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Abstract
In the past two decades, the research and development of light-triggered molecular machines have mainly focused
on developing molecular devices at the nanoscale. A key scientific issue in the field is how to amplify the controlled
motion of molecules at the nanoscale along multiple length scales, such as the mesoscopic or the macroscopic scale,
or in a more practical perspective, how to convert molecular motion into changes of properties of a macroscopic
material. Light-driven molecular motors are able to perform repetitive unidirectional rotation upon irradiation, which
offers unique opportunities for responsive macroscopic systems. With several reviews that focus on the design,
synthesis and operation of the motors at the nanoscale, photo-responsive macroscopic materials based on light-driven
molecular motors have not been comprehensively summarized. In the present review, we first discuss the strategy of
confining absolute molecular rotation into relative rotation by grafting motors on surfaces. Secondly, examples of self-
assemble motors in supramolecular polymers with high internal order are illustrated. Moreover, we will focus on
building of motors in a covalently linked system such as polymeric gels and polymeric liquid crystals to generate
complex responsive functions. Finally, a perspective toward future developments and opportunities is given. This
review helps us getting a more and more clear picture and understanding on how complex movement can be
programmed in light-responsive systems and how man-made adaptive materials can be invented, which can serve as
an important guideline for further design of complex and advanced responsive materials.

Introduction
Nature has provided a large collection of molecular

machines and devices that are among the most amazing
nanostructures on this planet. As seen for instance in the
process of vision, the ATP synthase rotary motor func-
tion, or the photosynthesis in the green plant these
dynamic molecular systems are able to sustain responsive,
adaptive and complex biological processes which are key
to proper functioning of our organisms and enable out-of-
equilibrium operation of biological systems1–8. These
processes are accomplished with high efficiency and
selectivity under precise control at the molecular level.
Inspired by these sophisticated natural molecular

machines, scientists have been working on designing and
constructing artificial molecular machines with different
dynamic functions via synthetic approaches. In the past
two decades, the research and exploration of molecular
machines has mainly focused on developing
molecular systems at the nanoscale9–16. Through elegant
molecular design and effective organic synthesis, mole-
cular switches17–20, molecular motors21–29, molecular
rotors30–33, molecular pumps34–39, molecular cars40–44,
and molecular assembly lines45,46 have successfully been
demonstrated. At the nanoscale, the designed functions in
these molecular machines make them responsive to
external signals, such as light47–52, electricity44,53,54,
heat55–57, magnetism58,59, pH60–64, etc., and provide pre-
cisely defined controllable mechanical output. With the
rich development in design and synthesis at the molecular
level, a key scientific issue should be addressed i.e. how to
amplify the controlled motion of molecules at the
nanoscale along multiple length scales, such as the
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mesoscopic, or the macroscopic scale, or towards a more
practical perspective, how to convert molecular motion
into changes of properties of a macroscopic material. A
most straightforward approach is to build molecular
machines inside the material through supramolecular self-
assembly or covalent bonding65–69. Taking inspiration by
this idea of embedding intrinsic motor functions into
materials, scientists have successively developed various
multicomponent responsive materials, accelerating major
developments in the field of organic functional, mechan-
ical and smart materials.
In recent years, the use of light as the external stimulus

and as a clean energy source has received much atten-
tion70,71. As light can be precisely controlled with short
response time, produces no waste and high spatial and
temporal precision can be reached, photo-responsive
smart materials have seen major developments. Among
the examples that have been reported so far, most cases
are based on two typical molecular photoswitches: azo-
benzene and diarylethene. After being irradiated at the
appropriate wavelength of light, azobenzene can undergo
trans–cis isomerization72,73, while diarylethylene can
undergo ring opening or closure reactions74–76. The
molecular configurations of these two types of molecular
photoswitches are changed upon irradiation, resulting in
major changes in the shape, polarity and electrical prop-
erties of the entire molecule. These changes are the key to
dynamically tuning the properties of smart materials77–82.
However, these two classes of molecular switches only

have two or three static states, making it impossible for
the entire system to reach out of equilibrium that can lead
to repetitive or continuous motion, and therefore are
limited in mimicking the sophisticated dynamic proper-
ties of the materials found in biological systems. Among
all the photo-responsive molecular machines, light-driven
molecular motor based on overcrowded alkenes are
excellent candidates as these can induce continuous
motion that can lead photo-responsive materials into a
new era. Figure 1a shows a representative structure of a
unidirectional rotary molecular motor83–88. The upper
half of the motor can be considered as a rotator and the
lower half as a stator, while the central double serves as
the rotary axle. Stable (M)-trans-1 adopts a specific
intrinsic helicity due to the significant steric crowding
present in the structure.
The methyl group at the stereogenic center adopts a

pseudo-axial orientation to minimize steric interaction
with the lower half of the motor. A photochemical
trans–cis isomerization of the central double bond takes
place when stable (M)-trans-1 is irradiated by UV light
(λ= 365 nm). During this isomerization, the rotor part
rotates anti-clockwise with respect to the stator part,
resulting in unstable (P)-cis-1 in which the overall helicity
of the molecules is changed. The (P)-cis-1 is a thermally

