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Abstract

Recent progress in alignment modulation of azobenzene-containing liquid crystal systems by photochemical reactions has been reviewed by
dividing the modulation methods into two types: phase transitions (order–disorder change) and change of liquid crystal directors (order–order
change). First, photochemical phase transitions and alignment changes of liquid crystals in guest/host mixtures and polymers are summarized.
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hen, alignment control of liquid crystals by linearly polarized light and photoactive surface layers is discussed. Finally, recent applf
lignment change and photochemical phase transitions of liquid crystals in holographic technology and photomechanical effects are

n addition, future possible applications for a variety of practical devices, such as display devices, optical switching and reversi
mage storage, are mentioned.
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1. Introduction

Liquid crystals (LCs) represent thermodynamically stable
phases situated conceptually between an ordinary isotropic
liquid and a crystalline solid. Due to simultaneously possess-
ing the optical anisotropy of the crystal and the fluidity of
the liquid, LCs show many unique properties, including self-
organizing nature, fluidity with long-range order, cooperative
motion, anisotropy in physical properties (optical, electrical
and magnetic), and alignment change by external fields at sur-
faces and interfaces[1]. These properties have enabled LCs to
be widely used in display technologies and various photonic
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Fig. 1. Two types of alignment modulation of LCs induced by photochemical
reactions: (A) phase transitions (order–disorder change); (B) change of LC
directors (order–order change).

wheren is the refractive index of an isotropic phase. As
Fig. 1B shows, if the alignment of LC molecules is changed
from the vertical state to the horizontal state, LPL will de-
tect an ordinary refractive indexno and a change in refractive
index corresponding to birefringence,�n (=ne−no), of the
LCs can be induced. The birefringence of LCs is usually quite
large, so that changing the alignment of LC molecules by light
produces a large change in the refractive index. The order of
the refractive index is usuallyne >n>no; thereby, the change
in the director gives rise to a larger change in refractive index
than does the phase transition.

2. Photochemical phase transitions and alignment
change of liquid crystals in guest/host mixtures

2.1. Photochemical phase transitions in
azobenzene/nematic liquid crystal systems

As mentioned above, LC molecules exhibit good coop-
erative motion; thus, if a small portion of the LC molecules
pplications, including optical storage, optical switching,
ical computers and integrated optical devices for comm
ation.

Controlling the LC alignment by external fields is the m
mportant technology in various devices that use LCs a
ive media. For instance, in LC displays, LC materials pla
n a cell are sandwiched between two electrodes, and el
elds are applied across the cell. Upon application of the
ge, LC molecules change their alignment from parallel
ogeneous alignment) to perpendicular (homeotropic a
ent) with respect to the glass substrate (electrical Fre

cksz transition). As a result, transmittance through a pa
rossed polarizers, with the LC cell placed between th
ecreases due to loss of birefringence of the cell. In
ay, bright–dark contrast is produced at each pixel, and
imensional images can be displayed in LC displays[1].

In this review, two types of alignment modulation of L
nduced by photochemical reactions are discussed: (1)
ransitions (order–disorder change); and (2) change o
irectors (order–order change) (Fig. 1). In both cases, a larg
hange in refractive index can be induced. AsFig. 1A shows

inearly polarized light (LPL) with its electric vector oscilla
ng in the vertical direction detects an extraordinary refrac
ndexne when LC molecules are aligned vertically. A ph
ransition gives rise to a change in refractive indexne−n,
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Fig. 2. Isomerization of azobenzene derivatives.

change their alignment in response to an external stimulus,
the alignment of other LC molecules also changes (domino
effect). It has been proposed that an amount of energy so small
as to induce an alignment change of only 1 mol% of the LC
molecules is enough to bring about an alignment change of
the whole system[2].

It is well known that photochromic molecules such as
azobenzenes can undergo a reversible photochemical reac-
tion between two forms (Fig. 2). When a small number
of photochromic molecules are incorporated into the LC
molecules and the resulting guest/host mixtures are irradi-
ated to cause photochemical reactions of the photochromic
guest molecules, an LC-to-isotropic phase transition of the
mixtures can be induced isothermally (Fig. 3A). This photo-
chemically induced phase transition is called a photochem-
ical phase transition and is reversible. The idea is very sim-
ple. Thetransform of the azobenzene, with a rod-like shape,

F phase
t )
o

for instance, stabilizes the phase structure of the LC, while
the bentcis form tends to destabilize the phase structure. As
Fig. 3B shows, the LC-isotropic phase transition temperature
Tc of the mixture with thecis form Tcc is much lower than
that with thetrans form Tct. If the temperature of the sam-
ple T is set at a temperature betweenTct andTcc, and the
sample is irradiated to causetrans–cisphotoisomerization of
the azobenzene guest molecules,Tc decreases with the accu-
mulation of thecis form. WhenTc becomes lower than the
irradiation temperatureT, an LC-isotropic phase transition of
the sample is induced. Photochemical reactions are usually
reversible, and withcis–transback-isomerization, the sample
reverts to the initial LC phase.

The photochemical phase transition behavior of mixtures
of azobenzenes and nematic LCs has been systematically ex-
plored. As expected from the phase diagram of the photo-
chemical phase transition shown inFig. 3B, �T (=Tct −Tcc)
is one of the most important parameters[3]. When the tem-
perature of samples is set belowTcc, no phase transition is
induced, even upon prolonged irradiation. On the contrary,
if the temperature is set close toTct, the amount ofcis-
azobenzene needed to lowerTc below the irradiation tem-
perature is small; thereby, the phase transition is induced
very effectively[4]. Furthermore, interactions between guest
molecules and host LCs are very important. Incorporation of a
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ig. 3. (A) The process and (B) phase diagram of the photochemical
ransition of azobenzene/LC systems: (a)trans–cisphotoisomerization; (b
rientational relaxation process; N, nematic; I, isotropic.
esogenic moiety into photoresponsive guest molecule
ead to a strong interaction between the guest molecule
he host LCs. According to this idea, cyanobiphenyl moie
ere attached at both ends of azobenzene molecules th
lkyl spacers of various lengths, and the ability of the re

ng azobenzene derivatives to induce a photochemical p
ransition was investigated. A clear odd–even effect was
erved in the alkyl spacers for the efficiency of azoben
erivatives, which evidently results from a specific inte

ion between the guest azobenzenes and the host ne
Cs [5–7]. The interactions also depend on the structure

he host LCs. A series of LC molecules have been exam
ith respect to their susceptibility to undergo a photoche
al phase transition[8,9].

The photochemical phase transition, and even the a
ent change of LC systems, can be induced by the p

hemical reactions of several other types of photochro
olecules, in addition to azobenzenes, for example, spi

ans, fulgides and diarylethenes (Fig. 4). In this review, how
ver, we focus on introducing the alignment modulatio
zobenzene-containing LC systems, which has been in
ated widely and deeply.

