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FOCUS REVIEW

Photomechanical energy conversion based on
cross-linked liquid-crystalline polymers

Jun-ichi Mamiya

An actuator is an energy transducer that can convert input energies into work. Cross-linked liquid-crystalline polymers show
photoinduced deformation with changes in the molecular shape and alignment of the polymers. Polymer materials can
transduce converted light energy into mechanical stress by the macroscopic deformation of the polymers (photomechanical
effect). The effect of the molecular structures of the photochromic liquid-crystalline polymers on the photoinduced deformation
is studied. The mechanism of the photoinduced deformation of the polymers is investigated. Three-dimensional movements of
the liquid-crystalline polymers are achieved by laminating the polymers into a flexible polymer sheet. In this review, the design

of the polymer materials with a photochromic moiety and an evaluation of their photomechanical effects are described. The
photomodulation of the alignment of liquid-crystalline polymers and their applications for light-driven polymer actuators are

summarized.
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INTRODUCTION

Light is a clean energy that can be rapidly, precisely and remotely
controlled. The efficient use of light energy is necessary for establish-
ing a sustainable society. Light-responsive materials have been of great
interest from the viewpoint of optical memory,'™ solar cells® and
light-driven actuators.® An actuator is an energy transducer that can
convert a variety of input energies to mechanical quantities, such as
displacement, strain, velocity and stress.” 11 To duplicate human
muscle-like movements in artificial actuators, they should be soft and
deform in response to external stimuli, such as electric fields,
temperature and light. The design and development of various
types of molecular machines have been extensively studied, and
machine-like motions have been well characterized using
spectroscopic analyses.!>"1> However, this effect was too small to be
utilized in practical applications. Macroscopic mechanical work is
desired in actuators or molecular machines. Recently, photoinduced
macroscopic motions of organic crystals and amorphous materials
consisting of photochromic compounds have been demonstrated.!®-2*
The photoinduced movement of a two-component cocrystal
composed of diarylethene derivatives has been reported.!® The
millimeter-size crystals exhibited macroscopic mechanical work in
the form of light-driven actuators.

Polymer materials meet the requirements of artificial muscles
because of their advantageous properties: high processability, flex-
ibility, easy fabrication characteristics and low manufacturing costs.
Many materials are used as polymer actuators.*®!1-25-27 Shape-
memory polymers are materials that can be deformed and fixed

into a temporary shape; only after being exposed to an appropriate
stimulus  will they recover their original shape.?®? The
photoresponsive property can be introduced into shape-memory
polymers by incorporating various functional groups. Lendlein
et al?® reported the synthesis of photoinduced shape-memory
polymers containing cinnamic acid groups. Exposure of these
polymers to UV light stabilized the elongated shape by a
photoinduced [2+ 2] cycloaddition reaction after the polymer film
was elongated by an external force. The deformation of polymer
colloid particles by exposure to light was also reported by Wang
et al3%3! The spherical polymer particles containing azobenzene
moieties changed from a sphere into an ellipsoid upon exposure to
interfering linearly polarized laser beams. The elongation of the
particles was induced along the polarization direction of the laser
beam.

Liquid-crystalline elastomers (LCEs) are one of the most promising
polymer actuator materials because of their unique property of
combining the anisotropy of the LCs with the elasticity of the
polymer networks.>> The alignment of the mesogens coupled with
the polymer networks gives rise to the characteristic properties of
LCEs. LCEs are usually lightly cross-linked networks, and the
macroscopic properties and phase structures of LCEs are affected by
the cross-linking density. LCEs exhibit thermoelastic properties with a
nematic—isotropic phase transition; they contract along the alignment
direction of the mesogens, and upon cooling below the phase
transition temperature, they expand. Kupfer and Finkelmann??
reported an anisotropic deformation resulting from the thermal
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LC-isotropic phase transition in monodomain LCEs. The origin of the
deformation is a subtle change in the microscopic order after the
nematic—isotropic phase transition, and this deformation is closely
related to a coupling between the LC order of the mesogens and the
elastic properties of the polymer network. This anisotropic deforma-
tion behavior of LCEs can be very large and has been a subject of
extensive experimental and theoretical studies.**° Along with their
good mechanical properties, LCEs can be promising materials for the
development of artificial muscles.°

A promising application of the photomechanical effect is the ability
to use light to control the expansion and contraction for use as a
photoactuator. This photomechanical deformation can be used to
create a novel class of photofunctional materials. In this review, we
focused on the photoresponsive behavior of the liquid-crystalline
polymers. The photocontrol of molecular alignment in LC systems
with a photochromic moiety is described. Macroscopic deformation
based on a photoinduced change in the molecular structure and the
alignment of the cross-linked LC polymers is introduced. Recent
intensive studies of light-driven actuators using cross-linked LC
polymers are summarized.

