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Azobenzene-containing block copolymers: the
interplay of light and morphology enables new
functions
Yue Zhao* and Jie He
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In azobenzene-containing block copolymers (azo BCPs), the reversible trans–cis
photoisomerization of the chromophore can be coupled with the microphase separation-
induced morphology. Recent studies revealed a number of new functions generated from the
interaction of photoactivity and self-organized nanostructures in BCPs. In this paper, we
highlight and discuss representative examples that include photoinduced order and
patterning of nanostructures in thin films, photosensitive thermoplastic elastomers, BCPs for
holographic gratings and photocontrolled morphological transitions in solution.
1. Introduction

Azobenzene-containing polymers

(referred to as azo polymers hereafter) and

block copolymers (BCPs) represent two

active research fields. For the former, the

reversible trans–cis photoisomerization of

azobenzene is the center of interest in

exploring light-responsive polymers.1–5

For the latter, microphase separation-

induced morphology and the related self-

organized nanostructures both in the solid

state6–9 and in solution10–12 have attracted
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much attention. It can be expected that

bringing the appealing features of azo

polymers and BCPs together could result

in interesting systems. In early reports

involving azo BCPs,13–16 azobenzene (rod-

shaped in the stable trans form) was

mainly used as a mesogen for liquid crys-

talline polymers (LCPs); those azo BCPs

were synthesized using anionic polymeri-

zation or post-functionalization methods.

In recent years, the interest in azo BCPs

has been boosted by the accessibility of

controlled radical polymerizations such as

atom transfer radical polymerization

(ATRP)17 and reversible addition–frag-

mentation chain transfer polymerization

(RAFT).18 A fast growing number of

studies on azo BCPs have been reported
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by many groups.19–58 Of particular interest

is the exploitation of the interplay between

the photoactivity and microphase sepa-

rated morphology that allows specific new

functions to be generated. This often

requires rational design of azo BCPs and

their ingenious use. By highlighting and

discussing some representative examples,

this paper aims at sparking more interest

for this challenging and exciting issue in

the research and development of azo

BCPs.

2. Photoinduced morphology
change, ordering and patterning

The rich variety of self-organized nano-

structures of BCPs in the solid state is the
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Fig. 1 (A) Chemical structure of the triblock

copolymer used for the photoinduced

morphology change in a monolayer Langmuir–

Blodgett film. (B) AFM topological images (1

mm � 1 mm) showing the morphology of the

film on mica with azo groups in the trans (a)

and cis form (b). Adapted with permission

from ref. 32.

Fig. 2 (A) Chemical structure of the diblock

copolymer used for the photoinduced orienta-

tion of microphase separated nanocylinders.

(B) AFM phase image (1.5 mm � 1.5 mm)

showing the uniform orientation induced by

linearly polarized irradiation. (C) Schematic

illustration showing the orientation of azo

groups and PEO nanocylinders in the irradi-

ated and non-irradiated areas. Adapted with

permission from ref. 36.
feature of attraction for much research.6–9

With azo BCPs, it is conceivable that the

trans–cis photoisomerization occurring

inside the nanostructures may affect the

morphology. Kadota et al. demonstrated

this by using a Langmuir–Blodgett (LB)

film of an ABA triblock copolymer

(Fig. 1) that has poly(ethylene oxide)

(PEO) as the midblock and a poly-

methacrylate bearing azo side groups as

the end blocks.32 Note that all chemical

structures are drawn to show the polymer

blocks and their number of monomer

units, the end and block linking groups

are omitted. The monolayer film on mica

with trans azo groups displayed

a morphology characterized by a mixture

of dot- and rod-shaped microdomains of

the azo polymer block. In contrast, when

the film was prepared with azo groups

converted to the cis isomer by UV irra-

diation, the long stripes of the micro-

domains were observed (Fig. 1). This

photoinduced morphology change was

attributed to an anisotropic expansion of

the microdomains with azo groups in the

cis form, as the more polar cis isomer

became in contact with the water surface.

The microdomain expansion also resulted

in a reduction of the height difference

(measured by AFM), from 1.70� 0.25 nm

for the film with the trans isomer to 1.05�
0.250 nm for the film with the cis isomer.
This journal is ª The Royal Society of Chemistry
This morphology change was found to be

reversible upon slow thermally induced

reverse cis–trans isomerization.