unstable isomer since the stereogenic methyl group is
forced to adopt an unfavorable pseudo-equatorial orien-
tation, which pushes it towards the lower half. To release
the steric strain, an irreversible thermally activated step
occurs where the methyl group and the naphthalene
upper half slip past the aromatic parts of the lower half,
generating stable (M)-cis-1. This step is accomplished by
an inversion of the helicity of the molecule and allows the
stereogenic methyl group to regain the favored pseudo-
axial orientation. Another photo-induced cis–trans iso-
merization which is followed by a thermal helix inversion
step completes the unidirectional 360° cycle. The direc-
tionality of the rotation is controlled by the absolute
configuration of the stereogenic center and the use of the
other enantiomer leads to the opposite rotary direction.
Alternation of structure of the motor offers several
practical advantages, including selection of motors with a
large collection of different rotary speeds and tuning of
the wavelength of irradiation30,85,89–95.
Taking light-driven molecular motors as a tool to con-

trol molecular motion and to build up advanced func-
tional multicomponent molecular systems has been
proved to be successful and several reviews have discussed
the design, synthesis and operation of the elegant
mechanical systems at nanoscale20,84,85,90,96–99. However,
photo-responsive macroscopic materials based on light-
driven molecular motors, which serve to demonstrate
important applications of such motors, have not been
comprehensively summarized. Therefore, in the present
mini-review, the key approach to amplify the molecular
motion is to take advantage of the collective motion and
to achieve macroscopic functions including dynamic
control of surface wettability, muscle-like functions,
directional movement and helical coiling (Fig. 1b). We
first discuss the strategy of confining relative molecular
rotation into absolute rotation by grafting motors on
surfaces. Secondly, the cases of self-assembled motors in
supramolecular polymers with high internal order will be
illustrated. Moreover, we will focus on building of motors
in a covalently linked system such as polymeric gels and
polymeric liquid crystals to generate complex dynamic
functions. Finally, a perspective toward future develop-
ments and opportunities is presented.

Dynamic control of surface wettability
Motors operated in solution are facing random Brow-

nian motion, which makes it difficult to gain both posi-
tional and orientational order of the molecules. Therefore,
cooperativity of rotary motors is largely prevented and it
is hard to harness useful work. One possible solution to
overcome this problem is to immobilize the motors on a
surface, converting the relative rotation of one part of the
molecule with respect to the other part to absolute rota-
tion relative to the surface. This surface confinement
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allows to achieve efficient organization and orientation,
and taking advantage of the light-responsive rotational
motion of the molecular motors enables them to regulate
surface properties22.
A key step is the assembly of the rotating motors on

surfaces and their integration with macroscopic systems.
Molecular motors with distinct upper and lower halves
incorporate the capability to be attached on surfaces
introduce various ‘legs’ for surface anchoring within the
stator component, thereby allowing the rotor component
to execute light-driven rotational motion freely (Fig. 2a).
In addition, more than two attaching points are needed
for stable orientation of the motors on surfaces and to
provide enough free volume for the individual photoactive
part to perform the desired rotational motion. Figure 2b, c
show the characteristic approaches of assembly of motors

on surfaces and they can be categorized into azimuthal100

and altitudinal101,102 rotations based on the direction of
rotational motion with respect to the surface upon
attachment. Motors that rotate in an altitudinal direction
with respect to the surface are expected to have higher
potential for dynamic control of the properties of surfaces
because the exposure of functional groups on the rotor
can be modulated in a cyclic manner. In addition, we have
incorporated a fluorescent tag to the azimuthal anchored
motor103 (Fig. 2d). In a joined effort with the Hofkens
group, we are able to monitor the unidirectional move-
ment of a motor at single molecular level by employing
wide field defocused fluorescence microscopy
(Fig. 2e, f)104.
Our group has designed altitudinal motors with rotor

parts functionalized with hydrophobic perfluorobutyl
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Fig. 1 Photo-responsive functional materials based on light-driven molecular motors. a Chemical structure of light-driven molecular motor 1
and schematic representation of its 4-step rotary process. Adapted with permission83. Copyright © 2000 American Chemical Society. b Schematic
illustration of the amplification of rotary motion of molecular motors along length scales to achieve responsive macroscopic functions
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units attached to quartz or gold surfaces via their stator
parts105,106, as shown in the Fig. 3. Through UV-Vis
experiments, it was confirmed that the motors could
operate properly both in solution and on surfaces, and
contact angle measurements on cis or trans modified
surfaces confirmed that they have different wettability
properties depending on the polarity and orientation of
the substituent groups, triggered by the rotary cycle of the
motor. It is worth noting that the fluorinated chain
reduces the free volume in the interface, thus minimizing
the interaction between the water and hydrophilic com-
ponents, and when switching on and off the surface
wettability change is enhanced. In addition, the
tripodal attachment shows more profound effect than that
of the bipodal attachment. This is attributed to the fact
that the tripod structure creates enough free volume

between the rotors to enhance the high degree of
perpendicular orientation (with respect to the surface),
which prevents motor interactions within the self-
assembled monolayers as well as direct interactions with
the underlying gold substrate, resulting in effective photo-
induced reorganization of surface structure (Fig. 3b).

