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Abstract
Recent developments in materials showing photo-induced liquefaction and softening, including molecular materials, gels,
and polymers, are described. A macrocyclic azobenzene molecule that has long alkoxy chains was first reported to show a
photo-induced solid–liquid phase transition at room temperature through trans–cis photoisomerization. The
structure–property relationship for understanding the photo-induced phase transition has since been investigated by using
model compounds with a simple molecular design. Such azobenzene-based materials also exhibited dynamic motion on
glass and water surfaces; these motions are driven by continuous liquefaction/crystallization and dissolution of the liquefied
material. Photo-induced liquefaction has been further developed in middle molecular and polymeric materials. The effects of
the alkyl chain length, functional groups, and number of azobenzene units on the photo-induced behavior have been
extensively investigated. In addition, by using photoresponsive gelators, the photo-induced quasi-solid–liquid (gel–sol)
phase transition of gels was accomplished. Moreover, very recently, a photoresponsive plasticizer that can plasticize “photo-
inactive” polymers by light irradiation has been proposed.

INTRODUCTION

A chemical substance commonly exists in three states—
solid, liquid, and gas. The transition between each state can
usually be achieved by heating and cooling the substance.
For example, H2O is a liquid (water) under the standard
conditions for temperature and pressure. When heated
above 100 °C, H2O changes its state from liquid to gas
(vapor), while it freezes into a solid state (ice) when cooled
below 0 °C. The melting point of a chemical substance is
generally affected by its chemical properties, such as
molecular weight, functional groups, and molecular shapes.
Among these factors, molecular shapes significantly affect
the melting point. For example, there are two isomers of 9-
octadecenoic acid: elaidic acid (trans isomer) and oleic acid
(cis isomer). Although the chemical formula of the two
acids is the same (C18H34O2), elaidic acid and oleic acid are
in solid and liquid states under normal conditions,

respectively. A similar example is stilbene. The melting
points of the trans and cis isomers of stilbene are markedly
different, being 124 and 6 °C, respectively [1, 2]. Stilbene
also has an intriguing character, which is photoisomeriza-
tion [3]. Under irradiation with light of an appropriate
wavelength, stilbene shows a reversible isomerization
between the trans and cis forms. Therefore, an isothermal
transition can be induced between the solid and liquid states
of stilbene via photoisomerization and not by a thermal
method. However, in the photoisomerization of stilbene, an
irreversible oxidative side reaction that produces phenan-
threne has often been observed [4]. Hence, it is practically
difficult to induce such a photochemical solid–liquid tran-
sition in stilbene. Meanwhile, azobenzene is another com-
pound that shows a reversible cis–trans photoisomerization
without any serious side reactions (Fig. 1) [5, 6].

The photoisomerization of azobenzene and its deriva-
tives is frequently used as a tool for photochemically
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modulating the structures and properties of soft materials,
such as liquid crystals (LCs) and polymers. For instance, the
orientations of LC molecules can be modulated in out-of-
plane and in-plane directions by using a command surface,
where azobenzene compounds are chemically or physically
immobilized on solid substrates in sandwiched cells [7, 8].
Recently, a command surface was successfully developed
from a free surface, in which azobenzene compounds were
segregated at the interface between air and the material [9,
10]. When azobenzene derivatives are dissolved in LCs,
multiple phase transitions such as nematic-isotropic and
smectic Q-isotropic phase transitions can be isothermally
controlled via photoisomerization (photochemical phase
transition) [11–14]. In the case of polymeric materials,
photo-mechanical behaviors in which polymer films show a
variety of dynamic movements upon photoisomerization
have been reported and proposed as a novel driving force
for actuators [15–17]. Furthermore, the photofabrication of
surface-relief gratings on azopolymers by means of holo-
graphic techniques has been widely studied by various
research groups [18, 19]. In these studies, photo-induced
fluidization and softening, where the trans–cis–trans pho-
toisomerization cycle occurs, have been reported for several
azopolymers and considered to be one of the possible
mechanisms for the formation of surface-relief gratings
[20–26]. Nevertheless, intensive discussions continue on
the mechanisms [27, 28]. In recent years, the photo-induced
liquefaction of a variety of materials, where a liquid state
can be obtained even after terminating light irradiation, has
become an emerging research field in materials science and
technology because of its potential applications to photo-
lithography, self-healing materials, and reworkable adhe-
sives. In this article, recent studies on the photo-induced
liquefaction and softening behaviors of molecular materials,
polymers, and related compounds from the viewpoint of the
photoisomerization of azobenzene compounds are
reviewed.

