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ABSTRACT: Accurate control of long-range motion at the molecular scale
holds great potential for the development of ground-breaking applications
in energy storage and bionanotechnology. The past decade has seen
tremendous development in this area, with a focus on the directional
operation away from thermal equilibrium, giving rise to tailored man-made
molecular motors. As light is a highly tunable, controllable, clean, and
renewable source of energy, photochemical processes are appealing to
activate molecular motors. Nonetheless, the successful operation of
molecular motors fueled by light is a highly challenging task, which
requires a judicious coupling of thermal and photoinduced reactions. In this
paper, we focus on the key aspects of light-driven artificial molecular motors
with the aid of recent examples. A critical assessment of the criteria for the
design, operation, and technological potential of such systems is provided,
along with a perspective view on future advances in this exciting research area.
KEYWORDS: molecular machines, photochemistry, autonomous operation, directional motion, dissipative systems, nanoratchets

■ INTRODUCTION
Life is a non-equilibrium phenomenon where endergonic
physicochemical processes are sustained by exergonic ones that
are responsible for harvesting the energy needed.1−6 Naturally
occurring complex molecular assemblies like motor proteins
are essential to life, as they are responsible for carrying out
crucial tasks, such as energy storage and conversion (ATP
synthesis), cargo transport, protein synthesis, and DNA
replication.1,2,7−9 Some of the most important and extensively
studied motor proteins are those of the myosin and kinesin
families, ATP synthase, and bacterial flagellar motor.7,10−13

These proteins are referred to as “motors” or “engines”
because, like macroscopic engines, they continuously and
autonomously convert the energy coming from an external
source (i.e., the fuel)14 into mechanical work while performing
a directional motion of the components.7,15−18 In doing so,
these chemical systems are set in non-equilibrium states
sustained by continuous dissipation of energy.1,3,19,20

About 30 years ago, chemists embraced the challenge of
constructing synthetic systems which mimic the operation of
natural molecular motors. In general, such systems exploit
chemical, electrochemical, and photochemical processes to
cause mechanical-like movements of the (sub)molecular
components.15,17,21−23 Over the years, the field has progressed
from early proof-of-principle studies to more sophisticated
investigations aimed at exploring the real world applications of
molecular machines. Indeed, the award of the Nobel Prize in
Chemistry 2016 to Jean-Pierre Sauvage, Fraser Stoddart, and
Ben Feringa “for the design and synthesis of molecular

machines”24−26 highlighted the conceptual significance and the
technological expectations of this research.27,28

Compared to the other energy sources, the use of light is
highly desirable as it provides exquisite spatiotemporal control,
can avoid the formation of waste products upon operation, and
is intrinsically renewable.29 Despite these advantages,30,31

studies on artificial photochemically driven dissipative systems
are highly challenging as they require a specific molecular
design that involves a judicious combination of photochemical
and thermal rearrangement processes.17,18,32 Moreover, as
molecular motors operate by repeating cycles, reversible, clean,
and fatigue-resistant reactions are needed. For this reason, only
a few types of photochemical reactions have been employed so
far to operate these systems, namely, photoinduced electron-
transfer and photoisomerization processes.17,30,31,33−35 With
regard to the second category, the most common choice
involves photochemical isomerization reactions around (i)
C�C (e.g., stilbenes), (ii) C�N (e.g., imines), and (iii)
N�N (e.g., azobenzenes) double bonds.17,36−38

This Perspective provides an overview of the evolution of
the field of photoactivated artificial molecular motors over the
past 10 years, critically assessing their strengths and weaknesses
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as well as reviewing current applications and outlooking their
future potential. For clarity, the examples described are divided
into two classes depending on their molecular structure and on
the type of motion produced. Thus, the first part of this review
deals with motors based on covalent molecular structures that
exhibit rotary motion, while the second part focuses on
supramolecular host:guest complexes, which show the linear
displacement of one component relative to the other.
Working Principles
In order to operate continuously, a motor (either macroscopic
or molecular) must go through a closed sequence of
transformations, which can be repeated indefinitely. Therefore,
the basic working principle behind the majority of light-driven
artificial molecular motors involves the coupling of a
photoinduced reaction with a thermal rearrangement process.
Since each of these processes typically interconverts two states,
the result is a four-membered closed reaction network (square
scheme, Figure 1a) in which the photochemical processes

harvest the energy that is consumed in the thermal reactions. A
few examples of “photon-only”-driven motors have been
reported, whose operation will be examined in a dedicated
section.
It is important to point out that in photochemical reactions

(Figure 1b), the composition (i.e., the product/reactant
concentration ratio) at the photostationary state (PSS) is
determined by the photoreaction quantum yields (governed
solely by the profile of the excited-state potential energy
surface) and the molar absorption coefficients. Thus, these
reactions are not bound to the constraints of microscopic
reversibility, which instead regulate thermally activated
processes (Figure 1c) in the electronic ground state.22,39−42

The concomitant occurrence of the two processes is,
however, not a sufficient condition to obtain a motor. The
second criterion that needs to be met is the unidirectional (or
directionally biased) relative motion of the distinct parts/
components. While this can be easily achieved in the
macroscopic world, where Newtonian physics holds true, it is
not the case in the nanoscopic domain. At the molecular level,
in fact, thermal energy results in an endless “jiggling” of the
atoms which disrupts any directionality.43,44 In order to fulfill
the second law of thermodynamics, directional motion at the
nanoscale requires the use of an energy source to bias
Brownian motion and render the movement in a given
direction more favored than those in other directions. This is
achieved by employing ratchet mechanisms, which operate by
breaking spatial and time-reversal symmetries along the
direction of motion with the application of a time-dependent
potential with repeating asymmetric features.16,17,45,46 The
categories of ratchets of interest in the context of molecular
motors are energy and information ratchets; their detailed
description and specific characteristics are beyond the scope of
this Perspective and have been extensively discussed else-
where.16,17,21,45,47,48 Here, we will limit our explanation to
saying that energy ratchets asymmetrically modulate both
energy maxima (kinetics) and minima (thermodynamics),
while information ratchets modulate only the energy maxima,
depending on the position of the Brownian particle.