PHOTOINDUCED CHANGE IN THE MOLECULAR ALIGNMENT
OF LIQUID-CRYSTALLINE POLYMERS

Photochromism is defined as a reversible photoinduced transforma-
tion of a molecule between two isomers whose absorption spectra are
distinguishably different.*! The physical properties of photochromic
molecules can be controlled using light. Azobenzene, which is a
common photochromic molecule, exhibits reversible trans—cis
isomerization induced by light.##>#3 The trans form of azobenzene
has a rod-like shape, which stabilizes the phase structure of the LC
phase, whereas the cis form, which has a bent shape, destabilizes the
phase structure of the mixture. A small amount of photochromic
molecules are incorporated into the LC molecules, and the mixtures
are irradiated.**¢ The photoinduced change in the molecular shape
of the azobenzenes causes a change in the alignment of the
surrounding LC molecules, and an LC-isotropic phase transition is
induced. During cis—trans back isomerization of the azobenzene, the
mixture returns to the initial LC phase. This process means that the
change in the molecular alignment is amplified by the cooperative
motion (Figure 1a). LC polymers possess properties of both polymers
and LCs, and they are currently regarded as promising photonic
materials because of their advantageous properties. In azobenzene
derivatives exhibiting LC properties, the azobenzene moiety could act
as both a mesogen and a photoresponsive moiety. Azobenzene LC
polymers undergo a nematic—isotropic phase transition upon photo-
irradiation. The irradiated site becomes isotropic, as evidenced by the
loss of birefringence when observed with a polarizing microscope. The
stored image has been stabilized below the glass transition tempera-
ture (Tg) of the polymer. If the temperature is raised above the Tg,
the light-induced molecular alignment is erased and returned to its
initial state because of the molecular motion of the main chain in the
polymer. The alignment of the mesogens is unlikely in the absence of
segmental motions of the polymer main chain below the Tg.
Therefore, the azobenzene LC polymers can be utilized as optical
switching and optical image-storage materials.*’

Trans azobenzenes that have transition moments parallel to the
polarization direction of linearly polarized light are -effectively
activated to their excited states, which is followed by trans—cis
isomerization, whereas molecules that have their transition moments
perpendicular to the polarization direction of actinic light are
inactive. After repeating the trans—cis—trans isomerization cycles and
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Figure 1 Photochemical phase transition of LCs doped with azobenzenes
(a) and cross-linked LC polymers (b).

Disorder

after the trans-azobenzene molecules have adapted an orientation
perpendicular to the polarization direction of the actinic light, they
become inactive towards the incident light. This result means that at
the end of multicycles, there will be a net population of azobenzene
molecules aligned perpendicular to the polarization direction of the
light. This light-induced effect results in anisotropy in the molecular
alignment of dye molecules.*$4°

Azobenzene molecules have been almost exclusively employed in
photochromism-based holographic gratings, mainly because the
photoisomerization of azobenzenes enables alignment changes of
the LC molecules quite effectively, as mentioned above. 0 If
the alignment change in a periodic structure is induced in
accordance with the interference patterns produced by overlapping
two coherence beams, a large refractive-index modulation in LC
materials can be obtained.’'™> The diffraction efficiency is strongly
related to the refractive-index modulation produced in the materials.
In photochromic polymer films, surface-relief structures are formed
on the surfaces of the polymers and refractive-index modulation
occurs upon irradiation with two coherent laser beams (Figure 2).
The sinusoidal variation in light intensity is encoded into the
materials as a sinusoidal surface topology, that is, a surface-relief
grating (SRG).4>>*% The original film thickness and flat topology can
be recovered by heating the polymer films above their Tg. During this
patterning process, the polymer materials are moved over nanometer-
to micron-length scales at temperatures below their Tg. This
phenomenon can be primarily regarded as a manifestation of the
photomechanical effect.>®

Cross-linking of the polymer chains in LC polymers results in a
strong correlation between the functional groups that are attached to
the LC polymers, which results in an anomalous responsive behavior
to external stimuli. Kurihara et al®’ prepared cross-linked LC
polymers with an azobenzene moiety and evaluated their
photoresponsive behavior. The response time is fast (1pus) because
the motion of the mesogenic groups is suppressed by cross-linking.
The stabilization of an initially ordered state by cross-linking results in
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Figure 2 Schematic illustration of the surface-relief grating of LC polymers
upon irradiation with two coherent laser beams.