Small molecular materials

First, we describe the molecular materials that contain
azobenzene units, as well as their properties and applica-
tions. Molecular materials often exhibit a crystalline prop-
erty in the solid state; thus, controlling the photochemical
properties in crystalline phases is important. The melting
points of trans and cis isomers of azobenzene are 68 and 71

°C, respectively [29]. The difference in the melting points is
rather small in the case of azobenzene, and thus, it might be
difficult to induce the transition between solid and liquid
states by photoisomerization. In addition, the crystal pack-
ing prevents the azobenzene molecules from changing their
molecular geometry. An IR analysis of a ground crystal of
azobenzene revealed that photoisomerization from the
trans-to-cis isomer does not occur in the solid state [29].

The surface of an azobenzene crystal, however, shows
some indications of photoisomerization, such as morpho-
logical changes [30] and spectral changes for nanoparticles
[31] of azobenzene crystals, indicating that the photo-
isomerization of azobenzene is possible on the crystal sur-
face. Azobenzene molecules on the surface face a free space
and should have more degrees of freedom to change their
geometry from the trans-to-cis configuration, whereas the
molecules inside the crystal lack the free volume required
for isomerization. For azobenzene incorporated in a poly-
mer matrix, the free volumes for isomerization were esti-
mated as 0.12 [32] and 0.38 [33] nm3 for the inversion and
rotation pathways, respectively. The effect of packing on
isomerization was also investigated for a self-assembled
monolayer of alkylthiol-functionalized azobenzene mole-
cules [33].

Recently, the photo-induced solid–liquid phase transition
has become of great research interest since the discovery of
a phase transition in a macrocyclic azobenzene possessing
long alkoxy chains 1, as shown in Fig. 2 [34–36]. The
melting point of this compound is 100 °C, and it shows a
liquid-crystalline phase of ~120 °C. Interestingly, at room
temperature, this compound melts upon irradiation with
ultraviolet (UV) light. At room temperature, 1 is in a
crystalline phase, and the thin film of 1 exhibits birefrin-
gence under a polarizing optical microscope. Upon UV-
light irradiation, the crystals lose their birefringence and
convert into an isotropic (liquid) phase. On further irradia-
tion with UV light, the isotropic phase converts into another
crystal phase, which is assigned to the cis,cis-isomer. These
phase transitions have been confirmed by the changes in X-
ray diffraction patterns and absorption spectra upon
photoirradiation.

The high photoresponsivity of the crystal of 1 compared
with that of azobenzene is quite intriguing, and the single
crystal structure was determined [36] to investigate the
structure–property relationship in systems that exhibit a
photo-induced crystal-to-liquid phase transition. At room
temperature, the crystal of 1 shows the characteristic
coexistence of structurally ordered chromophores through a
one-dimensional network of π–π interactions and disordered
alkyl chains. The phase transition occurs because of the
trans-to-cis photoisomerization of the azobenzene moiety,
involving the loss of the one-dimensional order of the π–π

network.