■ COVALENT MOLECULAR SYSTEMS: ROTARY
MOTORS

These systems mostly operate by coupling the photo-
isomerization of a C�C or C�N bond with thermally
activated inversion of helicity (thermal helix inversion, THI).
In particular, the molecule is endowed with specific stereo-
chemical elements that break the symmetry of the potential
energy surface; this results in a directional bias in the relative
sense of rotation of a “rotor” with respect to a “stator” portion
of the molecule.36,38 Two main classes of molecular rotary
motors have been developed over the past 20 years: (i)
overcrowded alkenes and (ii) imines.17,36

Overcrowded Alkenes

The first class of compounds that exhibited directionally
controlled photoinduced rotation about a C�C double bond
is that of overcrowded alkenes (Figure 2). Such compounds
can be categorized in two distinct families sharing the alkene
motif but having different substitution patterns, such as a
stilbene core or a sulfur-based heterocycle.
Stilbene-containing compounds reported by Feringa and co-

workers were the first molecules capable of achieving a full
360° unidirectional rotation of the rotor upon light irradiation
thanks to a ratchet mechanism.49 Several generations of this
motor were then developed, all of which are based on an
overcrowded stilbene structure bearing a stereocenter. Thanks
to the high steric hindrance around the short double bond, the
molecule is forced to adopt a nonplanar conformation, which
displays a specific helical chirality dictated by the configuration
at the chiral carbon center(s).37,49

Moreover, they all share the same operational cycle (Figure
2a), described here for the first generation motor (Figure 2b,
left), which starts with a photoinduced double bond isomer-
ization to achieve the Z form of the stilbene unit. This step also
brings the methyl group from a (pseudo)axial to a (pseudo)-
equatorial position, giving rise to a steric clash with the stator.

Figure 1. General four-step reaction cycle used to describe the basic
operation of most light-driven molecular motors (a). Horizontal
processes, marked with “Δ”, are thermally activated, while vertical
processes, marked with “hν”, are photochemical steps. Simplified
energy diagrams of photochemical (b) and thermal (c) processes.
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The molecule relaxes from this metastable state to a more
stable state by switching the chirality of the helix and bringing
back the methyl group to a (pseudo)axial conformation. As in
the previous step, because of steric reasons, the THI must
occur directionally with the aromatic parts flipping over each
other. This step is practically irreversible because of its large
driving force and is responsible for the bias in the rotation
direction. Thanks to the overlap in the absorption spectra of E-
and Z-stilbene, a second photon of the same wavelength can
cause Z−E isomerization. This leads the system again in a
higher energy state due to the (pseudo)equatorial methyl
group, and the energy is released by THI, closing the cycle and
readying the motor for another cycle.37 Second and third
generation motors operate according to a conceptually
identical mechanism.
The molecular design of the motor was improved over the

years, giving rise to a family of motors with enhanced
performances. Particular effort was put into the optimization of
the THI process by lowering its half-life, with a consequently
higher rotation frequency.50 Further engineering involved the
reduction of the molecular complexity with the desymmetriza-
tion of the stilbene core, introducing the concepts of rotor and
stator (Figure 2b, middle)38 and ultimately leading to a meso-
motor, initially achiral and desymmetrized upon photo-
irradiation (Figure 2b, right).51

Finally, a unidirectional rotation was also achieved in an
achiral stilbene-based switch upon complexation with an
optically pure phosphate anion.52 The noncovalent inter-
actions between the motor and the anion enable the transfer of
chiral information, leading to the preferential formation of one
particular diastereomeric ion pair and resulting in a preferential
direction of rotation of the stilbene moiety.
Alternative motor architectures incorporating an over-

crowded alkene functionality were proposed by Dube and
co-workers.53,54 These systems exploit an analogous structure
of the rotor unit, while the stator moiety derives from a
hemithioindigo heterocyclic scaffold (Figure 3a). Innovative

features with respect to stilbene-derived compounds include
the chiral-at-sulfur nature of the sulfoxy moiety as well as the
intrinsically red-shifted absorption band of the hemithioindigo
unit. The first generation motor is able to directionally travel a
closed reaction network, alternating visible-light photoisome-
rization, and THI steps. Due to the high efficiency, the four
isomers composing the operational cycle were initially only
theorized and have been fully elucidated only in later studies.55

A detailed kinetic study of the rotation efficiency confirmed the
mechanism of rotation and provided inputs for further
theoretical studies.56 An additional, interesting feature of
these systems is the so-called hula twist, a combination of
single- and double-bond rotation that expands the network of
reactions interconverting the four isomers (Figure 3b, central

Figure 2. (a) Schematic representation of the four-step operation
cycle of alkene-based motors, comprising photochemical reactions
(horizontal processes) and thermal helix inversion (THI, vertical
processes). The black arrows indicate the relative movement of the
rotor (blue) with respect to the stator (red). The direction of cycling
is indicated by the gray dashed arrow. (b) First, second, and third
generation Feringa-type motors (refs 49−51). The rotor (blue) and
stator (red) portions of the motor molecule are highlighted where
relevant.