Achieving long-range order of the self-

assembled nanostructures in BCPs is key

to enable potential applications.6–9 The

photoinduced orientation of azo groups

can be explored for this purpose. Yu et al.

synthesized a diblock copolymer

composed of PEO and a side-chain liquid

crystalline polymer (SCLCP) bearing azo

mesogens (Fig. 2).36 In a film, about 100

nm thick, cast from toluene solution on

a glass slide, PEO cylindrical nano-

domains were aligned perpendicularly to

the substrate surface, like in many PEO-

based BCPs.6 After the film was exposed

to linearly polarized visible light (488 nm,
2009
100 mW cm�2) at room temperature and

then annealed at 140 �C, PEO nano-

cylinders were uniformly aligned in-plane

and in the same direction as azo groups,

i.e., perpendicular to the polarization of

the visible light (Fig. 2). The characteris-

tics of the used BCP are important. As it

has a smectic-to-isotropic phase transi-

tion temperature Tsi z 158 �C; the an-

nealing at 140 �C enhances the

photoinduced orientation of azo meso-

gens due to the cooperative motion in the

LC phase; and the highly oriented and

anisotropic azo polymer matrix imposes

the orientation of microphase separated

PEO nanocylinders in the same direction

as azo mesogens. In principle, uniform

ordering of PEO nanocylinders could be

obtained in a large area but is mainly

determined by the spot size of the irradi-

ation light beam.36

Another property of azo polymers that

is of great interest is the surface-relief-

grating (SRG) that is formed when a thin

polymer film is exposed to an interference

pattern generated by two coherent laser

beams, as a result of the photo-

isomerization-induced mass transport on

the surface.59,60 Morikawa et al. explored

the use of SRG to control the organiza-

tion of PEO nanocylinders based on their

film thickness-dependent alignment.41

They prepared SRG on a thin film of

a diblock copolymer composed of PEO

and an azo polymethacrylate and showed

that at the trough (film thickness�30 nm)

PEO nanocylinders were aligned parallel

to the substrate plane (in-plane) while on

the crest (film thickness �70 nm) they

were aligned perpendicular to it (out-of-

plane). Moreover, similar to the finding of

Yu et al.,36 the orientation direction of

PEO nanocylinders at the trough could be

controlled by the polarization direction of

the interference pattern used for the SRG

recording. By aligning with azo mesogens,

PEO nanocylinders could be oriented

either parallel or perpendicular to the

edges of the crests.

A follow-up report from the same

group showed that the photocontrol over

the orientation of nanocylinders could be

achieved for polymers other than PEO.42

Using a diblock copolymer composed of

polystyrene (PS) and an azo poly-

methacrylate (Fig. 3), they showed that

vertically aligned PS nanocylinders in

a thin film (thickness �100 nm) prior to

irradiation could be brought to parallel
Soft Matter, 2009, 5, 2686–2693 | 2687



Fig. 3 (A) Chemical structure of the diblock copolymer used for patterned orientational control of

nanocylinders by light. (B) AFM phase images of the initial vertical orientation state (left) and the

boundary region after patterned exposure to linearly polarized light (right) showing the transition of

the orientational state. Adapted with permission from ref. 42.

Fig. 4 (A) Chemical structure of the SBS-based triblock copolymer with azo polymer grafts used

for mechanically tunable diffraction gratings. (B) Optical micrographs of two gratings (10 mm fringe

spacing) recorded on a film under a 300% extension (a) and the gratings on the same film retracted to

the half-length (b). Adapted with permission from ref. 63.
orientation upon exposure to linearly