hν

hν’ or heat

Fig. 1 Isomerization of azobenzene
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The above-mentioned phase transition found in 1 is
important from an application point of view because
materials undergoing simple and drastic changes in their
phases have potential applications in reworkable adhesives,
reusable photoresists, and other functional materials.
Because of the complex molecular structure and the diffi-
culty in synthesizing 1 [34], a simplified molecular design
was required to establish the structure–property relationship
underlying the phase transition. A simple molecular design
criterion was reported for molecules having a methyl group
at the 3-position on rod-shaped azobenzene derivatives
(Fig. 3) [37]. The introduction of a single methyl group onto
one of the two benzene rings of azobenzene drastically
alters the photo-induced phase transition behavior. In con-
trast, the azobenzene containing two methyl groups at 3-
and 3′-positions and that containing no methyl groups did
not show the phase transition. For example, the crystal of 2-
C6 exhibited a photo-induced phase transition, yielding a
liquid state. The viscosity of the liquid state was 460 mPa·s,
and the liquid phase remained for ca. 1 h at room tem-
perature in the dark. The melting temperature of photo-
irradiated 2-C6 was estimated as −6 °C. As the azobenzene
derivative containing only one methyl group exhibited a
higher photoresponsivity in the phase transition, the effect
of chain length (Cn= 1–18) of the alkoxy groups at the 4-
and 4′-positions was investigated [38]. It was found that
alkyl chains with Cn= 6–10 showed a relatively fast phase
transition.

As the deactivation process of the photoexcited mole-
cules dissipate energy as heat, an increase in temperature
cannot be avoided. The temperature increase of the crystal
powder of the 2-Cn series was ~3 K upon irradiation at 200
mW cm−2, as measured by an infrared radiation thermo-
meter [37]. In addition, an irradiation experiment with
various intensities of UV light (5–408 mW cm−2) was car-
ried out by using 2-C6 [38]. It was found that the photo-

induced phase transition did not depend on light intensity,
and a complete liquefaction was observed at the same total
dose. Therefore, the heating effects are not the main reason
for liquefaction, but the photoisomerization reaction is
indeed the driving force for the phase transition.

Figure 4 shows other azobenzene-based molecular
materials that demonstrate the photo-induced crystal–liquid
phase transition. Han et al. reported that a rod-shaped
amphiphilic azobenzene possessing a hydrophilic tetra
(ethylene glycol) chain (3) exhibits the crystal-to-liquid
phase transition [39]. The melting temperature of the trans
isomer is 50 °C, and the two ethyl groups assumingly
weaken the intermolecular π–π interactions between the
aromatic rings. Credi and co-workers [40] designed tetra
(azobenzene)methane compounds, which consist of four
azobenzene units covalently linked to a tetrahedral carbon
atom (4). These compounds form porous crystals, and
irradiation with UV light converts them into a non-porous
liquid phase. In addition, it was demonstrated that the
crystals adsorb/release CO2 gas. Surprisingly, these com-
pounds exhibited the phase transition even when the melt-
ing temperatures were above 300 °C. Kimizuka and co-
workers [41] demonstrated that the photo-induced crystal-
to-ionic liquid phase transition can be used to store photon
energy by using cationic azobenzene derivatives (5).

There are numerous potential applications of materials
that show the photo-induced phase transition. Currently, the
promising potential applications are reworkable adhesives
and reusable photoresists. The former is the main topic of
the next section on middle- and macromolecular com-
pounds. Such adhesion properties have also been demon-
strated by low molecular weight azobenzene derivatives (2
with alkyl chain lengths from -C6 to -C18) [38]. The
adhesion force was evaluated by the tensile lap-shear
adhesive strength test (pulling test) of two thermally fused
glass slides containing the sample compound. Irradiation
with UV light liquefied the azobenzene, and the tensile
shear strength values decreased to nearly zero. On the other
hand, irradiation with visible light recovered the adhesion
strength up to ca. 50 N cm−2. These adhesion forces are
similar to that of a commercially available double-sided
tape. These types of materials may be suitable for a tem-
porary adhesive, and the adhesion force can be improved by
molecular design including polymers.