Figure 3. (a) Examples of first, second, and third generation
hemithioindigo motors (refs 53, 59, and 61). The rotor and stator
portions are colored blue and red, respectively. (b) Schematic
representation of the reaction network traveled by a second
generation hemithioindigo motor, comprising single bond rotation
(horizontal processes), double bond isomerization (vertical pro-
cesses), and hula twist (central crossing processes).
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crossing arrows).57,58 Taking advantage of the hula twist, more
elaborated trajectories of relative motion can be obtained, such
as the eight-shaped directional rotation (Figure 4). Impor-

tantly, the highly selective directionality is inferred by a well-
defined sequence of photochemical double bond isomer-
izations and thermal hula twist and is preserved even at
temperatures as high as 130 °C.59

“Photon-Only” Operation of Overcrowded Alkene Motors
Generally, the frequency of rotation of rotary motors is limited
by the rate of the thermal steps in the electronic ground
state.36,60 “Photon-only” molecular motors, whose unidirec-
tional rotation relies solely on photoreactions and not on
thermal ratcheting, could overcome this constraint and open
the possibility to achieve fast and temperature-independent
rotation rates, owing to potentially barrierless light-activated
pathways on the potential energy surface along the motion

coordinate. As this approach is not bound to the canonical
four-step cycle depicted in Figures 1a and 2b, different
operational cycles can be designed. The first example of a fully
photochemically driven rotary motor belongs to the class of
hemithioindigo motors (Figure 3b).61 The motor operates
with a three-step cycle, where all the isomerization processes
(double bond isomerization, single bond rotation, and hula
twist) are photochemical reactions. It is noteworthy that such a
mechanism prevents any backward reaction because it is not
bound to microscopic reversibility, resulting in a high
directional bias (>98%) and in faster rates at low temperatures.
A “photon-only”-driven motor based on a second-generation
architecture (Figure 2b) was also reported by Feringa and co-
workers. According to the kinetic analysis, such a system
plausibly operates through a canonical four-step cycle
composed only photochemical reactions.62 Olivucci and co-
workers recently described a stilbene derivative that, according
to theoretical calculations, could potentially act as a “photon-
only” two-stroke rotary motor. Although the unidirectional
rotation is only partially supported by experimental evidence,
such a system could pave the way to rotary motors exploiting
the simplest possible operation cycle.63

Imines
Imine-based molecular rotary motors were first theorized by
Lehn in 200664 and successfully attained some years later
(Figure 5). Such systems take advantage of the established
isomerization process of the C�N double bond which,
coupled with inversion of planar chirality, results in a four-
membered closed reaction cycle.
The first prototype of an imine-based rotary motor was

based on a diaryl-N-alkylimine structure.65 The synthesis
exploits a condensation of an alkylamine bearing a stereogenic
α-carbon with a planar dibenzosuberenone, which results in a
nonplanar axially chiral structure. Such compounds exhibit
slow thermal E → Z isomerization at room temperature. Light
irradiation leads to a non-equilibrium Z/E mixture of isomers

Figure 4. (a) Structure of the motor displaying “figure-of-eight”
shaped motion of the methyl group marked in red (ref 59). (b)
Relative position of the methyl group with respect to the oxygen atom
of the sulfoxide moiety. (c) Operational four-step cycle comprising
photochemical double bond isomerizations (DBI, horizontal
processes) and thermal hula twist (HT, vertical processes) high-
lighting the motion of the Me group relative to the stator (in plane).
(d) Overall sequential motion of the Me group. Adapted with
permission from ref 59. Copyright 2019 Springer Nature.

Figure 5. (a) Four-step operation cycle of imine-based motors, comprising photochemical reactions (horizontal processes) and thermal helix
inversion (THI, vertical processes) (ref 65). (b) Two-step operation cycle of an imine motor with a more rigid stator, which involves a
photochemical out-of-plane rotation (upper pathway) and an in-plane nitrogen inversion (lower pathway). The transition states are represented in
gray, while the black dashed arrows indicate the relative movement of the rotor with respect to the stator in the transition states (ref 67). The gray
dashed arrow indicates the preferred traveled direction of the network.
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attained by out-of-plane rotation about the C�N double
bond.
Despite the high similarity to overcrowded alkenes, the

peculiar feature of imine motors lies in the two independent
reaction pathways (photochemical or thermal) that can be
traveled during the Z → E back-isomerization process. While
the photochemical C�N isomerization proceeds via an out-of-
plane rotation, a direct inversion at the nitrogen atom occurs in
the thermal process. In 2023, Martinez and Fang performed
computational calculations to shed more light on the nitrogen
out-of-plane rotation and showed that the origin of the
unidirectional rotation is on repulsion between the nitrogen
lone pair and the closest hydrogen of the stator.66 This steric
hindrance, along with the nature of the excited state, which
encompasses two conical intersections, ensures that in a
population about 25% of the molecules rotate unidirectionally.
The associated quantum yield of rotation (≈25%) is in line
with the experimental value of about 29%.
Depending on the molecular design, a classical squared cycle