polarized light. When exposed to non-

polarized light, which should erase the

orientation of azo mesogens, the initial

vertical alignment of PS nanocylinders

was recovered. By exposing a film with

vertically aligned PS nanocylinders to

linearly polarized light through a photo-

mask (10 mm period), alternating regions

with PS nanocylinders oriented parallel

and perpendicular to the substrate plane

could be patterned, with a sharp transi-

tion of the orientational state at the

interface (Fig. 3). In those reports,36,41,42

the azo BCPs and the actual irradiation

conditions for the photocontrolled

orientation of the nanocylinders may

differ from each other, but the primary

requirement is the same: a thermal an-

nealing step is needed after light illumi-

nation to enhance the orientation of azo

mesogens while allowing the microphase

separation to develop in the oriented

matrix. For this reason, the BCP should

have an azo SCLCP with an appropriate

LC-to-isotropic phase transition temper-

ature, i.e., higher than the Tg or melting

temperature of the nanocylinder-forming

block. The commanding role of the long-

range orientation of azo mesogens in

inducing order in BCPs was further

confirmed by the observation that by

casting a thin film of an azo BCP on

rubbed surfaces, nanocylinders of PEO

could be uniformly oriented in-plane

along the rubbing direction due to the

surface-induced orientation of azo meso-

gens.37
2688 | Soft Matter, 2009, 5, 2686–2693
3. Photosensitive
thermoplastic elastomers

Well before the overwhelming excitement

of BCP nanostructures in the context of

nanoscience and nanotechnology, the

importance of the microphase separation

in ABA-type BCPs was recognized,

leading to the development of thermo-

plastic elastomers such as poly(styrene-b-

butadiene-b-styrene) (SBS) and poly

(styrene-b-isoprene-b-styrene) (SIS). In

those systems, with a PS content in the

range of 20–30 wt%, rubbery poly-

butadiene (PB) or polyisoprene (PI)
This journ
chains are interconnected by phase sepa-

rated PS nanocylinders. At T < Tg of PS,

the glassy PS microdomains play the role

of physical cross-links that support the

elastic deformation (extension of PB or PI

chains) under stress.61 Our group

demonstrated that with azo groups

incorporated into the structure of a ther-

moplastic elastomer, interesting functions

can be generated as a result of the coupled

photoactivity and elasticity.22,62–65

The first azo thermoplastic elastomer

(ATE) was prepared by grafting an azo

polymer onto a SBS triblock copolymer

(�30% PS) through radical polymeriza-

tion of an azo acrylate or methacrylate

monomer in solution with dissolved

SBS.62 The resultant ATE, containing

about 8% of azo grafts (likely structure in

Fig. 4), is transparent and has an excellent

elasticity. When its solution-cast films are

stretched at room temperature, a long-

range molecular orientation of azo groups

is obtained along the strain direction.

Under strain, this mechanically induced

orientation of azo groups can be erased by

UV irradiation (trans–cis isomerization),

but recovered upon subsequent visible

light exposure (reverse cis–trans isomeri-

zation). From the coupled mechanical

and optical effects, a diffraction grating

(periodic change in refractive index) can

be inscribed on a stretched ATE film by its

exposure to UV light through a grating

photomask, since oriented trans azo

groups remain in non-irradiated areas
al is ª The Royal Society of Chemistry 2009



while disordered cis azo groups are found

in irradiated regions. In addition, the

photoisomerization in a stretched ATE

film could induce a structural rearrange-

ment involving PS nanodomains, giving

rise to a stable grating.62–65 The tunable

feature of the gratings recorded on an

ATE is shown by the polarizing photo-

micrographs in Fig. 4. On a film stretched

to 300% extension (thickness �10 mm

under strain), two gratings with a 10 mm

fringe spacing were recorded with the

fringes parallel and perpendicular to

the strain direction using photomasks

(the irradiated areas appeared dark).

When the stretched film was relaxed to its

half-length, the fringe spacing of the

perpendicular grating decreased, while it

increased for the parallel grating. Since

the diffraction angle, Q, is related to the

fringe spacing, L, through L ¼ l/(2sinQ),

l being the wavelength of the probe light

(633 nm from a He–Ne laser), we showed
Fig. 5 (A) Chemical structure of the triblock copo

azo SCLCP forming the physical cross-links. (B)

orientational states (only azo groups are shown): (a)

< Tg of the azo polymer (glassy microdomain); (c)

(liquid crystalline microdomain); and (d) relaxation

groups). Adapted with permission from ref. 22.