In general, conventional photoresists are not reusable
because they involve irreversible reactions such as photo-
polymerization, degradation, or cross-linking. For the
development or washing processes in photolithography,
significant amounts of acids and/or bases are used to
remove the photoresists. By using phase-transition materials
such as the azobenzenes described here, solid/liquid pat-
terning on surfaces is possible, which would provide simple
development processes, such as wiping, blowing, or

1
Fig. 2 Molecular structure of macrocyclic azobenzene (1)

R = CnH2n+1

2-Cn

Fig. 3 Molecular structure of a rod-shaped azobenzene (2-Cn)
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washing. This is expected to be an environmentally friendly
process because it would require only a few harsh reagents.
Moreover, the material can be applied onto surfaces that are
sensitive to acids and/or bases. The rod-shaped azobenzene
2-C10 has been used for photolithography processes invol-
ving copper [37] and biodegradable polymer surfaces [42].
The azobenzene 2-C10 has a good film-forming property on
glass and copper surfaces [37]. Irradiation with UV light
through a photomask can generate a solid/liquid pattern of
the azobenzene film on a copper substrate. Etching of the
copper substrate was then achieved by immersing the sub-
strate (Fig. 5). It is interesting that the development
(washing process to remove the liquefied azobenzene) and
etching processes can be combined by optimizing the
etching solution.

Biodegradable polymers are environmentally friendly
materials, whose degradation is initiated by the action of
hydrolytic enzymes of microorganisms. Ideally, biode-
gradable polymers should maintain their functions during
use and degrade just after disposal. By using 2-C10 as a

coating layer, it was shown that the enzymatic degradation
of biodegradable polymers, such as poly(L-lactide) and poly
(ε-caprolactone), can be switched on by UV-light irradiation
[42]. The solid phase of 2-C10 prevents enzymes (proteinase
K or lipase) from degrading the polymer layers. However,
after UV-light irradiation, the enzymes begin to degrade the
polymer surfaces.

By using azobenzenes with simple molecular structures,
interesting motions of crystals on a glass surface [43] and
water surface [44] were observed. The driving force of the
crawling motion on a glass surface is presumably the con-
tinuous photo-induced phase transition between the crystal
and liquid phases. When irradiated simultaneously with two
different wavelengths (UV and visible lights) from different
directions, crystals of 3,3′-dimethylazobenzene (6) crawl on
a glass surface (Fig. 6) and can even climb vertical surfaces
[43]. The motion is continuous, and the direction of the
motion can be controlled by the position of the light sour-
ces. It is notable that special light sources, such as a laser,
are not required. In addition, there is no need for any special

R = H, Me, tBu

3

45

Fig. 4 Molecular structures of azobenzene derivatives (3–5)

trans cis2-C10

Fig. 5 Photolithographic process
on a copper surface using
azobenzene (2-C10) as a
photoresist
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treatment of the solid surface. The motion is likely caused
by crystallization and melting taking place at the front and
rear end of the crystal, respectively.

Crystals of 4-methoxyazobenzene move on a water sur-
face when the crystals are irradiated by UV light [44]. The
mechanism of this swimming motion is thought to be the
liquefaction and subsequent dissolution of the cis isomer.
As the crystals move away from the light source, the
direction of motion can be controlled by the orientation of
the light source. In addition, a photoresponsive boat was
demonstrated, indicating that light can be used as a fuel for
the boat. A filter paper containing the azobenzene was
observed to move under irradiation, and the maximum
speed was ~5 cm s−1.

Middle molecular and macromolecular
materials

A characteristic of a relatively high molecular weight
compound is that it shows a glass transition. We proposed a
reworkable adhesive as one of the applications of photo-
induced phase-transition materials [45–48]. For this pur-
pose, it is useful to have the glass-transition characteristic.
The reason is that the material rapidly solidifies without an
alignment change, and the volume shrinkage is expected to
be suppressed upon the liquid-to-solid phase transition.
There is a discussion as to whether the vitreous state is a
solid or not; however, it is reasonable to treat the material as
a solid because it behaves as an elastic body. The azo-
benzene moiety in the trans state is a conjugate unit with
high planarity and is intrinsically disposed to aggregate. It is
known that many of the polymers formed by connecting
multiple azobenzene units have liquid crystallinity [49–52].
Such an ordered structure affects the phase change beha-
vior, as is described later.