Photoresponsive supramolecular polymers based
on molecular motors
Biological motors often achieve specific biological

functions like transport and motion through precise bio-
molecular assembly in larger systems i.e., membranes and
muscles and well-controlled dynamic processes. Inspired
by these characteristic phenomena, scientists have
employed supramolecular self-assembly to deliver and
amplify the movements of molecular motors across length

Rotor

Stator

Stator

Leg 2
O

S

NH NH NH2

O

O

O

N N
N N

10 10
O Si O Si O OSi

10
N N N3

O

O

O Si O O OSi Si

3

Rotor

b c

Azimuthal orientation Altitudinal orientation

Experiment Fit Dipole orientation

1-P

1-P’

1-P 1-M 1-P’

1-P’ 1-P’ 1-P’1-M’

1-M 1-M 1-P 1-P 1-P 1-M’

140139 141 142 143 144 145 146 147

149148

OFF OFF

150 151 152 153 154 155 156

a

d e

f
Tetrapodal
attachment

Quartz

PBI as
fluorescent label

O

O

N

O

O

C6H13

C6H13

HO

HO

NH3
+ NH3

+ NH3
+ NH3

+
HO

OH

OHO

O

O

N

Stator

Rotor
Axle

4

Stator

Rotor

Fig. 2 Approaches to anchor molecular motors to surfaces. a Schematic illustration of molecular motor immobilized on surface. b Motor 2 in an
azimuthal orientation. Adapted with permission100. Copyright © 2007 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. c Motor 3 in an altitudinal
orientation. Adapted with permission101. Copyright © 2009 The Royal Society of Chemistry. d First design of a PBI-Labeled Surface-Bound Molecular
Motor 4. Reproduced with permission103. Creative Commons CC BY-NC-ND 4.0 License, 2018, published by American Chemical Society.
e Experimental defocused patterns of surface-bound motors were fitted to a library of calculated patterns to derive the in-plane and out-of-plane
angles describing the orientation of the dipoles and thus the relative nanomechancial state in each frame. f Proposed interpretation of the
optomechanical response for surface-bound motors. Reproduced with permission104. Copyright © 2017 American Chemical Society

Deng et al. Light: Science & Applications           (2024) 13:63 Page 4 of 14



scales to the macroscopic level. In 2016, our group
demonstrated the first example of reversible self-assembly
of amphiphilic molecular motors in aqueous medium107.
The amphiphilic molecular motor 7 mixed with 1,2-dio-
leoyl-sn-glycero-3-phosphocholine (DOPC) in water
forms well-defined nanotubes, and upon irradiation with
UV light, rotary motion of the molecular motor allows the
nanotubes to change morphology to vesicles. After a
heating and freeze−thaw cycle the system, thermal back
isomerization of the molecular motor induces the refor-
mation of the nanotubes (Fig. 4). This study established
the foundation for the subsequent development of
increasingly complex and highly dynamic artificial nano
systems in aqueous media.
More recently, our group designed a novel molecular

motor-based light-responsive amphiphile 8 that show

unique dynamic assemblies featuring multiple states. This
allowed the external control of macroscopic foam prop-
erties in water108. This motor-based responsive supra-
molecular system provided for unprecedented control
over the aggregation behavior, that is, switching from
worm-like structures to vesicles and back without helper
lipids or extra freeze-thaw cycles solely by rotary motion
of the motor, offering new prospects for future soft
materials (Fig. 5).
A major challenge is how to amplify the molecular

motion of motors to higher length scales in order to realize
macroscopic mechanical motion. In 2018, we took advan-
tage of the hierarchical self-assembly of photoresponsive
amphiphilic molecular motors, developed a supramolecular
system to perform macroscopic contractile muscle-like
motion (Fig. 6)109. The amphiphilic molecular motor 9 first
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assembles into nanofibers with high aspect ratio in water,
and it can further align as bundles and form macroscopic
strings of centimeter length when muscle-strings were
drawn from a CaCl2 aqueous solution which, due to the
electrostatic interaction between the carboxylate groups
and Ca2+, induces further precise alignment (Fig. 6a). The
strings showed a muscle-like photo-responsive bending
motion in either water or air (Fig. 6b, c). The resulted
actuation power was enough to lift weight (0.4mg paper) in
air (Fig. 6d). A cooperative mechanism for the photo-
actuation was proposed and confirmed based on the results
of in situ SAXS measurements. Despite the fact that only
5% molecular motor was present in this aqueous soft
actuator it underwent robust and repeatable actuation
illustrating the power of supramolecular organizational
control and amplification of mechanical effects along
multiple length scales.
Subsequently the effect of the cationic counterions and

side chain lengths on nanofiber formation, nanofiber
aggregation as well as the packing structure, degree of
alignment, and actuation speed of the macroscopic strings
were studied (Fig. 7)110. It was found that by careful
choice of counterions and chain length of molecular
motor, it is possible to control the macroscopic motor
amphiphiles string structure and achieve tunable actua-
tion speed.

In addition, we further looked into the possibility to
realize a dual-controlled macromechanical functioning of
the unidirectional hierarchical supramolecular structure
by incorporating magnetite nanoparticles (Fe3O4) into the
molecular motor based supramolecular nanofibers
(Fig. 8)111. The string was able to perform a macroscopic
cargo transport process under orthogonal controlled sti-
mulation by light and a magnetic field (Fig. 8b–g).