.2. Alignment change in azobenzene/cholesteric liquid
rystal systems

Cholesteric LCs show a unique property arising from t
elical structure: the selective reflection of light. The se

ive reflection is observed only when the helix axis is nor
o the cell surface. If the pitch of the helix of the cholest
hase can be altered by light, all-optical control of the se
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Fig. 4. Various photochromic molecules used to induce alignment change of LCs: (A) spiropyrans; (B) fulgides; (C) diarylethenes.

tive reflection becomes possible. Furthermore, as the helical
pitch is very sensitive to temperature, pressure and impuri-
ties, the wavelength of the selective reflection is also strongly
dependent on these factors. Cholesteric LCs are expected to
be useful as active media for reflection-type displays. Partic-
ularly, if the wavelength of the selective reflection is in the
visible region, these cholesteric materials would have great
potential for full-color displays with extremely low energy
consumption.

The first example of a change in alignment of cholesteric
LCs by photochemical reactions was reported by Sackman
[10]. He dispersed azobenzene compounds in cholesteric LCs
and irradiated the mixtures to cause photoisomerization of
the azobenzene molecules. He found that the pitch of the
cholesteric LCs could be altered by this isomerization, which
was confirmed by the change in the reflection wavelength.

Kreuzer and co-workers reported that the photoirradia-
tion with linearly polarized light of a cyclic siloxane with
cholesteric groups and an azobenzene moiety produced new
reflection bands[11].

Lee et al. examined the change in the helical pitch
of cholesteric LCs doped with a chiral azobenzene upon
trans–cis photoisomerization. Doping of cyanobiphenyl ne-
matic LCs with chiral dopants with strong helical twisting
power produced cholesteric phases with reflection bands in
t on-
t heli-
c n-
z ngth
[ ange

of the phase transition temperature caused by the molecular
shape change of the azobenzene guest molecule[12].

2.3. Alignment change in azobenzene/ferroelectric
liquid crystal systems

Ferroelectric LCs exhibit spontaneous polarizationPs and
show microsecond responses to a change in the applied elec-
tric field in a surface-stabilized state (flipofpolarization) [13].
If a flip of the polarization of a ferroelectric LC in the surface-
stabilized state can be induced by light in the presence of an
applied electric field, one may obtain a photoresponse of the
LC in the microsecond time region.

A mixture of an azobenzene and a ferroelectric LC
(Fig. 5A), in which the concentration of the azobenzene
guest was 3 mol%, was prepared and subjected to the surface-
stabilized state in a very thin LC cell. The mixture was then
irradiated with UV light at 366 nm to causetrans–cisphotoi-
somerization of the azobenzene guest molecule. It was found
that a threshold electric field (coercive force) for the polar-
ization flip of the ferroelectric LC changed upon photoirra-
diation [14]. The ferroelectric LC in the surface-stabilized
state showed hysteresis involving the applied electric field
and the polarization[13]. It was observed that the hysteresis
of the trans-azobenzene/ferroelectric LC mixture was dif-
f is
e ilar
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L

he visible region. Photoirradiation of the cholesteric LC c
aining the chiral azobenzene resulted in a change in the
al pitch due totrans–cis isomerization of the chiral azobe
ene, followed by the change in the reflection wavele
12]. This change in the helical pitch was ascribed to a ch
erent from that of thecis-azobenzene/ferroelectric LC. Th
ffect of molecular shape on the coercive force is very sim

o the differentTc values observed in the azobenzene/nem
C mixtures described above. In the azobenzene/ferroel
C mixture, when the azobenzene is in thetransform, it does
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Fig. 5. (A) Chemical structures of an azobenzene and a ferroelectric LC;
and (B) photochemical polarization flip in the ferroelectric LC.

not disorganize the phase structure of the chiral smectic C
(SmC* ) phase of the ferroelectric LCs significantly. However,
when the azobenzene is in thecis form, the phase structure of
the SmC* phase is seriously affected, and the threshold value
for the polarization flip is much reduced.

With these properties, a new mode of optical switching
of ferroelectric LCs (photochemical flip of polarization of
ferroelectric LCs) has been proposed (Fig. 5B) [14,15]. (1)
The polarization of a ferroelectric LC cell that contains a
small number of azobenzene molecules is aligned along one
direction by an electric field; (2) an opposite electric field
is applied across the cell, which is small enough to keep
the initial direction of polarization unchanged; (3) with this
field as a bias, the LC cell is irradiated to cause photoisomer-
ization of the azobenzene; then the hysteresis of the cell is
changed; and (4) the threshold value for the polarization flip
is lowered upon photoirradiation and becomes smaller than
the bias voltage, which is certain to induce of polarization
flip of the ferroelectric LCs. In other words, the bias voltage
remains unchanged before and after photoirradiation; how-
ever, the threshold value for the polarization flip is reduced
by trans–cisphotoisomerization of the guest molecules. As a
result, a polarization flip is induced at the irradiated sites,
which leads to a change in alignment of the ferroelectric
LCs. Ferroelectric LCs in the surface-stabilized state show

bistability of polarization for the upward and downward di-
rections with respect to the normal to the cell surface, and
hence two alignments are stabilized. Furthermore, these two
states remain unchanged even after the electric field is re-
moved. Owing to these properties of ferroelectric LCs in the
surface-stabilized state, once the polarization flip is induced
upon photoirradiation, the direction of polarization is oppo-
site between the irradiated and non-irradiated sites, and the
alignment of the ferroelectric LCs is different between the
two sites. These changes in polarization and alignment of the
ferroelectric LCs produce an optical contrast between the ir-
radiated and non-irradiated sites, and they remain unchanged
(memory effect).

Time-resolved measurements of the alignment change
of mesogens due to the polarization flip in azoben-
zene/ferroelectric LC mixtures were performed upon pulse
irradiation. It was observed that a mixture composed of the
azobenzene and the ferroelectric LC shown inFig. 5A exhib-
ited a polarization flip in 500�s upon pulse irradiation with
the third harmonic of a YAG laser (355 nm; fwhm, 10 ns)[14].
This is the first example of the induction of a polarization flip
of ferroelectric LCs by photochemical reactions[14]. Since
this first report, detailed studies have been performed on the
polarization flip in photochromic guest/ferroelectric LC host
systems, e.g., the effects of the structure of ferroelectric LC
h
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osts[16,17], the structure of photochromic guests[18], tem-
erature[19], bias voltage[15] and the change inPs [19].