The photo-induced phase transition in macromolecules,
as well as in low molecular weight compounds, is

significantly affected by alkyl chain length [45]. Figure 7
shows azobenzene-containing macromolecules whose
backbones are acrylates. All of these polymers are obtained
as solids. The azobenzene moiety of the as-prepared poly-
mers is a thermally stable trans state. Upon irradiation with
UV light, these polymers darken due to isomerization to the
cis state. Polymers with short alkyl chains (7-C4) are less
flowable with no change in shape. When the alkyl chain
length becomes longer (m ≥ 6), the polymers liquefy upon
light irradiation and their shape changes to droplets. Among
these, the longest alkyl-chained polymer (7-C12), in which
plastic deformation was observed under stress, is a soft
solid. All of the photoliquefied samples can solidify upon
irradiation with visible light. Zhou et al. [53] reported that
the polyacrylates (8 and 9) and methacrylate (10) with
azobenzene side chains shown in Fig. 8 liquefied and soli-
dified under light irradiation, however, not the nitroazo-
benzene polymer (11). The phase transition was confirmed
by using a piezorheometer.

There are limitations in controlling the molecular weight
distribution, terminal structure, and purity of polymeric
materials. A polyvalent azobenzene compound having a
sugar-alcohol scaffold whose structure is strictly con-
trollable has a similar structure to that of a side-chain-type
polymer. Therefore, there is an advantage in that it is easy to
correlate the molecular structure and phase transition
behavior. First, the effect of the number of azobenzene
groups was investigated (Fig. 9) [48]. Interestingly,

(a)

(b)

(c)

6

Fig. 6 a Molecular structure of compound 6, b schematic representa-
tion of crystal motion, and c microscopic images of crystal motion

7-Cm

m = 4, 6, 8, 10, 12

7-C4 7-C10

Fig. 7 Chemical structure of an azobenzene acrylate polymer (7-Cm).
The phase transition of polymers (7-C4 and 7-C10) upon irradiation
with ultraviolet light (365 nm) at 20 mW cm−2 for 2 h and green light
(520 nm) at 15 mW cm−2 for 20 min
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photoisomerization does not progress in compounds with
monomer or dimer structures (12 and 13), and the photo-
induced solid–liquid phase transition does not occur. As
these compounds have a high crystallinity, it was con-
sidered that there is an absence of free volume required for
isomerization. In contrast, trimers or higher oligomers (14–
16) show the photo-induced phase transition. Zha et al. [54]
reported that monodispersed siloxane oligomers bearing
azobenzene units at both ends (17 and 18), as shown in
Fig. 10, undergo a rapid thermal solid-to-liquid transition,
which can be reversed using blue light because of the
unexpectedly fast two-dimensional crystallization that is
facilitated by phase segregation. In this class of compounds,
isomerization became possible probably due to the intro-
duction of soft siloxane chains.

The effect of alkyl chain length was investigated using a
hexameric-structured compound. Four different types were
compared (Fig. 11) [46]. Among them, the compound
having no alkyl end group and a short spacer (19: p= 5,
q= 0) remained in the solid state after isomerization. On the
other hand, the compound having an alkyl terminus and a
long spacer (16: p= 10, q= 5) exhibited the highest glass-
transition temperature (80 °C) and liquefied and solidified
upon irradiation with UV and visible light, respectively.
The other two compounds (20: p= 5, q= 5; and 21: p= 10,
q= 0) also liquefied and solidified in response to light
irradiation; however, the thermal transition temperatures
between liquid and solid were 50–70 °C. Interestingly, the
thermal transition temperature of 19, which does not
undergo the photo-induced phase transition, is also low (50
°C). To clarify this, the order property of the azobenzene
moiety was estimated from the UV–visible absorption
spectra of the thin films of 16 and 19. It was found that 16,
which has a long alkyl chain, had a greater contribution
from aggregates; while 19, with the smallest alkyl chains,
was nearly amorphous with a lesser contribution from the
aggregates. That is, the reason for the high glass-transition
temperature is that the mobility of the entire molecule is
restricted by the aggregated azobenzene moiety. This
implies that trans-azobenzene moieties with long alkyl