(Figure 5a) or a simpler two-stage operational cycle (Figure
5b) can be undertaken. The four-membered cycle comprises
photoisomerization reactions of the imine bond followed by
thermal inversions of the axial chirality of the dibenzosuberenyl
unit. In contrast, within the two-stage process the photo-
isomerization produces a metastable isomer by unidirectional
out-of-plane rotation, which then relaxes to the starting�more
stable�isomer by direct inversion at the N atom. This
operational cycle was further elucidated by using a
camphorimine derivative.67

The dynamic character of the imine bond endows this class
of motors with unique reactivity and substantially facilitates
their synthesis, which are highly desirable features for systems
aiming at real world applications. Despite these clear
advantages, investigations of such motors toward performing
useful functions are still underdeveloped. We hypothesize that
this might be due to the relatively lower stability of imine
bonds compared to C�C bonds, which renders their
implementation in more sophisticated systems highly challeng-
ing.
Prospective Applications

In Nature, molecular motors are exploited to build up free
energy gradients which can then be consumed by coupled
processes keeping the system away from thermodynamic
equilibrium, that is, in an “alive” state.68,69 Artificial molecular
machines have so far mostly been exploited for the first task,
accumulating free energy. Recently, efforts have been directed
toward using the accumulated energy in secondary tasks. In
this paragraph, we showcase a selection of examples where the
use of a molecular motor enabled the transmission of
controlled motion to a remote part of the molecule, as well
as the control of molecular topology and coupled chemical
equilibria.
In light of the successful design and relatively high efficiency

of rotation, stilbene-derived systems serve as the basis for the
study of more complex reaction networks. In particular,
Feringa and co-workers reported on the synchronous trans-
mission of directional rotation to a covalently connected
atropisomer which functions as a secondary rotor (Figure 6a).
The system is based on a second-generation motor, with a
pendant naphthyl substituent, resulting in an additional axial
stereogenic element, which cannot freely rotate due to steric
hindrance.70 Upon unidirectional rotation of the rotor, the

naphthyl substituent, being locked, is forced to undergo a
sliding motion around the stator portion of the motor. As a
result, the same face is always exposed toward the stator. Such
a system can be seen as a synchronous planetary gearset where
the motion of the naphthyl unit is tidally locked to the
unidirectional rotation about the C�C bond.
In a related work, Dube and co-workers tethered an

atropisomeric unit to a hemithioindigo motor (Figure 6b).
The unidirectional rotation of the motor is transmitted to the
biaryl unit, providing a unidirectional rotation about the axially
chiral carbon−carbon single bond.71 Additionally, they also
demonstrated a catalytic effect on the epimerization of the axial
chirality in a preferred direction due to the torque imparted by
the motor through the tether.72 It is worth noting that since
the biaryl unit is dragged by the motor but epimerization is
rate-limiting, thermodynamic equilibrium between the two
atropisomers cannot be maintained under operation. More
recently, the same group also demonstrated the coupling of the
photoinduced isomerization of the double bond with the
rotation of a triptycene “propeller”, realizing a molecular bevel
gear train (Figure 6c). Such a “photogear”, however, operates
with no net directionality, because the driving gear is a switch
and not a motor.73 Application of such a gearset to a motor
would result in a 120° rotation of the orthogonal propeller
every 180° rotation of the motor, effectively realizing a proper
asynchronous driven motion.
Feringa and Giuseppone independently pioneered the use of

rotary motors to achieve topologically complex molecules.
Their systems both consist of a rotary motor in which the rotor
and the stator are connected by two flexible chains in a “figure-
of-eight” fashion (Figure 7a). By exploiting the unidirectional
rotation of the motor, the loops wind up progressively
increasing the topological complexity of the system−that is
the number of crossing points between the loops−similarly to
what happens with a “whirligig” toy. Giuseppone and co-
workers, building on a “figure-of-eight” compound described in
2015,74 showed more recently75 that the system advances
toward increasingly tensioned states, until the mechanical
strain outperforms the torque inferred by the motor by
significantly lowering the forward isomerization quantum yield,
ultimately resulting in a suspended rotation. Therefore, this
system converts light energy into potential energy in the form
of mechanical strain of the loops (Figure 7b) and reaches a
photostationary state dominated by the most entangled
topological isomers (with two and three crossing points).
Owing to the progressively disfavored isomerization reaction,
the radiative dissipation of the energy accumulated upon

Figure 6. Molecular gearing with overcrowded alkene-based motors.
Molecular “planetary gears” based on a Feringa-type motor (a), “chain
drive” (b), and “bevel photogear” (c) developed by Dube and co-
workers. The axis exhibiting synchronized (geared) motion to the
motor/switch is colored red. The dashed arrows indicate the relative
direction of motion of the two axes.
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photoexcitation (Figure 1b) becomes accessible, leading to
fluorescence emission. For example, in the case of triazole-type
tethers (Figure 7a, G = I), after 25 min of continuous
irradiation at 365 nm, a 5-fold increase in the fluorescence
emission intensity is observed (Figure 8). Measurements of
fluorescence quantum yield revealed an increase from 0.08%,
for the unentangled isomer, to 0.4%, at the photostationary
state, while the photoisomerization quantum yield drops from