The photochemical polarization flip was also examine
ntiferroelectric LCs. It was found that the polarization
an be induced similarly in the azobenzene/antiferroele
C mixtures upon irradiation to causetrans–cis photoiso-
erization of the guest molecule (Fig. 6) [20].
Much attention has been paid to the molecular desig

ffective guest molecules to induce the photochemica
arization flip in ferroelectric LC systems. An azobenz
erivative with a chiral cyclic carbonate was designed on
asis of a large value of polarization, resulting from a
al cyclic carbonate structure, and was examined as a
opant to induce a SmC* phase (Fig. 7A). In this system

he chiral dopant also acts as a photoresponsive mole
hereby it is expected that a change in molecular shape

ig. 6. Transmittance change in an antiferroelectric LC containin
zobenzene: (A) in the dark; (B) under photoirradiation.
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Fig. 7. (A) Photoactive chiral dopant; and (B) azobenzene antiferroelectric
LCs.

dopant would significantly affect the phase structure of the
SmC* phase, because the molecular shape of the dopant is
crucial for the induction of the SmC* phase. It was observed
that an azobenzene with a cyclic carbonate is quite effective in
inducing the photochemical polarization flip of a ferroelec-
tric LC mixture [21]. Furthermore, azobenzene derivatives
that exhibit antiferroelectric properties were developed, and
their photoresponsive behavior was examined (Fig. 7B). The
photochemical polarization flip in these antiferroelectric LCs
is induced very effectively[22], and a device fabricated with
these antiferroelectric LCs was explored[23].

Yoshino and co-workers reported an elegant control of
photoinduced layer alignment in ferroelectric LCs triggered
by a doped azobenzene compound[24]. This layer align-
ment control is based on a chiral nematic-SmC* phase tran-
sition induced by photoisomerization of the guest azoben-
zene molecule.Trans–cisphotoisomerization of the azoben-
zene guest in the SmC* phase resulted in a phase tran-
sition to the chiral nematic phase, and thermalcis–trans
back-isomerization induced the formation of the SmC* phase
again. The photochemical SmC* -chiral nematic-SmC* phase
transition under an appropriate electric field makes it possible
to control the smectic layer alignment in an elegant way.

2.4. Photochemical phase transitions of liquid crystals
i
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compositions in the sample preparation: nematic curvilinear
aligned phase (NCAP) materials with an encapsulated LC
structure[27,28], polymer-dispersed liquid crystals (PDLCs)
with LC droplets dispersed in a polymer matrix by means
of polymerization-induced or solvent-induced phase separa-
tion [29,30] polymer network liquid crystals (PNLCs) with
micrometer scale LC domains[31] and polymer-stabilized
liquid crystals (PSLCs) with a small amount of polymer net-
work [32]. Many studies have been performed on electrically
controllable polymer/LC composite films with such advan-
tageous features as quick response to an electric field, high
contrast, and a wide viewing angle, as well as reverse-mode
and haze-free characteristics[33–37].

All-optically controllable polymer/LC composite films,
which are driven by photon-mode processes in the absence
of electric fields, have been achieved by means of photo-
chemical phase transitions. Kawanishi et al. prepared poly-
mer/LC composite films with a thickness of 2–3�m from
a mixture of a nematic LC and an azobenzene derivative
dispersed in an aqueous solution of poly(vinyl alcohol) by
the solvent-induced phase separation technique[38]. Al-
though the composite films showed very low transmittance
because of opacity of the composite film, they became trans-
parent upon irradiation at 366 nm, resulting from a nematic-
isotropic phase transition in LC droplets within the polymer
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The photochemical phase transition in confined mat
ives rise to novel optical effects. Polymer/LC compo
lms, consisting of a polymer matrix and an LC compon
an be converted from a light-scattering state to a transp
tate by application of an external electric field. They nee
olarizers to exhibit the scattering/transparent contras
how high processability and flexibility because of the
ence of substrates coated with an alignment layer, so th
olymer/LC composite films are now at the stage of prac
se[25,26]. Although such polymer/LC composite films a
sually prepared by emulsification and phase separation
iques, the resulting composites have a variety of morph

cal characteristics arising from differences in conditions
atrix due totrans–cis photoisomerization of the azobe
ene molecules. The recovery of the initial opaque state c
e achieved by irradiation of visible light to causecis–trans
ack-isomerization of the azobenzenes. In this system
egree of change in transmittance was as low as 10–50

To improve the optical properties of the composite fil
ternary mixture of bifunctional acrylate monomers,
atic LCs, and azobenzene compounds was polymerize
0�m gap cell under various conditions, and the optical p
rties of the resulting polymer/LC composite films were e
ated[39,40]. It was found that the transmittances of th
omposite films can be modulated in the range approxim
rom 0 to 100% as a result of photoirradiation that indu
he photochemical phase transition (Fig. 8). Furthermore, b
hoosing network-forming materials and tuning the polym
zation conditions, optical image storage and reverse-m
witching can also be achieved in the azobenzene-conta
olymer network systems[41,42].

. Photochemical phase transitions of polymers

.1. Photochemical phase transitions in
zobenzene/polymer liquid crystal systems

Polymers are high-performance materials with fi
orming nature, high processability, easy fabrication c
cteristics, high corrosion resistance and low manufact
osts. Polymer liquid crystals (PLCs) possess both prop
f polymers and LCs and are currently regarded as prom
hotonic materials due to their advantageous properties
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Fig. 8. Transmittance change of a polymer/LC composite film upon pho-
toirradiation.

Wendorff and co-workers reported the first example
of a photoresponse of PLCs: a holographic recording in
PLCs. They successfully produced holograms in LC copoly-
mers containing azobenzene moieties and mesogenic groups
[43,44]. Ikeda et al. reported the first example of the photo-
chemical phase transition in PLCs; they demonstrated that,
upon photoirradiation to causetrans–cis isomerization of
low-molecular-weight (LMW) azobenzene guests in PLC
hosts, the mixture underwent a nematic-isotropic phase tran-
sition, and withcis–transback-isomerization, the mixture re-
verted to the initial nematic phase as in LMW photochromic
guest/LMWLC mixtures[45–47]. The first example of the
photochemical phase transition was demonstrated in the
LMW guest/PLC host systems; however, it soon became ap-
parent that copolymers are superior to LMW guest/PLC host
mixtures, because, in the LMW guest/PLC host mixtures,
the solubility of the guest dye molecules in polymers is low
and in some cases phase separation was observed when th
concentration of the guest molecules was high. Thus, the dye-
doped PLC systems were soon extended to copolymers, and
a variety of copolymers containing azobenzene molecules
and mesogens were prepared and examined for their photore-
sponsive behavior with respect to the photochemical phase
transition[47–50].

One of the most important factors for the photonic appli-
c uli.
I hase
t tive-
i ent

of LCs. The response time was measured for the nematic-
isotropic phase transition in azobenzene/LMWLC mixtures
[51,52]. The sample was placed between a pair of crossed
polarizers and irradiated with a single pulse of a YAG laser
(third harmonic, 355 nm; pulse width, 10 ns fwhm) to in-
ducetrans–cis photoisomerization of the azobenzene guest
molecule. The transmittance of probe light at 633 nm from
a He–Ne laser was measured as a function of time. In the
azobenzene/LMWLC mixtures, the nematic-isotropic phase
transition occurred in 100 ms, as verified by the loss of bire-
fringence of the sample[51]. The nematic-isotropic phase
transitions in azobenzene/PLC systems were also found to
take place in 50–200 ms in azobenzene-doped PLCs[53] and
copolymers containing azobenzene moieties in the side chain
[49].