chains (high degrees of freedom) can easily aggregate.
However, when azobenzene changes to a bent cis structure,
the bent structure interrupts the formation of aggregates, and
the compound liquefies because of the high degrees of
freedom of the long alkyl chains. On the other hand, the
compounds of azobenzene having short alkyl chains have
low degrees of freedom in the first place and are not
liquefied regardless of the trans or cis state. D-Sorbitol and
allitol (22 and 23), which have different stereostructures, as
shown in Fig. 12, were used as central scaffolds instead of
D-mannitol, where azobenzene moieties corresponding to 16
shown in Fig. 11 were used. These hexameric compounds
showed a similar liquid crystal phase transition at a similar
transition temperature to those of the D-mannitol derivative
and exhibited the reversible liquid-solid phase transition in

8: R1 = H, R2 = OCH3 
9: R1 = H, R2 = H 
10: R1 = CH3, R2 = OCH3 
11: R1 = H, R2 = NO2 

Fig. 8 Chemical structures of azobenzene methacrylate and acrylate
polymers (8–11)

12 13 14 

15 16 

Fig. 9 Chemical structures of polyvalent azobenzene compounds
(12–16)

17

18

Fig. 10 Chemical structures of monodispersed siloxane oligomers
bearing azobenzene units (17 and 18)

19: p = 5, q = 0
20: p = 5, q = 5
21: p = 10, q = 0
16: p = 10, q = 5

D-

Fig. 11 Chemical structures of hexavalent azobenzene compounds
with different alkyl chains (16, 19–21)
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any case. The only difference appeared in the glass-
transition temperature, which was 80 °C for the D-mannitol
derivative (16), 70 °C for the D-sorbitol derivative (22), and
60 °C for the allitol derivative (23) [47]. This implies that
the difference in configuration of the sugar-alcohol scaffold
corresponding to the main chain in a polymer affects the
thermodynamic properties.

Other related materials

In previous sections, we reviewed the photochemical
solid–liquid transition of a variety of materials containing
azobenzene units. In this section, other photo-induced
changes such as gel–sol (quasi-solid–liquid) and

glass–rubber transitions are described. Gels have infinite 3-
dimensional internal networks constructed through the
chemical bonding or physical aggregation of gelators,
including low molecular weight compounds and polymers.
A variety of liquids, such as water and organic solvents, can
be converted to quasi-solids by using the appropriate gela-
tors. By changing the physical aggregation of a gelator by
an external stimulus, the structure of the gel can be dyna-
mically controlled. Figure 13 shows low molecular weight
gelators containing azobenzene units [55–57]. Zhang and
co-workers [55] investigated the gelation behaviors of
dicholeterol-linked photoresponsive gelators 24–26 using a
variety of organic solvents. They demonstrated that the
cyclopentanone gel using 25 exhibited the reversible
gel–sol transition upon irradiation with UV and visible
light. The change in molecular polarity of 25 because of the
trans–cis photoisomerization leads to the breaking of van
der Waals interactions between the gelator, resulting in the
gel–sol transition. On the other hand, photoresponsive
organic salt gelators 27–31 showed the photo-induced
reversible gel–sol transition in acetonitrile gels [56]. In that
study, the authors revealed that the response time of the
gel–sol transition was affected by the chemical structure of
the amino acid units, which affected the aggregation mode
of the azobenzene units (J-aggregate for 27, 28 and H-

22 23

Fig. 12 Chemical structures of hexavalent azobenzene compounds
synthesized from different sugar-alcohol isomers (22 and 23)

3

2 2 2 6

12 25
2 5

2

2 10

2 10

Fig. 13 Chemical structures of
azobenzene-based gelators
(24–33)

