential to gain knowledge and ideas to build
molecular machinery (mainly rotary motors) for real-world
applications.
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