Molecular motors in polymer networks
The use of supramolecular assembly provides an

important approach for amplifying molecular motion into
macroscopic function. Alternatively, the design of poly-
meric network with covalently incorporation of motors
show promising results as well. In 2015, Giuseppone and
co-workers reported a pioneering study on the incor-
poration of light-driven unidirectional molecular rotors as
reticulating units into gel-forming polymer network to
induce macroscopic contraction of the material (Fig. 9)94.
Under UV irradiation, the continuous rotation of the
motors actively entangles the polymer chains, ultimately
resulting in the contraction of the gel in an isotropic
manner. After 2 h of continuous irradiation, the gel
shrank to 20% of its original volume. With further
extension of the irradiation time, the gel ruptured and
recover its initial volume due to the oxidation of the
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the hierarchical supramolecular assemble of amphiphilic molecular motor 9 and its photoactuation behavior. The macroscopic strings were bend
toward light source upon UV irradiation in b water, c air without weight and d with 0.4 mg paper as weight. Reproduced with permission109.
Copyright © 2017 Springer Nature Limited
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motor double bond (Fig. 9c). In this system, the con-
tinuous photoinduced rotation of the motors drives the
system to work under far-from-equilibrium conditions,
and store energy by converting incident photons into free
energy of the entangled polymer chains. Unfortunately,
this system was yet irreversible and therefore is limiting its
application.
The issue of irreversible behavior was addressed in a

subsequent study by introducing an additional diary-
lethene switch into the crosslinked network, which acts
as modulator unit to release the accumulated stress on
demand112. Upon irradiation with ultraviolet light, the
modulator is in its closed form, which can maintain the
torsion of the polymer chains produced by the motors
rotations and leading to overall contraction of the
material. In contrast, when exposed to visible light, the
motor stops rotating and the modulator switches back
to its open isomer, which generate freely rotating single
bonds that can unbraid the polymer chains and thus
leads to a re-expansion of the network at

thermodynamic equilibrium. It should be noted that the
reversibility of the process depends on the elasticity of
the braided polymer network and the osmotic pressure.
However, as the polymeric gels do not have certain
directional alignments inside the material only isotropic
contraction are observed. More specific and advanced
functions are envisioned with materials with ordered
structures that amplify collective motion of molecular
motors.
Liquid crystalline networks (LCNs) combine the ani-

sotropy of liquid crystals113,114 and the elasticity of
polymer network so they are promising polymer
materials to amplify the motion of molecular
motors115–117. In 2020, Yang’s group synthesized tri-
functional and monofunctional polymerizable mole-
cular motors with different degrees of freedom, and
cross-linked the molecular motors into LCN to prepare
novel soft actuators (Fig. 10)118. It was found that when
the molecular motors act as crosslinking units in the
polymer network, the motor was compromised by the
polymer chains, and as the rotary motion of molecular
motor was constrained, transferring the incident pho-
ton energy into heat instead of performing photo-
isomerization (Fig. 10b).
In 2021, our group designed a novel molecular motor

that can be used as crosslinker, chiral dopant and
photo-responsive units in liquid crystal polymer net-
works (Fig. 11a)87. By cross-linking racemic molecular
motors into the LCN, the molecular motors can rotate
in this system and its rotation and shape change effect
the polymer main chains, reduces the order parameter
of the mesogenic units which results in the polymer
ribbons with splayed alignment show fast bending
motion and surface walking upon UV irradiation
(Fig. 11a–c). We next used enantiomerically pure
motors to study helical motion of LCN polymer mate-
rials. To our delight, only 1 wt% the enantiomerically
pure motor is required to induce nematic liquid crystals
to form cholesteric phases. The polymer films prepared
with R and S chiral motors shown fast right-handed or
left-handed helical motion under UV irradiation,
respectively (Fig. 11a, d).
In nature, in addition to simple movements such as

bending and spiraling, there are a variety of complex
movements. In order to realize the diversity and complex
motion of the molecular system in a controllable and
adjustable way, in the next step we combined the material
with photolithography technology. This allows to pro-
grammatically embed the molecular motors into the LCN
material as the motors are within a controlled and well-
defined orientation in the network (Fig. 12)88. The
resulting polymeric films with pre-ordering of racemic or
homochiral motors can induce not only fast wavy motion
(Fig. 12a–c) but also synchronized helical motion with
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different chirality upon UV irradiation (Fig. 12d, e),
enabling complex shape changes and motion on demand,
depending on the chirality of the system (Fig. 12f, g). This
approach shows how the rotary motion of molecular
motors can be programmed in photo-responsive materials
and paves the way for the future design of advanced
responsive materials with enhanced complex functions.

Conclusions and outlook
With the elegant design and construction of molecular

motors and machines and the demonstration of respon-
sive functions as exemplified with molecular elevators,
shuttles, supramolecular actuators, adaptive catalysts,
smart pharmaceuticals or even molecular nanocars, a
pertinent question in the field of molecular machines is:
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“could these machines operating at the nanoscale perform
work at the macroscopic scale”? It requires that the
molecular motion can be amplified effectively in orga-
nized systems and soft matter, to produce motion and
associated mechanical functions that are not readily
achieved otherwise. Organization at interfaces or in con-
fined 3D space or in supramolecular assemblies and
cooperativity and amplification along lenght scales from
nano- to macro- dimensions is crucial. This review spe-
cifically focuses on examples of photo-responsive mac-
roscopic materials based on light-driven molecular
motors. Key to successful systems is the collective motion
of the unidirectional rotary motors by either confining

them on surfaces, in aligned supramolecular environ-
ments or in a liquid crystal network where predefined
orientation is present. Photo-responsive surfaces show
switchable wettability while muscle-like functions are
observed in supramolecular materials obtained by hier-
archiral assembly of amphiphilic motors in aqueous
solution. Light-triggered bending, directional translational
movement and orthogonal helical coiling of polymeric
liquid crystal strings are demonstrations of precise
mechanical movements at the macro-scale by embedding
rotary motors in liquid crystal networks. The mechanical
systems discussed in this review illustrate, and enhance
our understanding, how complex movement can be
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programmed in light-responsive materials. As shown
here, besides the traditional photo-switches including
azobenzene and diarylethylene, light-powered molecular
motors offer ample opportunities to develop man-made
adaptive and dynamic materials, which can serve to pro-
vide important guidelines for the future design of more
advanced and multifunctional responsive materials that
can perform elaborate and complex tasks.