a fast order—disorder transition, which is induced by slight changes in
the orientational order of the mesogens, and a fast disorder—order
transition, which is caused by the strain relaxation that occurs during
the photoisomerization of the azobenzene molecules (Figure 1b).>%%
Polymer gels with azobenzenes deform because of photoinduced
structural changes in the azobenzenes. Photochromic materials with
network structures show changes in various properties during the
isomerization of the compounds. The molecular-level photoiso-
merization can also result in macroscopic deformation of the
material system, allowing one to convert light energy directly into
mechanical work (photomechanical materials).

PHOTOMECHANICAL EFFECTS OF LIQUID-CRYSTALLINE
POLYMERS

As described in the introduction, LCEs exhibit thermoelastic proper-
ties; when heated above the nematic—isotropic phase transition, LCEs
contract along the alignment direction of the mesogens, and by
cooling below the phase transition temperature, they expand. By
combining the thermoelastic properties of LCEs with a photochemical
phase transition (or a photochemically induced reduction of nematic
order), it is expected that one can induce the deformation of LCEs
with light.0-02 In fact, 20% contraction of an azobenzene containing
an LCE that has a polysiloxane main chain was induced upon
exposure to UV light, which caused a trans—cis isomerization of the
azobenzene moiety, as demonstrated by Finkelmann. Subtle changes
in the nematic order during trans—cis isomerization results in a
significant uniaxial deformation of the LCs along the director axis
when the LC molecules are strongly associated by covalent cross-
linking to form a three-dimensional polymer network.

Tkeda et al.®® observed photoinduced three-dimensional movements
of LC gels and cross-linked LC polymers® that contained
azobenzenes. In comparison with the contraction mode, which is a
two-dimensional movement, the bending mode, which is a three-
dimensional movement, could be advantageous for artificial hands
and microrobots that are capable of particular manipulations.
Figure 3a shows the bending and unbending processes induced by
irradiation with UV and visible light, respectively. It was observed that
the monodomain LC polymer film bent toward the irradiation
direction of the incident UV light along the rubbing direction, and
the bent film reverted to its initial flat state after exposure to visible
light. This bending and unbending behavior was reversible simply by
changing the wavelength of the incident light. The bending direction
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was also controlled by the alignment direction of the mesogens
(Figure 3b).6>00

Freestanding cross-linked LC polymer films were prepared by self-
assembly through intermolecular hydrogen bonding. The LC polymer
films with hydrogen-bonded network structures exhibited photoin-
duced bending. The structural change at the microscopic level, which
is caused by the trans—cis photoisomerization of the azobenzene
moieties at the hydrogen-bonded cross-links, is successfully converted
to a macroscopic deformation in the films. A supramolecular
photomechanical system based on hydrogen-bonded LC polymer
films, which converts light energy directly into mechanical work, was
achieved.®”

Photomobile polymer materials based on the cross-linked LC
polymers deformed by disordering the molecular alignment through
the photoisomerization of the photochromic moiety and motion of
the polymer chain. Mechanical stress generated by the deformation of
the polymers was evaluated. The cross-linked LC polymers were
prepared by the photopolymerization of mixtures with different ratios
of the monomer and the cross-linker. The mechanical stress increased
with the increase in the cross-linking concentration. This result
indicates that an increase in the cross-linking point caused an
amplification of the change in molecular alignment, which results
in macroscopic deformation of the cross-linked LC polymers. Not all
mesogens are photochromic molecules. By improving the penetration
of incident light into the polymer films, higher performance of the
photomobile materials would be expected. As the feed ratio of
azobenzene moieties into the polymer films decreases, the degree of
the isomerization and the penetration depth of incident light are
enhanced, which leads to an effective photoinduced movement. The
mechanical stress generated in the polymers was 10 times higher than
that of natural muscles.®® Further, no degradation of the polymers
occurred, even when the photoinduced bending was repeated over
5000 times.®