3.2. Photochemical phase transitions of polymer
azobenzene liquid crystals

Photochromic reactions are usually very fast, occurring
on a timescale of picoseconds (ps). Thus, if an ultrafast
laser with a pulse width of picoseconds is used as an ex-
citation light source for the photochemical phase transition
of guest/host systems, photochemical reactions of the pho-
toactive molecules can be completed in ps, and theTc of the
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ations of PLCs is how fast they respond to optical stim
n this respect, the response time of the photochemical p
ransition has been explored in detail by means of refrac
ndex modulation by the photoinduced change in alignm
e

ystem can be decreased below the irradiation tempe
n this timescale. This means that immediately after puls
adiation, a non-equilibrium state is produced, which is t
odynamically an isotropic phase in its equilibrium stat

he phase diagram but shows optical anisotropy, becau
rientational relaxation of the mesogens is not comple
efractive-index modulation by means of alignment cha
f LCs depends strongly on this orientational relaxatio
esogens, which in fact is a rate-determining step in LC

ems. LCs, especially PLCs, possess a high viscosity, s
he orientational relaxation of mesogens requires a relat
ong time.

To overcome this difficulty, a new system has been de
ped, in which every mesogen in the LCs or PLC is prov
ith a photosensitive moiety[54–63]. It has been found th
ome azobenzene derivatives exhibit LC behavior in w
he azobenzene moiety could play both roles, as a mes
nd a photosensitive moiety (Fig. 9). For instance, a PLC wit
ide-chain azobenzene moieties (PA6AB2 in Fig. 9) shows a
ery stable nematic phase between 45◦C, the glass transitio
emperatureTg of the polymer, and 150◦C [54–56]. These
zobenzene LCs show an LC phase only when the az
ene moieties are in thetransform, and they never show an L
hase at any temperature when all of the azobenzene mo
re in thecis form. In these azobenzene LCs, it was expe

hat photochemical phase transitions could be induced e
ially on the same timescale as photochemical reactions
hotoactive moiety in each mesogen if the photochemic
ctions of a large number of mesogens are induced simu
usly by means of a short laser pulse (Fig. 10) [54,55]. On the
asis of this new concept, the photoresponses of azobe
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Fig. 9. Examples of azobenzene LCs: K, crystal; N, nematic; I, isotropic;
G, glass.

Fig. 10. Fast response by means of azobenzene LCs with a photosensitive
moiety in every mesogen: (a)trans–cisphotoisomerization; (b) orientational
relaxation process.

LCs were examined with short laser pulses, and fast response
of nematic-isotropic phase transitions in azobenzene LCs has
been demonstrated. It was found that in polymer azobenzene
LCs, the nematic-isotropic phase transition was induced in
200 ns under optimized conditions[56]. Fig. 11shows a typ-
ical result observed for the polymer azobenzene LC[56].
This fast response of azobenzene LCs is an encouraging re-
sult from the viewpoint of applications of PLCs to photonic
devices.

F nsition
o

As described above, the temperature range in which the
photochemical phase transition can be induced is limited in
guest/host systems. In the temperature ranges aboveTct and
below Tcc, no phase transition can be induced, even if the
trans–cis photoisomerization of guest molecules is induced
(Fig. 3B). In the polymer azobenzene LCs, the photochemical
phase transition can be induced over an extremely wide tem-
perature range (greater than 100◦C). This is an advantageous
feature in terms of photonic materials and is characteristic to
photochromic LCs in which every mesogen includes a pho-
toactive moiety.

When photoirradiation ceases after the nematic-isotropic
phase transition, the initial nematic phase is restored. This
isotropic-nematic transition is composed of two processes:
thermalcis–transback-isomerization of the azobenzene moi-
eties and reorientation of the mesogenictrans-azobenzenes.
It was observed that thecis–trans back-isomerization is a
rate-determining process[57]. It was also found that poly-
methacrylates with side-chain azobenzenes possessed higher
Tg values than the corresponding polyacrylates with the
same side-chain structures, while both polymer azobenzene
LCs exhibited a similar photoresponse: they showed similar
photochemical nematic-isotropic phase transition behavior.
However, the recovery of the initial nematic phase was much
slower in the polymethacrylate than in the polyacrylate, even
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ig. 11. Time-resolved measurement of the photochemical phase tra
f a polymer azobenzene LC.
hough the thermalcis–transback-isomerization took plac
t a similar rate. This is clearly due to the stiffness of the m
hain of the polymethacrylate, which significantly affects
eorientation process of thetrans-azobenzene mesogens
ercis–transback-isomerization[57]. On the basis of kinet
tudies on the isotropic-nematic phase transition, poly
zobenzene LCs with both donor and acceptor moieti

he molecule, which were characterized by very fastcis–trans
hermal back-isomerization, have been designed. With
onor–acceptor azobenzenes, a very fast recovery of th
atic phase was achieved, which was faster by one ord
agnitude than that of conventional azobenzene LCs[57].
he effect of the spacer between the polymer main chain

he azobenzene chromophore on the photochemical
ransition behavior was explored in detail[58–60].

As another approach to a fast isotropic-nematic phase
ition, the optical switching behavior of LMW and polym
zobenzene LCs has been explored by means of refle
ode analysis (Fig. 12) [61]. On pulse irradiation, it is poss
le to switch the incident probe light reflected from the in

ace between LCs and a substrate, as a result of modulat
eflectivity arising from a photoinduced change in the ref
ive index of LC materials. In 4-butyl-4′-methoxyazobenzen
BMAB ), the reflection-mode system gave a response
ar to that observed in the usual transmission-mode sys
owever, it gave a decay time of 1 ms, which was sig
antly shorter than that obtained in the transmission-m
ystems. The molar extinction coefficients of the azo
ene moieties are very large (>104) at 355 nm, and hence t
ctinic light is absorbed entirely at the surface of the s
le. Thus,trans–cisphotoisomerization is also induced n
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Fig. 12. (A) Reflection-mode optical switching of azobenzene LCs; and (B) its possible mechanism.

the surface, so that the nematic-isotropic phase transition oc-
curs only in the surface region, leaving the bulk area intact
as a nematic phase. In reflection-mode systems, the probe
light can only penetrate the surface area, so that if molecules
in thecis form produced at the surface by pulse irradiation
diffuse into the bulk phase and are simultaneously replaced
by molecules in thetrans form from the bulk phase, recov-
ery of the initial nematic phase can be achieved without in-
volvement of thecis–transback-isomerization process. Since
diffusion and reorientation processes are much faster than
the cis–trans back-isomerization, the reflection-mode opti-
cal switching has become much faster (Fig. 12) [62]. Such
reflection-mode systems have another superior characteristic
for optical switching: stability. Optical switching in the ordi-
nary transmission-mode generally exhibits low fatigue resis-
tance. However, the reflection-mode optical switching was
found to be 10 times more fatigue-resistant than the conven-
tional transmission-mode switching[63]. This fact suggests
that optimization of this optical system for photoresponsive
LCs may be an effective approach to realize more stable op-
tical switching devices.