Funding
This work was supported financially by National Key R&D Program of China
(2020YFE0100200), Science and Technology Projects in Guangzhou
(202201000008) and Guangdong Provincial Key Laboratory of Optical
Information Materials and Technology (No. 2017B030301007), the Netherlands
Ministry of Education, Culture and Science (Gravitation Program 024.001.035 to
B. L. F.).

Conflict of interest
The authors declare no competing interests.

5 mm

d

b

a c

e

f

g

(R) -18 (S) -18

365 nm

365 nm

365 nm

365 nm

365 nm

365 nm

1

2

3

4

1 2

top bottom

1 2

5 mm

S

R

5 mm

S

R

S

R

Racemic motor 18

O

O O

O

O

O
O O

O

O6

O

O O6
O O

O
66

6

O O6

Fig. 12 Phototriggered complex motion by programmable integration of molecular motors in LCNs. a Chemical structure of racemic motor
18. b Two-step procedure for the preparation of alignment layers by photolithography. The black arrows indicate the polarization direction of the UV
light. Before the second exposure step, the sample is rotated at 90°. c Photo-induced wavy motion of the polymeric liquid crystal film containing
racemic motor 18. d Chemical structure of enantiomerically pure motor (R)-18 and (S)-18. e Photo-induced twisting of polymeric ribbons containing
(R)-18 or (S)-18. f Two-step procedure for the preparation of alignment layers by photolithography. g Photo-induced helical motion of the polymeric
films with different shapes. The UV-light intensity is 230 mw/cm2. Reproduce with permission88, Creative Commons CC-BY 4.0 License, 2022,
published by American Chemical Society

Deng et al. Light: Science & Applications           (2024) 13:63 Page 12 of 14



Received: 20 October 2023 Revised: 16 January 2024 Accepted: 18 January
2024

References
1. Berg, J. M., Tymoczko, J. L. & Stryer, L. Biochemistry. 5th edn. (New York: W. H.

Freeman, 2002)
2. Kinbara, K. & Aida, T. Toward intelligent molecular machines: directed

motions of biological and artificial molecules and assemblies. Chem. Rev.
105, 1377–1400 (2005).

3. Schliwa, M. & Woehlke, G. Molecular motors. Nature 422, 759–765 (2003).
4. Boyer, P. D. What makes ATP synthase spin? Nature 402, 247–249

(1999).
5. Bray, D. Cell Movements: From Molecules to Motility. (Garland, New York, 1992).
6. Hess, H. & Bachand, G. D. Biomolecular motors. Mater. Today 8, 22–29 (2005).
7. Hess, H. & Vogel, V. Molecular shuttles based on motor proteins: active

transport in synthetic environments. Rev. Mol. Biotechnol. 82, 67–85 (2001).
8. Balzani, V., Credi, A. & Venturi, M. Molecular Devices and Machines: A Journey

into the Nano World. (John Wiley & Sons, Hoboken, 2003).
9. Kistemaker, J. C. M. et al. Unidirectional rotary motion in achiral molecular

motors. Nat. Chem. 7, 890–896 (2015).
10. Browne, W. R. & Feringa, B. L. Making molecular machines work. Nat.

Nanotechnol. 1, 25–35 (2006).
11. Corra, S. et al. Photoactivated artificial molecular machines that can perform

tasks. Adv. Mater. 32, 1906064 (2020).
12. Moulin, E. et al. From molecular machines to stimuli-responsive materials.

Adv. Mater. 32, 1906036 (2020).
13. Erbas-Cakmak, S. et al. Artificial molecular machines. Chem. Rev. 115,

10081–10206 (2015).
14. Pezzato, C. et al. Mastering the non-equilibrium assembly and operation of

molecular machines. Chem. Soc. Rev. 46, 5491–5507 (2017).
15. Collin, J. P. et al. Templated synthesis of cyclic [4] Rotaxanes consisting of two

stiff rods threaded through two Bis-macrocycles with a large and rigid
central plate as spacer. J. Am. Chem. Soc. 132, 6840–6850 (2010).

16. Balzani, V., Credi, A. & Venturi, M. Molecular Devices and Machines: Con-
cepts and Perspectives for the Nanoworld. (John Wiley & Sons, Hoboken,
2008).

17. Feringa, B. L. & Browne, W. R. Molecular Switches. (John Wiley & Sons,
Hoboken, 2011).

18. Qu, D. H. & Tian, H. Synthetic small-molecule walkers at work. Chem. Sci. 4,
3031–3035 (2013).

19. Natali, M. & Giordani, S. Molecular switches as photocontrollable “smart”
receptors. Chem. Soc. Rev. 41, 4010 (2012).

20. Feringa, B. L. In control of motion: from molecular switches to molecular
motors. Acc. Chem. Res. 34, 504–513 (2001).

21. Eelkema, R. et al. Nanomotor rotates microscale objects. Nature 440, 163
(2006).

22. Van Delden, R. A. et al. Unidirectional molecular motor on a gold surface.
Nature 437, 1337–1340 (2005).

23. Fletcher, S. P. et al. A reversible, unidirectional molecular rotary motor driven
by chemical energy. Science 310, 80–82 (2005).