This journal is ª The Royal Society of Chemistry
that it could be reversibly controlled by an

elastic deformation.63 In addition, me-

chanically tunable diffraction efficiency

and diffraction mode (between Raman–

Nath and Bragg regimes) could also be

achieved using ATE.65

We also designed an ATE with azo

groups acting inside the physical cross-

links (Fig. 5).22 It is made up with poly(n-

butyl acrylate) (PnBA) as the rubbery

middle block and an azo SCLCP as the

end blocks forming cylindrical micro-

domains. Since the physical cross-links

are not formed by an amorphous polymer

like PS, but by a LC azo polymer, inter-

esting new features could emerge. In

particular, as compared to conventional

thermoplastic elastomers, such as SBS

that basically is elastic at Tg
PB < T < Tg

PS

and becomes thermoplastic at T > Tg
PS

because softened PS microdomains can

no longer sustain the stress, this ATE

exhibits an intermediate elastic regime, as
lymer that is a thermoplastic elastomer with an

Schematic illustration of the elasticity and the

initial film before stretching; (b) stretching at T

stretching at Tni > T > Tg of the azo polymer

at T < Tg (glassy microdomain with oriented azo

2009
illustrated in Fig. 5. When a film is

stretched at T < Tg of the azo polymer, the

normal elasticity is observed; the defor-

mation is reversible and no long-range

molecular orientation of azo mesogens is

induced inside the glassy microdomains

upon deformation. However, unlike SBS,

the elasticity does not disappear when

stretched at T > Tg. When stretched at

temperatures above Tg but below Tni

(nematic-to-isotropic phase transition

temperature) of the azo polymer, the LC

microdomains can still support part of the

elastic extension of the PnBA chains,

while at the same time, a long-range

orientation of azo mesogens is induced

inside the deformed LC microdomains.

This molecular orientation of azo meso-

gens can be retained in the relaxed film at

room temperature, resulting in a thermo-

plastic elastomer containing glassy mi-

crodomains with oriented azobenzene

mesogens. Subsequent deformation from

this new azobenzene-oriented state is

reversible.

4. Block copolymers for
holographic gratings

Azo polymers have long been suggested

as a promising material for rewritable

holographic data storage.1–5 However,

they suffer from drawbacks limiting the

potential for practical applications. One

major problem is that high-capacity

holographic data storage requires the use

of thick samples for volume recording of

a large number of gratings, while the high

extinction coefficient of azo groups

usually means that uniform absorption of

photons can only occur in very thin films

of azo polymers (hundreds of nanometres

in thickness). And with a thin film, the

aforementioned SRG due to photoin-

duced mass transport has also been iden-

tified as a handicap for holographic data

storage because of the low angular reso-

lution.33 Schmidt and coworkers ad-

dressed those issues by using azo BCPs;

their work provides yet another excellent

example of ingenious exploitation of

photoactivity and morphology.33,43,44

They proposed the use of BCPs with an

amorphous polymer as the majority phase

forming the continuous matrix and an azo

polymer as the minority phase forming

dispersed microdomains. Generally,

when an azo polymer in BCPs is confined

into microdomains, spheres or cylinders
Soft Matter, 2009, 5, 2686–2693 | 2689



depending on its volume fraction and

interaction with the other polymer, the

photoisomerization of azo groups and the

related photoorientation or photochem-

ical phase transition can still take place

despite the confinement that affects the

kinetics or extent of the photo-

processes.21,40,46 Therefore, with such an

azo BCP, while ensuring the photoin-

duced change in refractive index required

for volume holographic recording, thick

samples could be used because of the

reduced content of azo groups. And with

the photoreaction inside dispersed mi-

crodomains, the solid matrix could also

prevent the formation of undesired SRG.

Their studies demonstrated the poten-

tial of this concept. First, it was found

that indeed SRG was suppressed in an azo

BCP due to the confinement of the azo

polymer inside dispersed microdomains.30

Secondly, thick samples with a low optical

density of azo groups could be obtained,

not only because of the azo BCP, but

there are other possibilities for dilution of

azo groups. The azo BCP in Fig. 6

explains the strategy.43 It has a majority

PS block (77.5 wt%) and a minority azo

polymer block (22.5%), while the latter is

a random copolymer bearing azo groups

(8.4%), non-azobenzene mesogens

(12.3%) and few residual hydroxyethyl
Fig. 6 (A) Chemical structure of the diblock copol

holographic recording. (B) Picture of a thick film

molding of a blend of the copolymer (5 wt%) with

crograph showing several holograms recorded in th

diffraction order of some holograms under white lig

ref. 43.
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methacrylate groups (1.8%, present due to

incomplete functionalization). The use of

such a random copolymer for the

minority block allows for a decrease of

the azo content, knowing that the pho-

toorientation of azo groups could bring

the mesogens to orient in the same direc-

tion by virtue of the cooperative effect.