Photochemical liquefaction and softening in molecular materials, polymers, and related compounds 557



aggregate for 29–31). In addition, a gelator containing
hydrazide and azobenzene units 32 formed self-assembled
globular aggregates through both intermolecular hydrogen
bonding and π–π stacking interactions. Furthermore, tetra-
hydrofuran gels using 32 exhibited the photo-induced
gel–sol transition [57]. The photoreversible gel–sol transi-
tion was also investigated for block copolymers in ionic
liquids [58–60]. An ionic gel using a tetra-arm diblock
copolymer containing azobenzene groups was successfully
applied to photo-healing materials using the photo-induced
gel–sol transition [58]. Meanwhile, Kato et al. reported the
photochemical transition between gel and sol states by
using a photoresponsive gelator in liquid-crystalline sol-
vents, as well as non-liquid-crystalline solvents [61–64].
For example, liquid-crystalline mixtures containing the
photoresponsive gelator 33 form nematic LC gels in the
initial state. Upon exposure of the nematic mixtures to UV
light, the mixtures change their structures from the nematic
gel state to the cholesteric sol state because of the dis-
sociation of the gelator hydrogen bonds and the dissolution
of chiral gelator 33 into a nematic LC [61]. The cholesteric
sol state converted into the cholesteric gel state upon
visible-light irradiation. The authors proposed that such a
photochemical gel–sol transition will be applicable to a
wide range of fields such as optics, photonics, and mole-
cular electronics [62].

In liquid-crystalline physical gels, the photo-induced
gel–sol transition can be achieved by changing the phase

structure of LC media, as well as the physical aggregation
of gelators. Mixtures of microparticles and LCs containing
azobenzene derivatives (microparticle/azo-doped LC com-
posites) exhibit the gel state when the azo-doped LCs show
a liquid-crystalline phase [65]. The microparticles consist of
polymerized divinylbenzene and have the role of a non-
photoresponsive gelator in the mixtures. Although the
microparticles are homogeneously dispersed in the LC
media as an isotropic phase, network structures are formed
with microparticles because of the elastic properties of LCs
upon the phase transition from the isotropic phase into the
liquid-crystalline phase. Meanwhile, by changing the phase
structure of the azo-doped LCs from a liquid-crystalline
phase to an isotropic phase by means of the photochemical
phase transition, the gel state of the composites is trans-
formed into the sol state because of the redispersion of the
microparticles in the isotropic phase (Fig. 14) [65]. Using
the photochemical gel–sol transition, photoresponsive self-
healing materials have been successfully developed
(Fig. 15) [65]. A small cut is made on the surface of a
microparticle/azo-doped LC composite (Fig. 15a), and the
surface damage is locally irradiated with UV light to induce
the gel-to-sol transition by the photochemical nematic-to-
isotropic phase transition of the azo-doped LC matrix
(Fig. 15b). The resulting suspension pours into the cut when
the damaged area is located inside the photoirradiated area,
indicating that the cut is healed. The photochemical healing
is completed by the reconstruction of the network structure

Fig. 14 Photochemical gel–sol
transition of a microparticle/azo-
doped LC composite: a before
irradiation with UV light (gel
state) and b during irradiation
with UV light (sol state)

Fig. 15 Photochemical healing
of a surface crack on a
microparticle/azo-doped LC
composite: a initial state, b after
irradiation with UV light, and c
after irradiation with visible light
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with homogeneously redispersed particles after the expo-
sure of the healed area to the appropriate visible light, which
induced the photochemical phase transition of the UV-light-
induced isotropic phase into the initial liquid-crystalline
phase (Fig. 15c). Furthermore, in liquid crystals, photo-
chemical control of the gel–sol transition by changing the
physical properties of the matrix was recently reported in a
mixture of a non-photoresponsive polymer and an azo-
benzene ionic liquid by Watanabe and co-workers [66].