24. Kassem, S. et al. Artificial molecular motors. Chem. Soc. Rev. 46, 2592–2621
(2017).

25. Wang, J. B. & Feringa, B. L. Dynamic control of chiral space in a catalytic
asymmetric reaction using a molecular motor. Science 331, 1429–1432
(2011).

26. Conyard, J. et al. Ultrafast dynamics in the power stroke of a molecular rotary
motor. Nat. Chem. 4, 547–551 (2012).

27. Guentner, M. et al. Sunlight-powered kHz rotation of a hemithioindigo-based
molecular motor. Nat. Commun. 6, 8406 (2015).

28. Schildhauer, M. et al. A Prospective ultrafast Hemithioindigo molecular
motor. ChemPhotoChem 3, 365–371 (2019).

29. Wang, Y. & Li, Q. Light-driven chiral molecular switches or motors in liquid
crystals. Adv. Mater. 24, 1926–1945 (2012).

30. Koumura, N. et al. Light-driven monodirectional molecular rotor. Nature 401,
152–155 (1999).

31. Kottas, G. S. et al. Artificial molecular rotors. Chem. Rev. 105, 1281–1376
(2005).

32. Michl, J. & Sykes, E. C. H. Molecular rotors and motors: recent advances and
future challenges. ACS Nano 3, 1042–1048 (2009).

33. Karlen, S. D. et al. Symmetry and dynamics of molecular rotors in amphi-
dynamic molecular crystals. Proc. Natl Acad. Sci. USA 107, 14973–14977
(2010).

34. Cheng, C. Y. et al. Design and synthesis of nonequilibrium systems. ACS Nano
9, 8672–8688 (2015).

35. Cheng, C. Y. et al. An artificial molecular pump. Nat. Nanotechnol. 10,
547–553 (2015).

36. Ragazzon, G. et al. Light-powered autonomous and directional molecular
motion of a dissipative self-assembling system. Nat. Nanotechnol. 10, 70–75
(2015).

37. Sevick, E. A light-driven molecular pump. Nat. Nanotechnol. 10, 18–19 (2015).
38. Qiu, Y. Y. et al. Pumps through the ages. Chem 6, 1952–1977 (2020).
39. Seale, J. S. W. et al. Polyrotaxanes and the pump paradigm. Chem. Soc. Rev.

51, 8450–8475 (2022).
40. Shirai, Y. et al. Directional control in thermally driven single-molecule

nanocars. Nano Lett. 5, 2330–2334 (2005).
41. Morin, J. F., Shirai, Y. & Tour, J. M. En route to a motorized nanocar. Org. Lett. 8,

1713–1716 (2006).
42. Vives, G. & Tour, J. M. Synthesis of single-molecule nanocars. Acc. Chem. Res.

42, 473–487 (2009).
43. Godoy, J., Vives, G. & Tour, J. M. Synthesis of highly fluorescent BODIPY-based

nanocars. Org. Lett. 12, 1464–1467 (2010).
44. Kudernac, T. et al. Electrically driven directional motion of a four-wheeled

molecule on a metal surface. Nature 479, 208–211 (2011).
45. Weiss, P. S. Molecules join the assembly line. Nature 413, 585–586 (2001).
46. Burns, M. et al. Assembly-line synthesis of organic molecules with tailored

shapes. Nature 513, 183–188 (2014).
47. Ashton, P. R. et al. A photochemically driven molecular-level abacus.

Chemistry. A Eur. J. 6, 3558–3574 (2000).
48. Qu, D. H. & Feringa, B. L. Controlling molecular rotary motion with a self-

complexing lock. Angew. Chem. Int. Ed. 49, 1107–1110 (2010).
49. Li, H. et al. A light-stimulated molecular switch driven by radical-radical

interactions in water. Angew. Chem. Int. Ed. 50, 6782–6788 (2011).
50. Baroncini, M. et al. Photoactive molecular-based devices, machines

and materials: recent advances. Eur. J. Inorg. Chem. 2018, 4589–4603
(2018).

51. Credi, A., Silvi, S. & Venturi, M. Photochemically driven molecular
devices and machines. in Supramolecular Chemistry: From Molecules to
Nanomaterials (eds Gale, P. A. & Steed, J. W.) (Hoboken: John Wiley &
Sons, 2012).

52. Baroncini, M. et al. Light-responsive (Supra)molecular architectures: recent
advances. Adv. Optical Mater. 7, 1900392 (2019).

53. Alemani, M. et al. Electric field-induced isomerization of azobenzene by STM.
J. Am. Chem. Soc. 128, 14446–14447 (2006).

54. Loget, G. & Kuhn, A. Electric field-induced chemical locomotion of con-
ducting objects. Nat. Commun. 2, 535 (2011).

55. Klajn, R. et al. Nanoparticles that “remember” temperature. Small 6,
1385–1387 (2010).

56. Song, Y. Y. et al. Temperature-responsive peristome-structured smart surface
for the unidirectional controllable motion of large droplets. Microsyst.
Nanoeng. 9, 119 (2023).

57. Zou, C. J. et al. Multiresponsive dielectric Metasurfaces based on dual light-
and temperature-responsive copolymers. Adv. Optical Mater. 11, 2202187
(2023).

58. Akutagawa, T. et al. Molecular rotor of Cs2([18]crown-6)3 in the solid state
coupled with the magnetism of [Ni(dmit)2. J. Am. Chem. Soc. 127, 4397–4402
(2005).