This was confirmed by the measurement

of the maximum index modulation which

increased with the content of non-azo-

benzene mesogens.33 Moreover, to further

reduce the content of azo groups this azo

BCP could be blended with a homopol-

ymer of PS.43 Using a blend composed of

95 wt% of PS and 5 wt% of BCP, in which

the azo polymer could form micro-

domains similar to those in the BCP alone

but separated by a larger distance in the

continuous PS matrix, thick films of low

optical density could be prepared by

injection-moulding (the film in Fig. 6B

has a thickness of 1.1 mm) and used for

multi-angle recording of a large number

of stable holographic gratings (Fig. 6C

and D); numerous writing and erasing

cycles could be performed without

degradation of the material.

To hinder the formation of SRG with

BCPs, the azo polymer block should be

the minority component forming the

dispersed phase. If the azo polymer
ymer used for thick samples suitable for volume

(1.1 mm in thickness) obtained by injection-

polystyrene (95 wt%). (C) Polarizing photomi-

e thick film. (D) Photograph showing the first

ht illumination. Adapted with permission from

This journ
constitutes the continuous phase, photo-

induced mass migration cannot be pre-

vented from occurring and SRG can be

formed. Here it should be emphasized

that SRG is undesired for volume holo-

graphic recording, but is of great interest

for other photonic applications, for which

high diffraction efficiency is a key

requirement.1–5 To this regard, the use of

azo BCPs may also be beneficial. Yu et al.

investigated the formation of SRG on

a BCP whose azo polymer is the majority

component in volume with respect to the

PEO block (Fig.7).24 A spin-coated thin

film (thickness �600 nm) was pre-irradi-

ated with UV light (366 nm) to achieve

a photostationary state rich in cis azo

groups, then an interference pattern (488

nm) was applied for the recording of

a holographic grating (2 mm fringe

spacing) at room temperature. Under this

condition, azo groups were converted to

the trans form and oriented in the irradi-

ated (bright) areas, while disordered cis

azo groups remained in the non-irradi-

ated (dark) areas. In addition to the index

grating, a SRG with a small height of

surface modulation (16 nm) was also

observed. However, after annealing at 100
Fig. 7 (A) Chemical structure of the diblock

copolymer used for recording enhanced

surface-relief-grating on thin films. (B) AFM

topological images and surface profiles for

a grating before (left) and after (right) anneal-

ing in the liquid crystalline phase, showing

a drastic increase of the height of surface

modulation. Adapted with permission from

ref. 24.

al is ª The Royal Society of Chemistry 2009



�C for 24 h (in the smectic phase), the

height of surface modulation increased

drastically to 110 nm (Fig. 7), which re-

sulted in an increase in the first-order

diffraction efficiency by almost two

orders of magnitude. Different micro-

phase separation processes in the irradi-

ated and non-irradiated areas during

annealing, with oriented trans azo and

disordered cis azo groups were believed to

have created a pressure gradient leading

to an enhanced mass transport on the

surface.
Fig. 8 (A) Chemical structure of the diblock

copolymer used for photoinduced morpholog-

ical transition of micellar aggregates in solu-

tion. (B) Changes in the transmittance of

a vesicle solution (in dioxane–water) illumi-

nated with UV (360 nm) and then visible light

(440 nm), showing the reversible dissociation

and formation of micellar aggregates, being

corroborated by SEM images recorded on

samples cast from the solution before UV, after

UV and after subsequent visible light exposure.