It has been demonstrated that polymer azobenzene LCs
show a unique feature as optical image storage materi-
als. In nematic glasses, polymer azobenzene LCs undergo
a nematic-isotropic phase transition upon photoirradiation,
w nsi-
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l ed
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2
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Fig. 13. Optical image storage in polymer azobenzene LC: (A) photomask;
(B) stored image.

site still remained unchanged at room temperature even af-
ter several years[55]. These results suggest that belowTg
the orientation of the mesogenictrans-azobenzenes becomes
disordered through a thermalcis–trans back-isomerization
process. This is because, even after thetrans form recovers
thermally, alignment of mesogens is hardly possible in the
absence of segmental motions of the main chain of the poly-
mer belowTg. Therefore, the polymer azobenzene LCs can
be used as optical switching materials as well as optical image
storage materials.

3.3. Photochemical phase transitions of crosslinked
polymer liquid crystals

Crosslinking of polymer chains in PLCs gives a strong cor-
relation among functional groups attached to the PLCs and
results in anomalous behavior in response to external stimuli.
Kurihara et al. prepared crosslinked PLC networks contain-
ing azobenzene molecules through polymerization of ternary
mixtures of monofunctional, difunctional LC monomers and
an LMW azobenzene LC (Fig. 14) and evaluated their photo-
chemical phase transition behavior[64]. They demonstrated
that the response time and the decay time were 1 and 100�s,
respectively (Fig. 14). This very fast response can be as-
cribed to the suppression of motion of mesogenic groups
hile they never exhibit an isotropic-nematic phase tra
ion.Fig. 13shows photographs of a photomask and a bi
est pattern recorded in the azobenzene LC films by pul
adiation at 355 nm[54,55]. It is clear that the irradiated s
ecomes isotropic, as evidenced by the loss of birefring
nder polarizing microscopic observation. The stored op

mage has remained stable over a period of several yea
ow Tg of the polymer. In the polymer films, it was observ
hat the thermalcis–transback-isomerization took place
4 h at room temperature. Although thetrans form recov-
red completely, the isotropic glass induced at the irrad
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Fig. 14. Time-resolved measurements of transmittance changes in
crosslinked polymer LC: (1) 10 ns ch21; (2) 50 ns ch21; (3) 1 ms ch21.

by crosslinking. In fact, non-crosslinked PLC analogs did
not show such fast response. It has been concluded through
intensive studies that the stabilization of an initial ordered
state by crosslinking gives rise to a fast order–disorder tran-
sition, induced by a slight change in the orientational order
of mesogens, and a fast disorder–order transition, due to re-
laxation of the strain generated upon photoisomerization of
the azobenzene molecules[65,66].

4. Alignment control of liquid crystals by linearly
polarized light

Light absorption to give excited states of molecules meets
exclusive requirements involving the coincidence of the elec-
tric field vector of light with the direction of the transi-
tion moment of the molecule (photoselection). For instance,
trans-azobenzenes exhibit�–�* transition moments approx-
imately parallel to the long molecular axis; thereby thetrans-

Fig. 15. Weigert effect in the alignment change of azobenzene molecules.

azobenzenes show angular-dependent absorption of LPL:
trans-azobenzene molecules, with their transition moments
parallel to the polarization direction of LPL, are activated
very effectively to their excited states, followed bytrans–cis
isomerization, while molecules with their transition mo-
ments perpendicular to the polarization direction of the ac-
tinic light are inactive towards isomerization. After repe-
tition of trans–cis–trans isomerization cycles, oncetrans-
azobenzene molecules have fallen perpendicular to the po-
larization direction of the actinic light, they become inactive
towards the incident radiation. This means that, at the end
of the multiple cycles, there would be a net population of
azobenzene molecules aligned perpendicular to the light po-
larization (Fig. 15). This is well known as the Weigert ef-
fect [67]. Since the first report by Weigert, there have been
many studies published on this photoinduced anisotropy in
the alignment of dye molecules. Among them, the work by
Todorov et al., in which they showed the possibility of us-
ing a polymer containing azobenzene molecules as an opti-
cal recording medium, is a milestone in dye-doped optical
systems[68]. Their system contained azo dyes, methyl red
and methyl orange, dispersed in a poly(vinyl alcohol) ma-
trix. When the dye-doped polymers were irradiated with a
linearly polarized laser beam at 488 nm, the optical trans-
mittance for light polarized along the polarization direction
o ic-
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lar to the direction of the actinic light decreased. Op
ichroism was created in this way, owing to the anisotr
ealignment oftrans-azobenzene molecules. However, in
ystem, the stability of the induced anisotropy was low: i
ained unchanged only for a very short period, even in
ark. This drawback was overcome by Natansohn et al.,
eveloped amorphous azobenzene polymers, and by

69–73]. They succeeded in inducing stable birefringenc
morphous polymers at ambient temperatures belowTg by
ttaching the azobenzene moieties to polymers throug
alent bonds. The induced alignment can be erased ther
r photochemically and reinduced by irradiation with LP

Photoinduction of molecular alignment has been exte
o copolymer LC systems possessing both mesogen



Y. Yu, T. Ikeda / Journal of Photochemistry and Photobiology C: Photochemistry Reviews 5 (2004) 247–265 257

azobenzene moieties in the side chains. Several studies
clearly showed that non-photoactive mesogens could undergo
reorientation concomitantly with azobenzene moieties above
Tg due to their cooperative motion. On the other hand, var-
ious arguments were presented concerning reorientation be-
havior belowTg [74,75]. Recent work on the photoinduced
alignment behavior of side-chain PLCs has revealed that
dipole–dipole interaction affecting cooperative motion is cru-
cial in the reorientation process[73].

Intensive studies indicate that the important factors for
the reorientation process include the azobenzene composi-
tion [76], enthalpy changes during phase transitions[77], the
sample morphology before irradiation[78,79], the intensity
of the actinic LPL[80] and the spacer length of side-chains
[81]. In addition, structural effects of azobenzene moieties
on photoinduced alignment behavior have been explored sys-
tematically in a series of side-chain PLCs possessing differ-
ent azobenzene moieties[82–84]. With an increase of the
strength of donor and acceptor substituents at the 4- and 4′-
positions of the azobenzene moieties, the possibility of align-
ment change in PLCs decreased due to slightly increased
enthalpic stability of the LC phase and a significantly re-
duced concentration ofcis-azobenzenes (i.e., an increased
cis–trans thermal isomerization rate). However, high align-
ment efficiency was observed in a polyacrylate with strong
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Fig. 16. Conoscopic observation of the alignment of azobenzene moieties
as a function of the incident angle of the unpolarized actinic light.

trol the alignment of azobenzene and mesogenic moieties in
a three-dimensional fashion, precisely along the propagation
direction of the actinic light, at room temperature (Fig. 16)
[92,93]. Furthermore, it has also been confirmed that the
induced three-dimensional alignment of molecules is very
stable belowTg of the polymers. This result is expected to
open a new methodology to manipulate molecules in a three-
dimensional manner.