59. Thomas, C. R. et al. Noninvasive remote-controlled release of drug molecules
in vitro using magnetic actuation of mechanized nanoparticles. J. Am. Chem.
Soc. 132, 10623–10625 (2010).

60. Jones, J. W. et al. Crowned dendrimers: pH-responsive pseudorotaxane for-
mation. J. Org. Chem. 68, 2385–2389 (2003).

61. Kocak, G., Tuncer, C. & Bütün, V. pH-responsive polymers. Polym. Chem. 8,
144–176 (2017).

62. Yu, X. et al. Reversible pH-responsive surface: from superhydrophobicity to
superhydrophilicity. Adv. Mater. 17, 1289–1293 (2005).

63. Nguyen, T. D. et al. Construction of a pH-driven supramolecular nanovalve.
Org. Lett. 8, 3363–3366 (2006).

64. Lin, Z. Q. et al. pH- and temperature-responsive hydrogels based on tertiary
amine-modified polypeptides for stimuli-responsive drug delivery. Chem.
Asian J. 18, e202300021 (2023).

Deng et al. Light: Science & Applications           (2024) 13:63 Page 13 of 14



65. Ma, X. & Tian, H. Stimuli-responsive supramolecular polymers in aqueous
solution. Acc. Chem. Res. 47, 1971–1981 (2014).

66. Aida, T., Meijer, E. W. & Stupp, S. I. Functional supramolecular polymers.
Science 335, 813–817 (2012).

67. Goor, O. J. G. M. et al. From supramolecular polymers to multi-component
biomaterials. Chem. Soc. Rev. 46, 6621–6637 (2017).

68. Qin, B. et al. Supramolecular polymer chemistry: from structural control to
functional assembly. Prog. Polym. Sci. 100, 101167 (2020).

69. Wang, Z. H. et al. Chasing the rainbow: exploiting photosensitizers to drive
photoisomerization reactions. Responsive Mater. 1, e20230012 (2023).

70. Zheng, R. et al. Stimuli-responsive active materials for dynamic control of
light field. Responsive Mater. 1, e20230017 (2023).

71. Gao, J. J. et al. Stimuli-responsive photonic actuators for integrated biomi-
metic and intelligent systems. Responsive Mater. 1, e20230008 (2023).

72. Bandara, H. M. D. & Burdette, S. C. Photoisomerization in different classes of
azobenzene. Chem. Soc. Rev. 41, 1809–1825 (2012).

73. Beharry, A. A. & Woolley, G. A. Azobenzene photoswitches for biomolecules.
Chem. Soc. Rev. 40, 4422–4437 (2011).

74. Irie, M. Diarylethenes for memories and switches. Chem. Rev. 100, 1685–1716
(2000).

75. Irie, M. et al. Photochromism of diarylethene molecules and crystals: mem-
ories, switches, and actuators. Chem. Rev. 114, 12174–12277 (2014).

76. Zheng, Z. G. et al. Three-dimensional control of the helical axis of a chiral
nematic liquid crystal by light. Nature 531, 352–356 (2016).

77. Mahimwalla, Z. et al. Azobenzene photomechanics: prospects and potential
applications. Polym. Bull. 69, 967–1006 (2012).

78. Yager, K. G. & Barrett, C. J. Novel photo-switching using azobenzene func-
tional materials. J. Photochem. Photobiol. A Chem. 182, 250–261 (2006).

79. Younis, M. et al. Recent progress in azobenzene-based supramolecular
materials and applications. Chem. Rec. 23, e202300126 (2023).

80. Li, Z. Y. et al. Photoswitchable diarylethenes: from molecular structures to
biological applications. Coord. Chem. Rev. 497, 215451 (2023).

81. Zhang, J. J. & Tian, H. The endeavor of diarylethenes: new structures, high
performance, and bright future. Adv. Optical Mater. 6, 1701278 (2018).

82. Li, Z. Y. et al. Recent progress in all-visible-light-triggered diarylethenes. Dyes
Pigments 182, 108623 (2020).

83. Koumura, N. et al. Light-driven molecular rotor: unidirectional rotation con-
trolled by a single stereogenic center. J. Am. Chem. Soc. 122, 12005–12006
(2000).

84. Wang, H. et al. Visible light-driven molecular switches and motors: recent
developments and applications. Chem.-A Eur. J. 28, e202103906 (2022).

85. Pooler, D. R. S. et al. Designing light-driven rotary molecular motors. Chem.
Sci. 12, 14964–14986 (2021).

86. Cnossen, A., Browne, W. R. & Feringa, B. L. Unidirectional light-driven
molecular motors based on overcrowded alkenes. in Molecular
Machines and Motors (eds Credi, A., Silvi, S. & Venturi, M.) (Cham:
Springer, 2014), 139-162

87. Hou, J. X. et al. Photo-responsive helical motion by light-driven molecular
motors in a liquid-crystal network. Angew. Chem. Int. Ed. 60, 8251–8257
(2021).

88. Hou, J. X. et al. Phototriggered complex motion by programmable con-
struction of light-driven molecular motors in liquid crystal networks. J. Am.
Chem. Soc. 144, 6851–6860 (2022).

89. Feringa, B. L. The art of building small: from molecular switches to molecular
motors. J. Org. Chem. 72, 6635–6652 (2007).

90. Van Leeuwen, T. et al. Dynamic control of function by light-driven molecular
motors. Nat. Rev. Chem. 1, 0096 (2017).

91. Costil, R. et al. Directing coupled motion with light: a key step toward
machine-like function. Chem. Rev. 121, 13213–13237 (2021).