Adapted with permission from ref. 26.
5. Photocontrolled
morphological transitions in
solution

The discussion made so far concerns azo

BCPs in the solid state. In solution, if the

solvent is block selective, segregation of

the blocks can take place and lead to self-

assembled nanostructures usually in the

form of micellar aggregates such as core–

shell micelles and vesicles.10–12 Likewise,

the photoisomerization of azo groups

inside the nanostructures may have

a consequence. Using azo BCPs, our

group demonstrated the first polymer

micelles and vesicles that can be reversibly

dissociated and reformed upon UV and

visible irradiation.25,26

The azo BCP is a diblock copolymer

whose hydrophilic block is a random

copolymer of poly(tert-butyl acrylate-co-

acrylic acid) and whose hydrophobic

block is an azo polymethacrylate (Fig. 8).

Its core–shell micelles or vesicles dis-

played photocontrolled dissociation and

formation. In the experiment shown in

Fig. 8, when UV light (360 nm) was

applied to a solution of vesicles (in

dioxane–water), the transmittance of the

probe light (633 nm) increased quickly

due to the dissociation of vesicles; while

once the illumination was switched to

visible light (440 nm), the transmittance

dropped as a result of the reformation of

the aggregates in solution. Scanning

electron microscopy (SEM) observations

on samples cast from the solution before

UV irradiation (marked by A), after 40 s

UV irradiation (B) and after 40 s visible

irradiation (C) corroborated with the

transmittance measurement. The higher

and essentially unchanged transmittance

was obtained with molecularly dissolved

BCP chains (in dioxane) subjected to the
This journal is ª The Royal Society of Chemistry
same UV and visible light exposure. A

photoswitchable polarity of the azo

polymer block was found to be at the

origin of this photoinduced morpholog-

ical transition.26 Upon illumination of the

micellar solution with UV light, trans azo

groups are converted into the cis isomer,

which results in a large increase in polarity

of the chromophore, from a near zero

dipole moment (for the trans isomer) to

a dipole moment of �4.4 D for the cis

isomer. The consequence of this polarity

increase is that the azo polymer block is

no longer hydrophobic enough to

preserve the micellar association and they

are dissociated. When visible light is

applied to the solution with dissolved

BCP chains, azo groups are converted

back to the trans form and the recovered

hydrophilic–hydrophobic balance results

in the formation of micelles.

Other photoinduced morphological

transitions of azo BCPs in solution

were reported. Han et al. showed that
2009
an amphiphilic diblock copolymer

composed of poly(N-isopropylacryla-

mide) and an azo polymethacrylate

could form giant, micrometre-sized

vesicles in a mixed solvent of water–

tetrahydrofuran, with the hydrophobic

azo polymer constituting the membrane

of a vesicle.56 The large size of the aggre-

gates made it possible to observe photo-

induced morphological changes directly

on an optical microscope. They found

that upon UV irradiation, the trans–cis

isomerization of azo groups led to a 17%

increase in the size of the vesicles, while

the initial size was recovered upon

subsequent visible irradiation. A change

in the packing of azo groups or in the

solubility of the azo polymer in the

solvent could account for the reversible

swelling and contraction of the vesicles.

On the basis of the same principle of

photoinduced polarity change, reversible

morphological transitions of micellar

aggregates (dissociation and size change)

have also been reported for azo ‘‘graft-

like’’ copolymers66 and BCPs containing

a switchable chromophore other than

azobenzene.67
6. Discussion and outlook

The above highlighted works on azo

BCPs are good examples of generating

specific functions by making use of the

interplay of the photoisomerization of

azobenzene and the microphase separa-

tion induced morphology. Below is a brief

discussion in relation to the highlighted

systems. However, new functions that

remain to be discovered are not limited to

those systems.

The use of photoorientation of azo

groups to obtain long-range ordering or

patterning of the nanostructures in BCPs

is worth being pursued. There is a large

body of knowledge on the photo-

orientation of azo polymers,1–5 which can

be exploited to achieve photoinduced

ordering or patterning at a more complex

level. For instance, in addition to the in-

plane (horizontal) and out-of-plane

(vertical) orientation of nanocylinders, an

oblique orientation with the nano-

cylinders making an angle to the surface

normal could be realized. For this, opti-

cally configured oblique orientation of

azo mesogens is necessary. It would also

be interesting to know what the photo-

orientation of azo groups can do on other
Soft Matter, 2009, 5, 2686–2693 | 2691



types of morphology such as lamellar

phases.