11 to 3%, confirming the competitiveness of the radiative
energy relaxation pathway. However, while the accumulated
energy can be stored under continuous irradiation and
relaxation via fluorescence emission becomes favorable, in
the dark, the system simply relaxes back to its equilibrium state
by thermal isomerization of the stilbene double bond with the
consequent detangling of the loops.
In a related report, Kathan and co-workers developed a

system that encompasses dynamic covalent bond formation
along with directional rotary motion.76 Specifically, an aldimine
bond is used to tie the loops around the nanoratchet (Figure
7a, G = II). Such a design enables relaxation to the ground
state of the topologically entangled, high-energy structure by
shifting the imine-formation chemical equilibrium. This is
validated by transimination experiments carried out at different
irradiation times that directly relate the equilibrium constant
values to the increasing internal energy of the states. As a
result, for very highly entangled states, the ring opening
process becomes more favorable while its microscopic reverse
is virtually inaccessible, triggering nonstepwise relaxation
pathways.
These two examples highlight how it is possible to access

unconventional energy dissipation pathways by driving a
molecular motor away from thermodynamic equilibrium.
Analogous concepts have been applied to a noncovalent

system based on a rotaxane architecture, where the unidirec-
tional rotary motion of the motor was transmitted to the
sliding motion of the ring along the axle.77 Similarly, the
threading of an oligomer through a macrocycle was achieved
by utilizing a motor-powered approach.78 This result discloses
interesting perspectives for the preparation of mechanically
interlocked architectures without the need for templated
strategies and, thanks to unidirectional threading, for the
preparation of molecularly interwoven structures.79

Photodriven chain entanglement was also exploited by
Giuseppone and co-workers to control the macroscopic
properties of a polymeric system.74,80 Polyethylene glycol-
functionalized second-generation stilbene motors were used to
provide cross-linked networks resulting in hydrogel forma-
tion.74,81,82 Upon light irradiation, the degree of entanglement
of the polymers increases due to the unidirectional rotation,
similar to the “whirligig” system. This results in the motors
within the hydrogel being pulled toward each other with a
consequent net stiffening of the structure (Figure 9a,b).
Overall, these microscopic modifications are translated to the
macroscopic scale as the hydrogel sample shrinks (Figure 9c),
ultimately reaching decomposition due to excessive mechanical
strain.74 This first system was then improved by introducing a
modulator unit, which allows to release part of the strain via
rotation about sigma bonds (Figure 9b). The modulator unit
itself can be toggled by irradiation at a different wavelength
with respect to the motor.81 The net result of this combination
is a photostationary state in which the macroscopic size of the
hydrogel sample can be reversibly controlled through light
irradiation (Figure 9a−c). More recently, the authors
expanded their understanding on the influence of the nature
of the polymer network on hydrogel actuation.82 The photon
density available per motor unit and the amount of free volume
in the polymer network were found to be key parameters to
improve the efficiency and applicability. Their careful
optimization led to the preparation of self-standing gels
working as bending actuators that display a 400-fold

Figure 7. (a) “Figure-of-eight” overcrowded alkene-based motor
containing inert (G = I) and dynamic (G = II) tethers. (b) Simplified
energy diagram correlating the molecular topology (tension/torque)
with the photoinduced unidirectional rotation and the potential
energy of the molecule, similarly to a spring. Adapted from ref 75.
Copyright 2022 American Chemical Society.

Figure 8. Maximum photoluminescence (PL) emission intensity at
different irradiation times for the compound shown in Figure 5a (G =
I). The initial and final (photostationary state) compositions of the
topological isomer mixture are displayed on top. Adapted from ref 75.
Copyright 2022 American Chemical Society.
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enhancement in the mechanical work that can be extracted
from the system.
The functionalization of rotary motors with flanking alkyl

chains was exploited by Feringa and co-workers to prepare
amphiphiles capable of undergoing hierarchical self-assembly
in saline solution, obtaining millimeter-sized fibers. These
fibers can be actuated by means of light stimulation to achieve
directional bending away from the light source. The actuation
and relaxation processes occur in the seconds to minutes time
scale, rendering this system highly promising for the develop-
ment of artificial muscles (Figure 9d−f).83 The authors also
explored the use of these amphiphiles as a cell culture medium
for mesenchymal stem cells, showing that they are compatible
with cell viability and retain the photoactuation properties,
displaying therefore high potential for the development of next
generation biomimetic matrices.84 It should be pointed out,
however, that, in principle, unidirectional rotation is not
required to bring about such effects.

The introduction of artificial molecular machines in bilayer
membranes is an interesting way to affect their behavior in
terms of permeability toward different substrates.85,86 A further
development in this direction would be attained by exploiting
the directionality of molecular motors, which could on the
long-term enable the active transport of molecular substrates
across the membrane against a concentration gradient.
Preliminary steps in this field span from less complicated
systems up to highly articulated and tailored architectures.
Standard second-generation stilbene motors were used to
induce mechanical stress as a result of the rotation and increase
membrane permeability in liposomal vesicles.87 Appending
more elaborated motifs was seen as a strategy to achieve
selective and enhanced transport of cations, fluorophores, or
inhibitors across the membrane.
Giuseppone and co-workers appended flanking crown ethers

to selectively translocate potassium cations from the outer to
the inner compartments of large unilamellar vesicles.88 A
similar system was also employed by Bao, Qu, and co-workers

Figure 9. Photoactive molecular motor-based materials. Left: First- (a) and second-generation (b) photoactive hydrogel based on molecular chain
entanglement to drive the shrinkage of a macroscopic sample of hydrogel (c) (refs 74 and 81). Right: structure of the motor amphiphile(d) and
hierarchical self-assembly to form fibers (e). Reversible light-driven actuation of a centimeter-sized fiber (f) (ref 83). Scale bar in (f) is 0.5 cm.
Adapted with permission from refs 74, 81, and 83. Copyright 2015, 2017, and 2018 Springer Nature.