92. Koumura, N. et al. Second generation light-driven molecular motors. Uni-
directional rotation controlled by a single stereogenic center with near-
perfect photoequilibria and acceleration of the speed of rotation by struc-
tural modification. J. Am. Chem. Soc. 124, 5037–5051 (2002).

93. Xu, F. et al. From photoinduced supramolecular polymerization to responsive
organogels. J. Am. Chem. Soc. 143, 5990–5997 (2021).

94. Li, Q. et al. Macroscopic contraction of a gel induced by the integrated
motion of light-driven molecular motors. Nat. Nanotechnol. 10, 161–165
(2015).

95. Lan, R. C. et al. Amplifying molecular scale rotary motion: the marriage of
overcrowded alkene molecular motor with liquid crystals. Adv. Mater. 34,
2109800 (2022).

96. Zhang, S. et al. Artificial molecular machines: design and observation. Smart
Molecules 1, e20230015 (2023).

97. Xu, F. & Feringa, B. L. Photoresponsive supramolecular polymers: from light-
controlled small molecules to smart materials. Adv. Mater. 35, 2204413 (2023).

98. Sheng, J. Y., Pooler, D. R. S. & Feringa, B. L. Enlightening dynamic functions in
molecular systems by intrinsically chiral light-driven molecular motors. Chem.
Soc. Rev. 52, 5875–5891 (2023).

99. Feringa, B. L. The art of building small: from molecular switches to motors
(Nobel lecture). Angew. Chem. Int. Ed. 56, 11060–11078 (2017).

100. Pollard, M. M. et al. Controlled rotary motion in a monolayer of molecular
motors. Angew. Chem. Int. Ed. 46, 1278–1280 (2007).

101. London, G. et al. Light-driven altitudinal molecular motors on surfaces. Chem.
Commun. 13, 1712-1714 (2009)

102. Carroll, G. T. et al. Adhesion of photon-driven molecular motors to surfaces
via 1,3-dipolar cycloadditions: effect of interfacial interactions on molecular
motion. ACS Nano 5, 622–630 (2011).

103. Chen, J. W., Vachon, J. & Feringa, B. L. Design, synthesis, and isomerization
studies of light-driven molecular motors for single molecular imaging. J. Org.
Chem. 83, 6025–6034 (2018).

104. Krajnik, B. et al. Defocused imaging of UV-driven surface-bound molecular
motors. J. Am. Chem. Soc. 139, 7156–7159 (2017).

105. London, G. et al. Towards dynamic control of wettability by using functio-
nalized altitudinal molecular motors on solid surfaces. Chem. A Eur. J. 19,
10690–10697 (2013).

106. Chen, K. Y. et al. Control of surface wettability using tripodal light-activated
molecular motors. J. Am. Chem. Soc. 136, 3219–3224 (2014).

107. Van Dijken, D. J. et al. Amphiphilic molecular motors for responsive aggre-
gation in water. J. Am. Chem. Soc. 138, 660–669 (2016).

108. Chen, S. Y. et al. Dynamic assemblies of molecular motor amphiphiles control
macroscopic foam properties. J. Am. Chem. Soc. 142, 10163–10172 (2020).

109. Chen, J. W. et al. Artificial muscle-like function from hierarchical supramole-
cular assembly of photoresponsive molecular motors. Nat. Chem. 10,
132–138 (2018).

110. Leung, F. K. C. et al. Supramolecular packing and macroscopic alignment
controls actuation speed in macroscopic strings of molecular motor
amphiphiles. J. Am. Chem. Soc. 140, 17724–17733 (2018).

111. Leung, F. K. C. et al. Dual-controlled macroscopic motions in a supramole-
cular hierarchical assembly of motor amphiphiles. Angew. Chem. Int. Ed. 58,
10985–10989 (2019).

112. Foy, J. T. et al. Dual-light control of nanomachines that integrate motor and
modulator subunits. Nat. Nanotechnol. 12, 540–545 (2017).

113. Bisoyi, H. K. & Li, Q. “Liquid Crystals” in Kirk-Othmer Encyclopedia of Chemical
Technology. (John Wiley & Sons, Hoboken, 2014).

114. Bisoyi, H. K. & Li, Q. Liquid crystals: versatile self-organized smart soft materials.
Chem. Rev. 122, 4887–4926 (2022).

115. Harris, K. D. et al. Large amplitude light-induced motion in high elastic
modulus polymer actuators. J. Mater. Chem. 15, 5043–5048 (2005).

116. White, T. J. & Broer, D. J. Programmable and adaptive mechanics with liquid
crystal polymer networks and elastomers. Nat. Mater. 14, 1087–1098 (2015).

117. De Haan, L. T. et al. Engineering of complex order and the macroscopic
deformation of liquid crystal polymer networks. Angew. Chem. Int. Ed. 51,
12469–12472 (2012).

118. Lan, R. C. et al. Light-driven liquid crystalline networks and soft actuators with
degree-of-freedom-controlled molecular motors. Adv. Funct. Mater. 30,
2000252 (2020).

Deng et al. Light: Science & Applications           (2024) 13:63 Page 14 of 14


	Photo-responsive functional materials based on light-driven molecular�motors
	Introduction
	Dynamic control of surface wettability
	Photoresponsive supramolecular polymers based on molecular�motors
	Molecular motors in polymer networks
	Conclusions and outlook
	Acknowledgements