5. Alignment change of liquid crystals by photoactive
surface layers

The electric Freedericksz transition is the basic working
mechanism of most LCDs today[94]. Homogeneous LC
alignment is conventionally achieved by mechanically rub-
bing a polymer alignment layer coated on the substrates. If
chemical and/or physical properties of the surface of sub-
strates can be changed by external fields, LC alignment may
be controlled by the substrate surface. Ichimura et al. em-
ployed azobenzene monolayers formed on glass substrates
by silane coupling agents and demonstrated the possibility of
the photoalignment of LCs using photoactive surface layers
[95]. This basic concept of the photoalignment technique is
illustrated inFig. 17. In a cell filled with a nematic LC, made
f ows a
h d on
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c pla-
n com-
m s
b zene
m ben-
z been
e

onor–acceptor pairs in the azobenzene moiety and ex
ng low stability of the LC phase, since both the rate
is–transisomerization and the mobility of the mesogens
avorable for the alignment change. These results de
trate that the photoalignment behavior can be optimize
ectively by an appropriate choice of azobenzene uni
olymer backbones.

One can control the alignment direction of azobenz
ontaining polymers in a two-dimensional manner (in-pla
y changing the polarization direction of the linearly

arized actinic light. In the course of the in-plane ali
ent process, photoinduced biaxiality of azobenzene
ties was observed in LC and amorphous polymer films a
angmuir–Blodgett films[69,85–87]. This phenomenon wa

nterpreted in terms of the realignment of azobenzene
ties along the propagation direction of the actinic LPL (
f-plane alignment)[69]. When the azobenzene moieties
ligned with the long molecular axis along the propaga
irection of the actinic light, photoisomerization hardly
urs at all, because the propagation direction of light i
ays perpendicular to its electric field vector. In the cas
npolarized light, only the propagation direction is, in p
iple, perpendicular to the electric vector of the light. Th
hen unpolarized light is employed, it is expected that
zobenzene moieties become aligned only in the propag
irection of the actinic light. In fact, several results have b
eported concerning the out-of-plane alignment behavio
sing unpolarized light[88–91]. From the viewpoint of three
imensional manipulation of molecules by light, promis
esults have been obtained for PLCs: by changing the
ent direction of the actinic unpolarized light, one can c
rom the surface-treated substrates, the nematic LC sh
omeotropic alignment when azobenzenes immobilize

he substrates are in thetransform. Photoirradiation to cau
rans–cis isomerization of azobenzenes enables repea
hanges in alignment from the homeotropic state to a
ar state. Such photoactive surface layers are called “
and surfaces”[95]. A similar photoalignment of LCs ha
een also reported for polymer films containing azoben
oieties, and the effects of structure and density of azo

ene molecules on the photoalignment behavior have
xplored systematically[96,97].
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Fig. 17. Photoalignment of LCs by use of a “command surface”.

Gibbons et al. employed a polyimide (PI) film doped with
azobenzene molecules as a dichroic dye and found a similar
phenomenon induced by LPL, showing that the direction of
the homogeneous alignment of LC molecules can be estab-
lished and altered by using polarized light[98]. A nematic
LC cell fabricated from a substrate coated with a dye/PI mix-
ture and a substrate coated only with PI, with the rubbing
directions of both substrates mutually parallel, was exposed
to LPL with the polarization parallel to the rubbing direc-
tion. It was found that the LC molecules at the irradiated
dye-doped surface became aligned perpendicular to the po-
larization of the actinic light, whereas those at the undoped PI
surface remained parallel to the rubbing direction, resulting
in a twisted nematic structure within the irradiated region.
The photoinduced alignment can be subsequently erased or
rewritten by altering the polarization of the light. Further-
more, unidirectional alignment of LCs has been also achieved
by a variety of materials with photoactive surfaces such as
poly(vinyl alcohol) thin films containing a hydrophilic azo
dye [99], glass substrates modified with azobenzene mono-
layers[100] and polymer azobenzene films[91,101]. Such
photoalignment techniques using LPL are more favorable
from the viewpoint of improvement of performance of ex-
isting LC devices and the development of novel LC devices
with new functions, because the photoalignment process is
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are recorded by periodic alternation of the physical proper-
ties of the materials. Amplitude can be recorded in numerous
photosensitive materials; however, they are usually insensi-
tive to phase differences in various parts of the wave front.
In 1947, Gabor invented a new method, introducing a back-
ground wave, generally referred to as a reference beam[103].
Interference between the reference beam and an object beam
(the wave-front reflected by an object, the image of which is to
be recorded) converts phase differences into amplitude ones,
which can be recorded on photosensitive materials. Gabor
coined the name “holography”, meaning the “whole record”,
for his method because it contains all of the information nec-
essary to reconstruct the object beam. The hologram can be
played back by irradiation with a coherent beam identical to
the reference beam, i.e., readout beam. On passing through
the hologram, this beam acquires phase and amplitude mod-
ulations of the object beam, reconstructing the wave front
that originally came from the object, the image of which was
recorded. For holography, a coherent light source is the pre-
requisite component. The rapid progress of laser technology
has enabled us to focus the greatest attention on holographic
processes. Thus, holography is regarded as the most promis-
ing candidate for the storage of high-density information,
as well as for recording three-dimensional objects. Further-
more, holographic storage allows information to be written
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ted in the conventional rubbing process[102].

. Holographic technology based on alignment
hange and photochemical phase transitions of liquid
rystals

Holography is a unique technique that enables conc
ant recording of phases and amplitudes of light waves.
ost attractive feature of holography is that it can re
nd display a complete three-dimensional image of an

ect. In holography, the phase and amplitude of light wa
nd read simultaneously as parallel processes, resulting
xtremely high transmission rates.

Holograms are mainly classified into two types, accor
o the manner of recording of interference patterns[104,105].
ne is an amplitude-type hologram, in which the inter
nce pattern is recorded as a density variation in the reco
edium. The other is a phase-type hologram, in which fr
atterns are recorded as a change in thickness or refr

ndex. Theoretically, the diffraction efficiency of phase-t
olograms is always higher than that of amplitude-type h
rams. Accordingly, most studies on holography are re

o the phase-type holograms.
An ideal holographic material should possess simult

usly such properties as high diffraction efficiency, high
itivity, high spatial resolution, high S/N ratio and erasabi
or phase-type holograms with high diffraction efficiency
eed a large modulation either of the refractive index o

he thickness of the materials. In the development of
technology, we may have to achieve phase-type holog
ith high diffraction efficiency in thin films of nanomet

hickness. With this in mind, we should develop holograp
aterials, in which a large modulation of refractive inde
ossible. In the application of holography to active recor
evices, holograms should be erasable and rewritable o
anosecond timescale.