Figure 10. Transport across cell membranes using light-operated molecular rotary motors. (a) Potassium cation transporter developed by Qu and
co-workers and (b) cartoon representation of the proposed working principle (ref 89). (c) Molecular motors equipped with receptor-targeting
oligopeptides and (d) proposed mechanism of membrane rupture induced after adsorption and UV light irradiation (ref 90). Adapted with
permission from refs 89 and 90. Copyright 2022 John Wiley and Sons and 2017 Springer Nature.
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to promote the efflux of K+ from living cells, triggering a
signaling cascade that ultimately led to cell apoptosis (Figure
10a,b).89 The enhanced efflux of K+ was attributed to a local
change in the membrane fluidity as a result of the mechanical
motion, whose unidirectionality does not seem to be essential
in this context. The selectivity for the metal ion was the result
of the use of crown ether receptors of an appropriate size.
Tour and co-workers investigated the ability of stilbene-

based motors to induce cell death. In particular, the authors
suggested that upon light irradiation active diffusion of the
motor through the cell membrane takes place due to the
unidirectional rotation. Such a motion was supposed to disrupt
the bilayer and open pores with consequent cell necrosis
(Figure 10c,d).90 The authors hypothesized that membrane
rupture and pore formation are induced by a tangential
mechanical force exerted by rotating nanomotors embedded in
the bilayer (Figure 10d). While this possibility is highly
fascinating, it should be emphasized that the ability of
molecular switches or motors to enhance diffusion is a source
of debate.91 Therefore, it appears that further experiments are
required to collect solid evidence in support of the mechanism
described above.

■ SUPRAMOLECULAR COMPLEXES: LINEAR
MOTORS

The second category of molecular motors that can be operated
by light energy is based on supramolecular complexes and
mechanically interlocked architectures. The major advantage of
this scaffold is the wide motion amplitude of the distinct
subunits relative to one another, as a direct consequence of the
presence of the mechanical bond.92 In recent years, this
architecture has become increasingly popular for the design of
molecular motors operated not only by light but also by
electrochemical and chemical stimulation.15,21,23,93 The long-
range mobility of the ring(s) along an axle in rotaxane-like
architectures, coupled with the implementation of a ratchet
mechanism, made these the preferred scaffolds for the
realization of linear motors and, in particular, supramolecular
pumps.
Pioneering work on light-operated information ratchets by

Leigh and co-workers demonstrated the possibility of using
light as energy to rectify the motion of a ring along an axle,
hence moving the system away from thermodynamic
equilibrium.94

In 2013, Stoddart and co-workers described a pseudorotax-
ane complex in which reduction and oxidation reactions trigger
the relative directional motion of the ring and the axle, thus
posing the bases for the realization of artificial supramolecular
pumps.95 The system consists of an asymmetric axle with an
electron-rich naphthalene station flanked by an isopropyl-
phenyl group (IPP) and a positively charged 3,5-dimethylpyr-
idinium unit (PY), and a redox-active cyclobis(paraquat-p-
phenylene) ring (CBPQT). Unidirectional sliding motion of
the ring relative to the axle; i.e., pumping, is achieved by
exploiting an energy ratchet scheme where sequential
reduction and oxidation cycles result in the modulation of
the potential energy surface. In solution a pseudorotaxane is
formed where the electron-poor macrocycle encircles the
electron-rich station of the axle. Threading must occur from
the IPP side due to charge repulsion with the PY unit. Upon
reduction of the macrocycle, the complex is destabilized and
decomplexation occurs from the positively charged side of the
axle, thanks to the reduced charged repulsion and structural

modification of the reduced CBPQT ring. The authors
proposed that the device could also be activated with light
by exploiting photoinduced electron-transfer processes. Specif-
ically, the well-known [Ru(bpy)3]2+ photosensitizer was
employed to cause the photoinduced reduction of the
bipyridinium units of CBPQT and operate the pump using
light as the energy source (Figure 11). Irradiation of a mixture

of pseudorotaxane, [Ru(bpy)3]2+, and phenothiazine with light
of 450 nm results in photoinduced electron transfer (PET)
from the photocatalyst to the macrocycle (“blue arrow 1” in
Figure 11), which destabilizes the complex, producing slippage
over the PY side. Finally, the photocatalyst is regenerated by
oxidation of the phenothiazine, which acts as a sacrificial
reductant (“blue arrow 2” in Figure 11).
Although the pump can be easily operated in the dark by

alternating chemical reduction and oxidation processes, the
photoactivated mechanism is an interesting development for at
least three reasons. First, the implementation of PET is not
trivial as it requires a careful evaluation of the reduction
potentials and excited-state lifetimes of the various species
involved; specifically, the slippage process and the oxidation of
the phenothiazine must occur on a time scale faster than the
backward electron transfer from the reduced ring. Second, the
photoactivated mechanism allows for autonomous cycling,
whereas the chemically driven operation requires an alternate
supply of reductant and oxidant species. Third, the use of light
as the energy source has important consequences in the
potential use of these architectures for energy conversion and
storage.96

Figure 11. (a) Components of the redox-driven supramolecular pump
described by Stoddart and co-workers: the cyclobis(paraquat-p-
phenylene) (CBPQT) ring (left) and the nonsymmetric axle (right).
(b) Scheme of the light-induced operation of the supramolecular
pump based on photoinduced electron transfer. Blue arrows indicate
the electron-transfer processes. Reprinted from ref 95. Copyright
2013 American Chemical Society.