Irradiation with UV light results in the trans—cis isomerization of
the azobenzene moieties and destabilization of the LC phase (reduc-
tion in LC order), even the LC-isotropic phase transition in the LC
systems. Because the extinction coefficient of the azobenzene moieties
at ~360nm is large, the reduction in LC order occurs only in the
surface region that faces the incident light, but in the bulk of the film,
the trans-azobenzene moieties remain unchanged. As a result, the
volume contraction is generated only in the surface layer, which
causes the bending to occur towards the irradiation direction of the
incident light (Figure 4). The process is highly sensitive to the initial
alignment of the mesogens. However, the detailed relationship
between the molecular alignment of the mesogens and photoinduced
bending is unclear. Changes in birefringence and mechanical stress in
the polymer films were investigated simultaneously to evaluate the
relationship between the molecular alignment of the mesogens and
the contraction of the films upon photoinduced bending. An
azobenzene cross-linker, a nonphotoactive monomer and a nonpho-
toactive cross-linker were used to prepare polymer films with different
cross-linker concentrations and a 5-mol% azobenzene concentration
(Figure 5). All of the polymer films with different cross-linker
concentrations bent toward the light source upon irradiation with
UV light and reverted to their initial state upon irradiation with
visible light. When the cross-linker concentration was increased, the
degree of bending in the films decreased. These results indicate that
the flexibility of the polymer films decreases because of the increase in
the cross-linker concentration. The experimental setup for evaluating
the photoinduced changes in birefringence and stress is shown in
Figure 6. The intensity of a probe beam from a He-Ne laser was

241

Polymer Journal



Photomechanical energy conversion
J Mamiya

Figure 3 Photographs of the photoinduced bending of the cross-linked LC polymer films with homogeneous (a) and homeotropic (b) alignment of the

mesogens.
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Figure 4 Plausible mechanism of anisotropic bending in the cross-linked LC polymer films upon irradiation with UV light.
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Figure 5 Chemical structures of the azobenzene monomer, azobenzene cross-linker, phenyl benzoate monomer and phenyl benzoate cross-linker.

monitored using a photodiode through a sample between crossed
polarizers. The photoinduced stress was measured using a thermo-
mechanical analyzer by clamping the films at both ends and using an
initial load of 10mN in the mesogen alignment direction. The
photoinduced change in the birefringence was estimated from the
transmittance of the probe light. Figure 6 shows the simultaneous
measurement of photoinduced changes in the birefringence and
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photoinduced stress.”® The generated stress and the birefringence
changes followed the same time dynamics. This result indicates that
the disorder of the molecular alignment induced by the trans—cis
photoisomerization of the azobenzene moieties causes a mechanical
stress in the cross-linked LC polymers. The photoinduced stress
exhibited a clear dependence on the cross-linker concentration. This
result indicates that stiffer polymer materials with moderate



Photomechanical energy conversion
J Mamiya

a Photodetector b
Film | 0.146 ON (365 nm) 15
]
NZ'T/ Analyzer 0.144
Alignment g -
direction g 0.142 %
j=2 —
== E 0.140 §
=5 uvLeD = -
365 nm d.458
Polarizer
0.136 . L L 1 L N
He-Ne laser 0 20 40 Tiersr?e (5)80 100 120
633 nm

Figure 6 (a) Schematic illustration of the experimental setup for evaluating the photoinduced change in the molecular alignment and photoinduced stress of
the samples. (b) Photoinduced stress and change in birefringence of the samples upon UV irradiation.

azobenzene concentrations are favorable for generating high levels of
photoinduced stress.

LIGHT-DRIVEN POLYMER ACTUATORS BASED ON
PHOTOMECHANICAL EFFECTS
If the cross-linked LC polymers with photomechanical properties are
applied to light-driven actuators, there are many problems, such as
mechanical strength, shape and size of the polymers. In a previous
study, the photomechanical properties of cross-linked LC polymer
films were investigated. By laminating the cross-linked LC polymer
films to flexible polymer substrates, large and sophisticated motions
of the laminated films can be induced upon photoirradiation. The
laminated films were prepared by thermal compression bonding of
the cross-linked LC polymer with azobenzene moiety and an
unstretched low-density polyethylene film with an adhesion layer, as
shown in Figure 7a. By preparing a laminated structure composed a
photoactive layer and a flexible polymer substrate, both photore-
sponsive and good mechanical properties can be provided simulta-
neously, resulting in complicated movements of the films.”b72 A
plastic belt of the laminated film was prepared by connecting both
ends of the film. Simultaneous irradiation of the belt with UV light
from the top right and visible light from the top left induced a
rotation of the belt to drive two pulleys in a counterclockwise
direction at room temperature (Figure 7b). Simultaneously, produced
contraction and expansion forces at the different points along the
long axis of the belt result in the rotation of the pulleys and the belt
with the same direction.”! The rotation causes new parts of the belt to
be exposed to UV and visible light, which enables the motor system to
rotate continuously. New photomechanical devices, including the
light-driven plastic motor, were successfully developed using the
laminated films. By partially laminating the photoactive layer into a
plastic substrate, the laminated films moved freely (similar to a
flexible robotic arm) upon photoirradiation (Figure 7c).”> Light-
driven plastic microrobots consisting of a photoactive polymer layer
and a polyethylene film were fabricated. The photoinduced
movements of the microrobots were achieved by combining the
bilayer film with different initial shapes and photodeformation modes
and manipulated to pick up, lift, move and place a milligram-scale
object by irradiating different parts of the microrobot with visible
light.”3