As described above, LCs are ideal materials to indu
arge change in refractive index. If one can induce an a

ent change of LC molecules in a periodic fashion in ac
ance with interference patterns produced by overlappin
oherent beams, the object and the reference beams,
aterials, one can obtain a large refractive-index modula
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This is quite favorable in terms of high diffraction effi-
ciency, since the diffraction efficiency is strongly related to
the refractive-index modulation produced in the materials.
Therefore, extensive studies have been performed concern-
ing the formation of static and dynamic holographic gratings
in LC materials: LMWLCs[106–127], LC/polymer compos-
ites[128–143], and PLCs[144–157].

In holographic gratings based on photochromism, azo
dyes have been almost exclusively employed, mainly because
the photoisomerization of azobenzenes facilitates alignment
changes of LC molecules quite effectively, as mentioned
above. Another advantage of using azobenzenes is their ef-
ficient reversibility in isomerization, which ensures static as
well as dynamic control of grating formations. In fact, dy-
namic holography has been achieved in azo dye-doped ne-
matic LCs[110,111]. In terms of the mobility of mesogens,
LMWLCs are superior; however, it is often difficult to obtain
holographic gratings with narrow fringe spacing (i.e., high
resolution) and high stability because of the high mobility of
mesogens. It is easy to imagine that PLCs, especially side-
chain PLCs, are favorable from the viewpoint of stability
of holographic gratings because of their restricted mobility
of mesogens. Wendorff and co-workers showed for the first
time that holographic gratings can be inscribed in PLCs com-
posed of azobenzene monomers and mesogenic monomers
[
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Fig. 18. Holographic grating formed in a polymer azobenzene LC film with
an alternating arrangement of nematic and isotropic phases under the surface
relief structure.

Fig. 19. Holographic recording of three-dimensional objects and recon-
structed images.

7. Photomechanical effect of liquid crystal elastomers

7.1. Photoinduced contraction of liquid crystal
elastomers

Photo-deformable “smart” materials that can undergo a
shape or volume change in response to light have attracted
much attention from researchers, because by using their de-
formations, one can directly convert light energy into me-
chanical power (photomechanical effect). Moreover, since
their deformations driven by light require neither batteries
nor controlling devices on the materials themselves, it should
be simple to miniaturize such photo-deformable systems for
potential applications in driving micromachines and nanoma-
chines.

Upon photoisomerization, azobenzenes exhibit a large
change in their molecular length: the distance between the
4- and 4′-carbons decreases from 9.0Å (trans) to 5.5Å (cis)
(Fig. 2) [170]. Eisenbach reported that amorphous polymers
crosslinked with azobenzenes contracted upon UV light irra-
diation, which causestrans–cis isomerization of the azoben-
zene chromophores, while it expanded by irradiation of vis-
ible light, which inducescis–trans isomerization. However,
the observed contraction was very small (only 0.15–0.25%)
[171].

n the
p Es)
43,44,146].
Recently, the formation of phase-type holographic g

ngs by means of photochemical phase transitions has
emonstrated in side-chain PLCs containing azoben
oieties and polymer azobenzene LCs[158–167]. Advan-

ages of using photochemical phase transitions inclu
ery fast formation and highly repeatable recording of h
raphic gratings, because photochemical phase trans
an be reversibly induced on the nanosecond timesca
act, it has been confirmed that holographic gratings w
ormed in polymer azobenzene LCs in∼200 ns with a lase
ulse (fwhm, 20 ps). It is worth mentioning that the mag

ude of refractive-index modulation reached approxima
.1 and phase-type gratings have been recorded in g
rdered films. It was also demonstrated that surface-
tructures were formed on the surfaces of the polymers
rradiation of two coherent laser beams, which are sim
o those reported in amorphous azo polymers by Natan
nd co-workers[168] and Tripathy and co-workers[169]
he gratings recorded in the LC phases of PLCs, wi

hickness of 500 nm∼ 1.2�m, showed a high diffraction e
ciency (32%), which is approximately the theoretical li
f the diffraction efficiency in the Raman-Nath regime. Ho
ver, the surface modulation was small (∼10 nm). This mean
hat the contribution of surface-relief structures to the o
ll diffraction efficiency is small, and the large enhancem
f the diffraction efficiency is mainly due to spatial mod

ation of molecular alignment, resulting from the alterna
rrangement of nematic and isotropic phases (Fig. 18). This
ystem has been proved capable of holographic record
hree-dimensional objects with high resolution (Fig. 19).
In 1997, de Gennes et al. reported theoretical studies o
ossibility of a large deformation of LC elastomers (LC
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Fig. 20. Schematic illustration of a large deformation in LC elastomers
caused by a subtle variation in microscopic ordering.

caused by a subtle variation in microscopic ordering (Fig. 20)
[172] and subsequently several groups have experimentally
demonstrated large deformations of LCEs induced by electric
fields[173]or temperature[174–177]. Finkelmann et al. have
reported a pioneering work on a photoinduced large contrac-
tion in azobenzene-containing LCEs arising from the photo-
chemical phase transition behavior[178]. They synthesized
mono-domain nematic LCEs containing a polysiloxane main
chain and azobenzene chromophores in crosslinks (Fig. 21).
When exposed to UV light at 365 nm, the elastomers con-
tracted about 20%, caused by a decrease in order parameter
due to the photochemical phase transition. After irradiation
was switched off, the elastomers returned to the original state
thermally due tocis–transback-isomerization of the azoben-
zene units[178]. Subsequently, a range of such nematic LCEs
containing different compositions and crosslinking topolo-
gies was studied in their response to UV light[179]. It was
found that the magnitude of the photoinduced contraction was
dependent on the proportion and the position of the azoben-
zene units in the crosslinked polymer network. In addition,
the photomechanical effect was also observed in side-on ne-
matic LCEs (Fig. 22) [180]. When exposed to UV light at
365 nm, the films contracted by up to 12–18%, and the extent
of the contraction was found to be dependent on the intensity
of the light used.

F sis of
n

Fig. 22. Chemical structures of the monomers used for the synthesis of side-
on nematic LC elastomers.

It is worth mentioning that these pieces of research provide
a new mechanism for the photomechanical effect. However,
there still remain several problems to be solved for practical
application: the response time and the type of deformation.

7.2. Photoinduced bending of liquid crystal elastomers

As described in the previous sections, polymer azoben-
zene LCs show a very fast response in their phase transitions
upon pulse irradiation. Therefore, it is expected that LCEs
composed only of azobenzene mesogens undergo fast defor-
mations. Furthermore, in these LCEs, due to the large extinc-
tion coefficients of the azobenzene moieties, the depth profile
for absorption of photons can be controlled just by choosing
suitable wavelengths of the actinic light.