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.3c00089
JACS Au 2023, 3, 1301−1313

1308

https://pubs.acs.org/doi/10.1021/jacsau.3c00089?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00089?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00089?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00089?fig=fig11&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00089?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The first example of a supramolecular pump (linear
molecular motor) converting directly light into chemical
energy in an autonomous fashion was developed in our
laboratory (Figure 12).97 Conceptually, the system is

analogous to the covalent rotary motors in the sense that
light is the primary source of energy, and the photochemical
processes are directly coupled to the thermal reactions in the
network (Figure 12a). The authors developed a family of
compounds based on an asymmetric axle bearing a central
ammonium station flanked by a photoactive azobenzene
chromophore and a nonphotoactive “pseudostopper” (Figure
12b). The complex between the axle and a crown ether
macrocycle undergoes continuous and autonomous dissipative
self-assembly under constant light irradiation, thanks to an
energy ratchet mechanism.

Specifically, in the dark, the ring threading occurs
preferentially by overcoming the E-azobenzene unit, as the
energy barrier for slippage over the pseudostopper unit is
higher. E → Z photoconversion of azobenzene has two major
consequences: (i) the energy barrier for the slippage of the
macrocycle over the photochrome increases to a level above
that of the pseudostopper and (ii) the stability of the complex
is decreased. Therefore, fast isomerization of an equilibrated
mixture generates the Z complex in a concentration that is
higher than its equilibrium value and will decrease in the dark,
extruding macrocycles. This step must occur preferentially via
slippage over the pseudostopper unit due to the relative
heights of the activation barriers. Overall, the macrocycles
travel unidirectionally relative to the axle. Conversely, under
constant irradiation, the detailed balance cannot be fulfilled
and the reaction network traveled preferentially clockwise with
all reactions proceeding at a nonzero rate.98 In this way the
system composition evolves toward a non-equilibrium state
which is sustained dissipating the absorbed light energy.
Several variants of the pump were developed (Figure 12b)

with the dual aim of (i) optimizing the kinetics of the slippage
processes at both the azobenzene and the pseudostopper side
and (ii) increasing the pumping efficiency in terms of the
difference in stability between the E and Z complex.99−101

Finally, a pump with an aromatic pseudostopper, amenable to
further functionalization and introduction into more sophisti-
cated architectures, was presented.102 More recently, a
combined experimental and theoretical investigation of the
pumping cycle was reported, which revealed that the
composition of the out-of-equilibrium steady state is depend-
ent on the intensity of the light driving the system.103

Additionally, several parameters were determined from the
steady-state composition and their dependency of on the
photon flow, that is, the amount of fuel, was elucidated. In
particular, the rate at which the reaction network is traveled
(Figure 12c, black dots), the energy dissipated�entropy
production�by the self-assembly steps (Figure 12d), and the
stored ΔG increases with light intensity. Conversely, the
quantum and energy conversion efficiencies follow an opposite
trend, decreasing at higher intensities due to kinetic factors
(Figure 12c, red dots). In fact, the efficiency of the pump is
dependent on the rate-limiting process of the pumping cycle.
Therefore, as long as photochemical steps are rate-limiting
(low intensities), the photons are employed more efficiently in
the energy storage, while at higher intensities, the photo-
reactions are not rate-limiting anymore, and a larger fraction of
light energy is dissipated in the photoisomerization steps rather
than stored in the form of non-equilibrium concentrations.
Importantly, this study also provided a framework for the
quantitative comparison of light-operated molecular motors
with their electrochemically and chemically driven counter-
parts.

■ CRITICAL ASSESSMENT
As outlined in the previous paragraphs, in the past three
decades, chemists have developed the necessary know-how to
design sophisticated artificial molecular machines and motors.
In particular, owing to the outstanding progress made over the
past ten years, the research community has now access to a
variety of molecular-based systems performing directionally
controlled rotary and linear movements at the nanoscale
activated by light. Along with the experimental development,
our understanding of the concepts and principles governing

Figure 12. (a) Four-state reaction network describing the operation
of Credi’s supramolecular pump. The network includes two
photochemical (vertical) and two self-assembly (horizontal) reactions.
The gray dashed curved arrow shows the preferred traveled direction
of the cycle. (b) Components of the first- and second-generation
supramolecular pumps: nonsymmetric axles (left) and diaryl-24-
crown-8 ether based rings (right) (refs 97, 99, 101, and 102). (c)
Cycling rate (black dots) and quantum yield (red dots) values at
different light intensities. d) Energy dissipated by the self-assembly
steps for E (green bars) and Z (red bars) configurations to keep the
concentrations of species away from equilibrium at different light
intensities. Adapted with permission from ref 103. Copyright 2022
Springer Nature.
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their operation also broadly expanded, paving the way to study
how they could be harnessed to perform useful functions, as
happens in Nature with biomolecular motors.
However, in order to exploit such nanoscale technologies for

real-life applications, a number of critical aspects still need to
be addressed. For the sake of clarity, we will first individually
analyze each category to outline its strengths and weaknesses
and later focus on common long-term goals.
Covalent Motors

The synthetic accessibility of these systems still represents a
major challenge. In particular, overcrowded alkene motors
require nontrivial multistep procedures to be prepared. On the
plus side, they display a relatively efficient light-to-motion
transduction and have well established functioning mecha-
nisms. Coupled to their stability, this led to their
implementation in preliminary applicative examples.
One of their major drawbacks, however, lies in the short-

range motion of the rotating components, which needs to be
amplified to reach larger extents. Moreover, these scaffolds
selectively provide rotary motion, which in turn implies that
gearing is required not only to amplify its range but also to
transform it to linear motion. Due to the arene-based structure
of such systems, the gearing pathways are relatively limited and
often considerably increase their synthetic complexity.
Noncovalent Motors