Regarding thermoplastic elastomers,

new triblock copolymers can be designed

to have azo groups either on the midblock

or on the end blocks. On the one hand,

a rubbery azo SCLCP (Tg below room

temperature) can be used as the midblock,

together with another polymer having

a high Tg or Tm (melting temperature) for

the end blocks. Thin films of such an ATE

can be prepared by solution-casting

(unlike conventional elastomers with

chemical cross-links) and stretched at

room temperature to generate a long-

range orientation of azo mesogens. It

would be interesting to investigate the

effect of photoisomerization (between

oriented trans and disordered cis azo

groups) on the elastic force. On the other

hand, in addition to mechanically tunable

diffraction gratings,62–65 exploitation for

new functions is possible. For instance, by

having azo mesogens on the end blocks

forming the physical cross-links, the

photoisomerization may have a plastici-

zation effect on the rigid microdomains,

which could be enhanced if the photo-

isomerization induces a photochemical

LC-to-isotropic phase transition

(isotropic state may be more fluid).3 Since

the elastic deformation of thermoplastic

elastomers is governed by the rigidity of

the microdomains that prevents the

relaxation or plastic flow of rubbery

chains, this photoinduced effect could be

used for photocontrollable plasticity.

With dispersed microdomains of azo

polymer in BCPs, the suppression of SRG

and the dilution of azo groups make the

use of thick samples possible, which holds

promise for volume holographic

recording.43,44 But the severe confinement

renders the photoinduced orientation of

azo groups more difficult (longer holo-

graphic writing time).33 How to obtain

fast and stable orientation of azo groups

under confinement may be challenging. It

would be interesting to investigate the use

of supramolecular azo BCPs. If azo

groups and mesogens are linked to the

minority polymer block through H-

bonds, the dynamic nature of the non-

covalent association may somehow

decouple the orienting side groups from

chain backbone and thus increase the rate

of photoorientation. The use of azo BCPs

for more efficient SRG on thin films is

worth a greater effort too.24 As compared
2692 | Soft Matter, 2009, 5, 2686–2693
to azo homopolymers or random copoly-

mers, for which the photoisomerization

basically induces a change in molecular

conformation and/or molecular order,

BCPs provide an additional photosensi-

tive variable in play: the morphology. It is

of interest to understand how the micro-

phase separation process (kinetics and

order) can be coupled to the photo-

isomerization occurring upon application

of an interference pattern and how all this

can enhance the mass migration.

In the case of azo BCPs in solution,

more possibilities of photocontrolled

morphological transitions can be envi-

sioned. For an azo BCP whose micelle can

be reversibly dissociated and formed upon

UV and visible irradiation, if the micelle

core formed by the azo polymer is slightly

cross-linked to prevent the dissociation,

reversible swelling and contraction of the

micelle should be observed. The key

requirement for the disruption of micellar

aggregates in solution is the difference

in polarity between the trans and cis

isomer. It is thus of interest to calculate the

change in dipole moment upon the pho-

toisomerization of azobenzene with

different substitution patterns. The re-

vealed azo derivatives having the largest

polarity change can be used to design azo

BCPs for photochangeable morphologies.

It is also important to understand the

effects of the absolute and the relative

block lengths on the photoinduced shift of

the hydrophilic–hydrophobic balance.

BCP samples with well-defined composi-

tions (same azo polymer block length with

different lengths for the hydrophilic block,

or vice versa) can be used for this end.

Finally, it should be noted that

although this paper focuses on azo BCPs,

it is conceivable that some discussed

functions or properties arising from the

interplay of light and BCP morphology

could also be obtained by using other

photochromic molecules. This is the case

with photosensitive thermoplastic elasto-

mers and volume holographic gratings,

where what is required is essentially

a photoinduced change in the refractive

index. Other chromophores whose

photoreactions induce a large polarity

change can also be employed to design

BCP micelles that undergo light-induced

morphological transitions.67,68 However,

azobenzene remains the chromophore of

choice for the photocontrolled ordering

of BCP nanostructures and enhanced
This journ
SRG, or any desired function or property

where an efficient and controllable

photoinduced molecular orientation and/

or motion is the key condition.
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