The photoresponsive behavior of LCE films prepared by
copolymerization of an LC monomer and a diacrylate, both
containing an azobenzene moiety (Fig. 23), has been evalu-
ated[181–183]. It was found that when exposed to unpolar-
ized 366 nm light, the LCE films bent toward the irradiation

F -linker
c tic
p ic
s

ig. 21. Chemical structures of the compounds used for the synthe
ematic LC elastomers.
ig. 23. Chemical structures of azobenzene LC monomers and a cross
ontaining an azobenzene moiety.*A6AB2 shows a monotropic nema
hase when cooled from an isotropic phase, andA6AB6 shows a monotrop
mectic phase when cooled from a nematic phase.
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Fig. 24. Anisotropic bending and unbending behavior of oriented LC elas-
tomer film. The rubbing direction was set (A) perpendicular and (B) parallel
to one side of the glass substrate; film dimensions, 5 mm× 5 mm× 20�m.

direction of the actinic light. Moreover, when the bent films
were exposed to unpolarized visible light, unbending behav-
ior was observed, and the bent films reverted completely to
their initial flat states (Fig. 24). The bending and unbending
behavior could be repeated by alternate irradiation of UV and
visible light. It is interesting to note that the bending of the
LCE films occurred anisotropically, only in the direction par-
allel to the rubbing direction of the alignment layers (Fig. 24).
In comparison with the contraction mode, which is a two-
dimensional action, the bending mode, a three-dimensional
movement, should be advantageous for artificial hands and
medical micro-robots that are capable of completing partic-
ular manipulations.

It has been described above that irradiation with UV light
gives rise totrans–cis isomerization of the azobenzene moi-
eties and even the LC-isotropic phase transition of the LC
systems, both of which can bring about a volume contraction
of the LCE films. However, the molar extinction coefficient
of the azobenzene moieties at∼360 nm is large (>104), and
more than 99% of the incident photons are hence absorbed
by the surface with a thickness less than 1�m. Since the
thickness of the LCE films used was always 10–20�m, the
volume contraction is generated only in the surface region,
causing the bending toward the irradiation direction of the
actinic light (Fig. 25). Furthermore, the azobenzene moieties
a the
d ieties
a the
a

The influence of temperature on the bending behavior was
examined, and it was found that the bending could be in-
duced only when the LCE films were heated to aboveTg,
because the relaxation of the polymer segments is necessary.
It was also observed that the higher was the temperature, the
faster was the bending, because the mobility of the polymer
segments becomes larger[183]. Moreover, the study of the
influence of light intensity on the bending behavior demon-
strated that the bending time decreased with an increase of
the light intensity, because actinic light with higher intensity
produces a higher concentration ofcis-azobenzene moieties
[183]. In addition, it was observed that the bending time in-
creased remarkably with the increment of the film thickness
[183]. For LCE films with different crosslinking densities, it
was observed that the maximum bending extent of the films
increased with increasing crosslinking density, because a film
with a higher crosslinking density showed a higher order pa-
rameter, and a larger volume contraction was thus generated
at the film surface[184]. Moreover, the bending rates were
also different for the films with different cross-linking densi-
ties, affected not only by the volume contraction at the film
surface but also by the mobility of the polymer segments
[184]. In addition, the photoresponsive behavior of the LCE
films put in solvents was investigated. It was observed that
only films swollen in good solvents such as toluene and chlo-
r the
r seg-
m
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l this
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z main
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otropic
re preferentially aligned along the rubbing direction, and
ecreases in size and alignment order of azobenzene mo
re thus produced just along this direction, contributing to
nisotropic bending behavior.

Fig. 25. Plausible mechanism of the anis
oform could undergo the photoinduced bending due to
equirement of the cooperative movement of the polymer
ents[182].
In the above studies, the azobenzene mesogens wer

rentially aligned along one direction, and the actinic un
arized light was a homogeneous external stimulus. In
ase, the anisotropic bending is induced, whose directi
etermined fully by the alignment direction of the azob
ene mesogens and cannot be freely varied. If poly-do
CE films and LPL are used, what will happen? This g

dea led to amazing bending and unbending behavior[185].
sFig. 26shows, a poly-domain LCE film was laid on a c
er post fixed to a copper plate, and the hot stage und
late was set to control the temperature of the film.Fig. 26A
hows the film before light irradiation, andFig. 26B shows
ow the film curls up after exposure to 366 nm LPL that
polarization direction at zero degrees. The film bent tow

he irradiation direction of the actinic light, with the ben
ng occurring parallel to the direction of light polarizati
white arrows). When the bent film was exposed to vis
ight at >540 nm, it completely reverted to its initial flat sta

bending behavior of oriented LC elastomer film.



262 Y. Yu, T. Ikeda / Journal of Photochemistry and Photobiology C: Photochemistry Reviews 5 (2004) 247–265

Fig. 26. Direction-controllable bending behavior of polydomain LC
elastomer film upon irradiation of 366 nm LPL with different po-
larization directions indicated by the white arrows; film dimensions,
4.5 mm× 3 mm× 7�m.

The effect on the film of altering the polarization direction of
366 nm LPL to−45,−90 and−135◦ is shown inFig. 26C–E,
respectively. It can be seen that the bending direction of the
film moves anticlockwise by 45, 90 and 135◦, respectively,
keeping parallel to the direction of light polarization. The film
could be restored from each bent state to its initial flat form by
irradiation of visible light at >540 nm. The bending time for
the four different directions was within 10 s, when the light
intensity of 366 nm LPL was 3.5 mW/cm2. After exposure
to visible light at >540 nm (547 nm, 24.2 mW/cm2; 577 nm,
26.8 mW/cm2), the bent film reverted to the flat state in about
10 s. Moreover, the bending–unbending cycle of these four
modes could be repeated without apparent fatigue. These re-
sults show that the bending direction of a single film can be

F avior
o

precisely controlled by altering the polarization direction of
the actinic UV LPL and that such a film can be bent repeat-
edly.

The poly-domain LCE film used here consisted of a large
number of micro-size domains of azobenzene mesogens, in
which the mesogens were aligned in one direction in each
domain but macroscopically the direction of alignment was
random (Fig. 27). Upon irradiation with UV LPL, selective
absorption of light in a specific direction, light polarization,
leads totrans–cis isomerization of azobenzene mesogens
in specific domains where the azobenzenes mesogens are
aligned along the direction of light polarization (Fig. 27). As
a result, the subtle reduction in microscopic size and order of
the mesogens gives rise to a substantial macroscopic volume
contraction at the film surface and a bending of the whole
film through the cooperative movement of the mesogens and
the polymer segments.

This directed bending is a novel deformation mode that has
not been reported in other photodeformable smart materials.
The changeability of the bending direction and the repeata-
bility of the bending behavior provide this new kind of smart
material with potentiality for the development of high-speed
actuators for microscale or nanoscale applications, for exam-
ple, in micro-robots in medicine or optical micro-tweezers.

R

ess,
als,

92.
90)

ol.

ol.

iq.

iq.

iq.

l,

T.

ectric

994)

, A.
ig. 27. Plausible mechanism of the direction-controllable bending beh
f polydomain LC elastomer film.
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