The modular nature of noncovalent systems allows for more
accessible, convergent synthetic pathways, partially alleviating
the effort required for their preparation. Therefore, despite
multistep synthetic pathways are still being needed, protocols
are generally more user-friendly.104

On the other hand, noncovalent light-driven (but also other
fuel-driven) motors reported to date suffer from a low
efficiency in terms of light-to-motion transduction, energy
conversion, and storage.103,105 Combined with their relatively
recent establishment, this is the main cause behind their lack of
practical applications. However, in such systems the high
dynamicity endowed by the noncovalent interactions between
the components intrinsically enables long-range, native nano-
scale motion. Moreover, they provide access to both linear and
rotary motion depending on the topology of the scaffold, e.g.,
rotaxane−linear vs catenane−rotary. It should also be recalled
that the variety of new materials based on threaded and
interlocked molecular architectures developed to date106−110

may be considered to integrate noncovalent motor functions
with the objective of realizing stimuli-responsive dynamic
materials. Appropriate combinations of the above-mentioned
properties could, in principle, provide a straightforward access
to articulated kinematic chains exploiting geared motion.111,112

Outlook

By taking advantage of their individual characteristic features,
both covalent and noncovalent architectures display high
potential for ground-breaking innovations in nanotechnology.
In our opinion, two main scientific fields could benefit from
their development. The first one involves the development of
artificial living cells, which would incorporate highly complex
molecular motors to sustain fundamental tasks (e.g., transport,
growth, and replication). Toward this goal, essential require-
ments for the artificial motors include: (i) their effective
operation in aqueous environments and/or within bilayer
membranes, with a specific focus on directional trans-
membrane substrate transport; (ii) the development of

coupling strategies to enable the utilization of the energy
stored in the out-of-equilibrium state by secondary processes−
either exergonic or endergonic; (iii) taking full advantage of
the controlled unidirectional motion developed by the
molecular motor to enable active transport across distances
longer than its size, i.e., at the nano-, micro-, and mesoscales.
A crucial property to take into account is the wavelength of

the light needed for the operation. It is of capital importance to
shift the power source toward less energetic photons, not only
to save energy but also to increase the photostability of the
components and avoid interferences with the multitude of
processes simultaneously occurring within the cell.
An alternative, though not less important, application would

concern the area of materials chemistry. The sequential
interconnection of task-specific motors within a bulk material
or polymer would give rise to sophisticated systems capable of
multiresponsive molecular-scale coding, accessing innovative
smart materials.113 The use of photons of different wavelengths
in this context could enable distinct process pathways for the
same motor. In turn, this could give rise to materials with
input-specific operation, such as accumulation and release of
energy. In this sense, directional motion would provide
selectivity toward either of the two energy conversion steps,
similarly to latest reports on electrically and chemically driven
pumps.114,115

Based on the above considerations, we foresee that in the
next 10−20 years the field photoactivated of artificial
molecular motors will experience a massive expansion, leading
to unpredictable and exciting applications able to exert a direct
impact on our daily lives.
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■ DEFINITIONS
Molecular Motor: A species traveling a network of reactions
in which energy-harvesting, exergonic processes are coupled
to energy-consuming, endergonic processes, driving the
system away from thermodynamic equilibrium. The motor
transduces the harvested energy (e.g., light) into a different
form of energy such as a non-equilibrium distribution of the
species and realizes the unidirectional relative motion of the
components.
Out-of-Equilibrium State: A state in the space of phases
that is not located at the global minimum of the potential
energy surface. If the out-of-equilibrium state is sustained by
a coupled process which constantly consumes energy from
an external source (with generation of entropy or
“dissipation”), it is defined as a dissipative out-of-
equilibrium state.
Autonomous Operation: Continuous operation of the
motor that exploits an energy source to sustain a dissipative
out-of-equilibrium state without any other external inter-
vention. In the frame of this review, the absorbed light could
be viewed as the fuel;14 the fraction of its energy that is not
used to sustain the dissipative state is released as heat.

■ REFERENCES
(1) Schliwa, M.; Woehlke, G. Molecular Motors. Nature 2003, 422,
759−765.
(2) Goodsell, D. S. The Machinery of Life; Copernicus, 2009.
(3) Rao, R.; Esposito, M. Nonequilibrium Thermodynamics of
Chemical Reaction Networks: Wisdom from Stochastic Thermody-
namics. Phys. Rev. X 2016, 6, No. 041064.
(4) Mattia, E.; Otto, S. Supramolecular Systems Chemistry. Nat.
Nanotechnol. 2015, 10, 111−119.
(5) Das, K.; Gabrielli, L.; Prins, L. J. Chemically Fueled Self-
Assembly in Biology and Chemistry. Angew. Chem., Int. Ed. 2021, 60,
20120−20143.
(6) Astumian, R. D. Stochastic Conformational Pumping: a
Mechanism for Free-energy Transduction by Molecules. Annu. Rev.
Biophys. 2011, 40, 289−313.
(7) Astumian, R. D. Microscopic Reversibility as the Organizing
Principle of Molecular Machines. Nat. Nanotechnol. 2012, 7, 684−
688.
(8) Carter, N. J.; Cross, R. A. Mechanics of the kinesin step. Nature
2005, 435, 308−312.
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