All of the polymer microdevices can be fabricated using litho-
graphic techniques in combination with LC polymer actuators.
Monomeric LCs with different absorption bands were deposited with

an ink-jet printer using separate cartridges on a glass coated with
polyvinyl alcohol. The reactive monomers can be cured after printing.
The cilia were released from the substrate by dissolving the polyvinyl
alcohol layer in water. The microactuators with different subunits can
be selectively addressed by changing the wavelength of light. The
artificial cilia have the potential to create flow and mixing in wet
environments, such as lab-on-a-chip applications.”*

Cross-linked LC polymer films were prepared from the photo-
polymerization of aligned LC monomers in a glass cell. This method
is useful for preparing films with varying thicknesses and alignments.
However, the glass cells must be carefully opened to accommodate
freestanding LC films after polymerization. Cross-linking of polymers
by means of electron beams (EBs) has been widely used for industrial
applications as an alternative to chemical methods for cross-linking in
polymers. EB irradiation induced the formation of intra- and inter-
layer cross-links in the photoactive and substrate layers. Photomobile
materials with adhesive-free bilayer structures were fabricated by
direct EB irradiation.”® After EB irradiation, the polymer films with
bilayer structures became almost insoluble in chloroform, indicating
the formation of intra- and inter-layer cross-links. The EB-cross-
linked polymer films showed a reversible bending, with no fatigue
upon photoirradiation. A simple method for fabricating photomobile
polymer materials was proposed that can produce large areas, smooth
surfaces and controlled thicknesses of both the photoactive and
substrate layers.

Human skeletal muscles are composed of many bundles of fibers,
and their crucial function to convert energy into mechanical work is
achieved by generating smooth motion and inducing high stress with
external stimuli. An LC copolymer was mixed with a low-molecular-
weight cross-linker that contained two isocyanate moieties at the end
of molecules, and the mixtures were formed into fibers by dipping a
tip of a toothpick into the mixtures and pulling the mixtures with the
toothpick as quickly as possible. The polymer fibers showed a high
ordering of the mesogens along the fiber axis. When the fibers were
heated above the Tg of the polymers, the fibers contracted along
the fiber axis. In addition, the fibers exhibited reversible bending above
90 °C upon alternative irradiation with UV and visible light. Because
the shape of the fibers was approximately cylindrical, the fibers could
be irradiated with light under the same conditions from every angle.
The direction of the bending could be controlled by changing the
irradiation location of the fibers (Figure 8). The directional control in
the photomobility of the fibers may lead to potential applications,
such as artificial muscles and polymer actuators.”®
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Figure 7 (a) Chemical structures of the LC monomer and cross-linker and a schematic illustration of a laminated film composed of a cross-linked LC
polymer layer and a polymer sheet. (b) A light-driven plastic motor with laminated films. Series of photographs showing time profiles of the rotation of the
plastic motor with the laminated film induced by simultaneous irradiation with UV and visible light at room temperature. (c) Series of photographs of time

profiles of the flexible robotic arm motion.

ST e
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Figure 8 Photographs and schematic illustration of three-dimensional movements of the cross-linked LC polymer fibers by irradiation with UV light.

CONCLUSIONS

The field of photomechanical effects by means of photochromism is
developing rapidly. In this review, recent progress in studies of the
photomechanical effect based on cross-linked liquid-crystalline poly-
mers was described. Macroscopic light-driven actuation has been
achieved in various systems. Liquid-crystalline polymers that exhibit
photochromism can be considered to be promising materials for
next-generation applications, such as light-driven and soft actuators.
In addition, the actuation performance has been further improved by
optimizing the molecular structures and fabrication process with

Polymer Journal

respect to the generated stress and energy-conversion efficiency.
Because research activities have increased over the last decade,
substantial advances can be expected in the near future.
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