The mechanical properties of the microparticle/azo-
doped LC composite can be tuned by changing the con-
centration of microparticles and the phase structure of the
LC medium [65, 67]. Furthermore, by introducing polymer
chains on the particle surface, the mechanical strength of the
microparticle/azo-doped LC composites against applied
stress could be remarkably improved [68]. At the same
time, polymer-reinforced photoresponsive composites
exhibited dual self-healing abilities (light-assisted mending
of surface cracks and spontaneous repairing of surface
dents) [68]. Apart from the photochemical gel–sol transi-
tion, the polymer-reinforced composites exhibited photo-
induced changes in their optical transparency while retain-
ing the stable gel state [69]. This will be useful for the
development of self-supporting photonic materials.

As described in the previous sections, intensive research
for the development of materials showing the photo-induced
phase transition has been conducted in recent years. How-
ever, azobenzene-based polymeric materials showing photo-
induced softening and liquefaction are still rare. Therefore,
the development of photoresponsive plasticizers applicable
to “photo-inactive” general-purpose polymers will greatly
expand the diversity of materials that show such photo-
induced effects. From this point of view, the plasticization
effect of LCs is useful for the development of photo-
responsive plasticizers. Up to a certain critical composition,

LCs are molecularly mixed with polymers and act as a
plasticizer [70]. However, once a LC phase separates from
the polymer above a critical composition, the phase-
separated LC forms a liquid-crystalline phase and never
shows a plasticization effect. This situation implies that such
systems contain a certain quantity of phase-separated LCs
with the potential ability to serve as a plasticizer. If one can
render the phase-separated LCs miscible with polymers by
appropriate isothermal techniques, the phase-separated LCs
will act as an additional plasticizer. As an approach to
develop photoresponsive plasticizers, it is presumed that the
phase-separated LCs could exhibit the plasticization effect
by photochemically changing their phase structures from the
liquid-crystalline phase to an isotropic phase. This hypoth-
esis was recently demonstrated in mixtures of poly(methyl
methacrylate) and a photoresponsive plasticizer 34 consist-
ing of a nematic LC and an azobenzene derivative, as shown
in Fig. 16a [71]. In phase-separated mixtures, a photo-
induced softening could be observed upon UV-light irra-
diation (Fig. 16b), which induced the photochemical
nematic-to-isotropic phase transition of 34, thereby
improving the miscibility between the polymer and the azo-
doped LC (Fig. 16c). Under optimized conditions, the photo-
induced glass–rubber transition was accomplished. Photo-
softening by means of photoresponsive plasticizers will
greatly contribute to the development of novel photo-healing
materials and reworkable materials because a variety of
photo-inactive general-purpose polymers can be employed.

Conclusion

We have summarized the recent research on the photo-
induced liquefaction and softening of molecular materials,
polymers, and other related compounds containing
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Fig. 16 a Chemical structures of a photoresponsive plasticizer containing a liquid crystal and an azobenzene derivative (34), b photo-induced
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azobenzene units. Although the states of matter are gen-
erally controlled by using the thermal method (heating and
cooling), some azobenzene-based materials also exhibit
isothermal solid–liquid, gel–sol, and glass–rubber phase
transitions resulting from the photochemical change in the
molecular shape of azobenzene units, i.e., trans–cis photo-
isomerization. From the structure–property relationship of
the photo-induced solid–liquid phase transition, it is seen
that the chemical structures that affect the assembling states
of azobenzene units significantly influence the photo-
responsivity. In these phase transition behaviors, the photo-
induced change in intermolecular interactions, such as π–π
interactions induced by photoisomerization, is a common
key point. Recently, photo-induced liquefaction and soft-
ening have attracted increasing attention in materials sci-
ence and technology. At this stage, the azobenzene moiety
is a main photoresponsive contender. However, these
research fields can be greatly developed by employing other
photoresponsive units. Then, such photo-induced phase-
transition materials will open the door to novel applications
such as gas and photon energy-storage materials, reusable
and environmentally friendly photoresists, reworkable
adhesives, and self-healing materials.
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